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The matrix-isolation technique has been employed to measure the mid-infrared spectra of the ions of several
polycyclic aromatic hydrocarbons whose structures incorporate a cyclopentadienyl ring. These include the
cations of fluoranthene (@Hiq), benzof]fluoranthene, benzb]fluoranthene, benzgfluoranthene, and benzo-
[KIfluoranthene (all GoH12 isomers), as well as the anions of ber&flioranthene and benzgfluoranthene.

With the exception of fluoranthene, which presented significant theoretical difficulties, the experimental data
are compared to theoretically calculated values obtained using density functional theory (DFT) at the B3LYP/
4-31G level. In general, there is good overall agreement between the two data sets, with the positional agreement
between the experimentally measured and theoretically predicted bands somewhat better than that associated
with their intensities. The results are also consistent with previous experimental studies of polycyclic aromatic
hydrocarbon ions. Specifically, in both the cationic and anionic species the strongest ion bands typically
cluster in the 1450 to 1300 crhrange, reflecting an order-of-magnitude enhancement in the CC stretching

and CH in-plane bending modes between 1600 and 1100 @nthese species. The aromatic CH out-of-

plane bending modes, on the other hand, are usually modestly suppres®ed-(5x) in the cations relative

to those of the neutral species, with the nonadjacent CH modes most strongly affected. The ionization effect
on the analogous anion modes is more varied, with both enhancements and suppressions observed. Finally,
while no cation features have been observed in the 32060 cm! aromatic CH stretching region, bands

arising from these modes are observed for each of the anions addressed in these studies. This agrees qualitatively
with the theoretical calculations which predict that, in stark contrast to the order of magnitude suppression
encountered in the cations, the total intensity in these modes is actually enhanced by about a factor of 3 in
the anions relative to the neutral species. This is the first time that the CH stretching features of an isolated

PAH ion have been observed experimentally.

I. Introduction of the infrared spectroscopic properties of argon matrix-isolated

QTAHS and their ions. The ions whose spectra are reported here
. : . ave been generated using the in situ photoionization methods
the idea that polycyclic aromatic hydrocarbons (PAHSs) are the developed by Jacox and her colleagues over the past three

many galactic and 'extragalactic objects, indicating that the to investigate the role _of PAHSs in _the_ interstellar medlum_, the
carriers are a universally important com[;onent of interstellar result_s are of g_eneral Interest as ionized PAHS are considered
to be important intermediates in combust#®rf, and many PAH

mater:® < Proper testing of this model and the exploitation of intermediates and primary reaction products are carcinogéic
PAHSs as probes of the interstellar medium has been limited by P y P i

the lack of spectroscopic data on PAHs under conditions relevant Prévious papers in this series have focused on the infrared
to the emission regions where they are isolated (i.e., gaseousySPectral properties of the cations of naphthaférthe thermo-

and likely to be ionized.Motivated in no small part by this dynamically most favored PAH structures through cororféne,
emerging interstellar importance, the past decade has seen &€ Polyacenes through pentacéhand the tetracyclic isomers
renaissance in experimerf&F and theoreticdf methods for ~ chrysene and 1,2-benzanthracéhin this paper we continue
determining the infrared spectroscopic properties of PAHs under to investigate sp_ectral trends associated Wlt_h structure, focus'lng
conditions relevant to the astrophysical problem. Of the ©n PAHSs that incorporate a cyclopentadienyl ring in their
experimental techniques, the matrix-isolation technique has framework. Specifically, we have studied the cations of fluo-
proven particularly well suited to the study of both the cat- ranthene (GH10) and four isomeric benzofluoranthenes: benzo-
ions¥bsa-e6af and, more recently, the anidAgof these species. [a]fluoranthene (benz[elaceanthrylene), bemifbjioranthene

In this regard, we have undertaken an ongoing, systematic study(Penz[eJacephenanthrylene), ben#ajoranthene, and benzo-
[Klfluoranthene (all GoH12). The structures of these compounds

T Part of the special issue “Marilyn Jacox Festschrift”. are shown in Figure 1. In adt_zlition, we have al_so studied the
*To whom correspondence should be addressed. anions of benz@]- and benzd|fluoranthene which are pro-
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Over the past decade, evidence has been mounting supportin
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Fluoranthene Benzolalfluoranthene Benzolb]fluoranthene contaminant. The N& anion does, however, exhibit a strong
absorption between 1240 and 1250 ¢éma region in which
0.0 O’O 0.0 PAH cation features are often observed and one which is largely
O O O free of interference in C@ldoped matrices. Thus, the data
O obtained with each of the two electron acceptors are comple-

mentary, allowing more complete spectral coverage.

O O Vacuum ultraviolet photolysis of the PAH/Ar matrices is
0.0 0.00 accomplished with the combined 120 nm Lym@ti:60 nm

O molecular hydrogen emission bands (10.1 and 7.77 eV, respec-

Benzolj|fluoranthene Benzo[K|fluoranthene tively) from a microwave powered discharge in a flowing H
Figure 1. The structures of fluoranthene, bergifilioranthene, benzo-  gas mixture at a dynamic pressure of £60 mTorr. For CG
[b]fluoranthene, benz@fluoranthene, and benzijfluoranthene. doped samples, a Cafilter (cutoff A ~ 150 nm) was installed

o ) ) ) in the lamp, excluding the Ly emission and minimizing the
duced serendipitously in the cation experiments through pho- rich photochemistry of that species. Assuming that all neutral
toelectron attachment to residual neutral PAH molecules in the paHs that disappear are converted into ions, an upper limit to
matr.ix. The neutral spectra of these PAHs have previously beenthe ionization efficiency can be obtained by measuring the
published percentage decrease in the integrated areas of the neutral bands
upon photolysis. lon yield upper limits ranging from 2 to 15%
are typically realized with this technique. The upper limits of
the yields for the spectra presented here were: fluoranthene,
8% and 11% (depending on electron acceptor; see below);
benzop]fluoranthene, 8%; benzbffluoranthene, 5%; benzo-
[jIfluoranthene, 11%; and bendfluoranthene, 6%. In those

II. Experimental and Theoretical Methods

A. Experimental Techniques.The experimental technique
will be described only briefly since a detailed description of
our procedure is available elsewhété2Samples are prepared
by vapor co-deposition of the PAH of interest with an

overabundance of argon onto a 10 K Csl window suspended N experiments involving benzaffluoranthene and benzdfluo-

i 8
a high-vacuum chambep (< 10°® mTorr). PAH samples aré ., ihene where both anions and cations are formed, it is assumed
vaporized from heqteq Pyrex tubes while argon IS admitted ot the two are formed in roughly equal proportions, i.e., one
through a length of liquid nitrogen cooled copper tubing. These anion forms for each cation produced.

ports are oriented such that the two vapor streams coalesce at _

the surface of the cold window. Optimum deposition temper- All spectra repor_ted here_ were measured at 0.5 _1cm

atures for the PAHSs studied were as follows: fluoranthene, 57 resolutlon_ by coadding ;OOO individual scans using a Nicolet

°C; benzoklfluoranthene, 95C; benzoffluoranthene, 99C: 740 Fourier transform infrared spectrometer. This level of
' i X ’ ' resolution is critical for detecting ion bands which fall near the

benzo[Jfluoranthene, 94C; and benzd{|fluoranthene, 103C. " .
Under these conditions an Ar/PAH ratio in excess of 1000/1 is PoSition of a neutral band, while the number of scans was chosen
to optimize both the signal-to-noise ratio and time requirements

achieved® Once an appropriate amount of material has ac- - 2
hprop of each experiment. Mid-infrared spectra (76@D0 cn1?) were

cumulated, an infrared spectrum of the sample is recorded. lected usi liauid nit led MCT-B detector/KB
Comparison of this spectrum to that obtained after the sampleCO ected using a fiquid nirogen coole | -b detector/ver
beam splitter combination. Individual experimental integrated

i ionizing radiation permits identification of PAH . " . .
is exposed to ionizing radiation permits identification o band intensities ( T dv) were determined using the OMNIC

ion features which appear upon photolysis. . .
To aid in distinguishing the bands of PAH ions from those data analysis software package (Nicolet Instruments Corp.).

of other, spurious photoproducts, parallel experiments are The PAHSs used were obtained from several sources. Fluo-
conducted in which the argon matrix is doped with an electron ranthene (98% purity) and benhifluoranthene (99% purity)
acceptor at a concentration of about 1 part in 1000. When Were obtained from the Aldrich Chemical Co. Beridel
necessary, these experiments are also useful for distinguishindgluoranthene (99-% purity) was obtained from Janssen Chimica.
between the cation and anion bands of a PAH since formation Samples of benze]fluoranthene and benzgfluoranthene, were

of the latter species is effectively quenched in the presence ofobtained from the Bureau of Community Reference (Brussels,
an electron acceptor. While in past PAH cation studies we have Belgium; 98+% purity). All samples were used without further
relied on CCJ as the electron acceptor, more recently we have purification. Matheson ultrahigh purity argon (99.999% min.)
begun to employ N@for this purpose as well. This change Was used for the matrix material.

was directly inspired by the work of Milligan and JacBxyho B. Theoretical Methods.The geometries are optimized and
first reported the facile conversion of N@ NO,™ in alkali the harmonic frequencies computed using density functional
metal-doped argon matrices and thoroughly characterized thetheory (DFT). Specifically, we use the hybtdB3LYP
spectroscopy of these species. Given the favorable electronfunctional in conjunction with the 4-31G basis sEt€alibration
affinity (EA = 2.4 eV and large cross section for electron calculations!® which have been carried out for selected systems,
attachment of N@and the relative simplicity of the NEINO,~ show that a single scale factor of 0.958 brings the B3LYP
spectrum, this system would seem to present an ideal electronharmonic frequencies computed using the 4-31G basis set into
trap to facilitate studies of matrix-isolated cations. Indeed; NO reasonable agreement with the experimental fundamental fre-
has proven to be a more efficient electron acceptor than CCl quencies. For example, in naphthalene the average absolute error
(as measured by the level of enhancement in the PAH cationis 4.4 cnt! and the maximum error is 12.4 ct While the
bands), and it exhibits a less complex chemistry under pho- error can be reduced by increasing the basis set (provided the
tolysis. Also, neither N@nor its daughter N& have any strong C—H stretches are scaled separately), the B3LYP/4-31G results
absorptions in the 906600 cnt! aromatic CH out-of-plane  are of sufficient accuracy to allow a critical evaluation of
bending region, a portion of the spectrum that suffers heavy experiment. The calibration calculations also show that the
obscuration (808740 cntl) in CCl,-doped matrices. The  computed B3LYP/4-31G intensities are accurate exceptfarC
strongest band of NOfalls near 1600 cmt, a region of the stretches which are, on average, about a factor of 2 larger than
spectrum already obscured by the bands of the omnipresént H those determined in the matrix studfésf While the gas-phase
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data are very limited, it appears that the gas-phase intensitiesbe attributed to the aromatic CH stretching modes of any of
tend to lie between the matrix and B3LYP values. We also the fluoranthene cations were observed upon photolysis. Ex-
observe that when two or more bands of the same symmetryperimental detection of new bands in this region is seriously
are close in energy, their relative intensities are sensitive to thecomplicated by heavy obscuration from the strong CH stretches
level of theory, but that theumof their intensities is relatively ~ and overtone and combination bands of the still-abundant, resi-
invariant and more reliable. In this regard, an analogous seriesdual neutral PAH (see ref 6f). This difficulty is further exacer-
of calculations using the BP86 functional were conducted. While bated by the fact that the PAH cation bands in this region are
the BP86 frequencies are expected to be less accurate than thogsredicted to be quite weak. Indeed, the theoretical calculations
of the B3LYP¢thedistributionof intensity between close lying  indicate that the modes in this region have absolute intensities
modes provides insight into the stability of the BSLYP intensity only 10-30% that of the corresponding modes in the neutral
distribution. All calculations were performed using tRaussian species, and relative intensities of only a few percent when nor-
94 computer codé’ malized to the strongest cation band. Thus, it is perhaps not
surprising that these bands are not observed experimentally.
) i i ) . Based on the signal-to-noise ratio of the experimental data and
A detailed discussion of the means by which the experimen- ihe reliability with which the pre-photolysis neutral spectrum
tally measured PAH ion bands can be distinguished from those ¢5, pe subtracted from the post-photolysis spectrum, we estimate
of other photoproducts has been presented previdtliefly, that the relative intensity of the aromatic CH stretching features
to be attributed to a PAH ion, a band must appear only when ¢ e cations reported here can be no more than 0.10. This is

the associated neutral PAH is present in the matrix and only ¢qnjstent with the theoretical results listed in the tables which
after photolysis. Its intensity must be directly and reproducibly e ict that these modes have relative intensities in the 0.01 to
proportional to the extent of PAH ionization and it must exhibit 5 og range.

a constant ratio with respect to other bands attributed to the . n S
same species. To be associated with a PAH cation, the intensityS i.ct;rhrﬁ ;clutcr)]?}}hg:fn tﬁ:;'gné;?;;‘) i -I;T]i T]lq-nmlirarerc(ja 5
of the band must be enhanced by the introduction of an electron pectru u lon own In Figu )
acceptor to the matrix, while the bands of a PAH anion are, on Exp_erlmentally, the _spectrum of this Species pr_oved to_ be
the other hand, completely absent under such conditions. FinaIIy,p."’lrlt'jCUIarIy challenging to mtegs?rr]e. First, expefnmentlal ;on
comparison with the theoretical calculated vibrational frequen- ylelds were very poor except in the presence of an electron
cies and intensities provides an important confirmation and acceptor. Second, the infrared bands of the fluoranthene cation

furthermore permits assignment of an experimentally observed are substantially V\_/egker than those of .th? other PAH lons
ion band. As was the case in previous studhés; the inten- presen_ted here._ This is ba_lsed pn_the qualitative observation that
sities of the bands corresponding to the PAH cations peak after€ven In experiments with similar precursor neutral PAH

4 to 8 min of photolysis and then remain essentially constant concentrations and similar ionization efficiencies, the bands of
or fall off slightly upon further photolysis. Non-PAH related the fluoranthene cation were much weaker and more difficult

photoproduct bands are not common, numbering perhaps 2 tolo discern than the bands of the other PAH cations considered
' an unusually high proportion of the bands

4 in a typical experiment. The most common and prominent 1" this study. Finally, an n
spurious photoproduct bands fall at 904 dngHAr ;)18 and of the quorathene cation fa.II gt or near the position of neutral
1589 cn1l. The absence of any infrared bands attributable to Pands. To mitigate these difficulties here, the pre- and post-
PAH fragments as well as the presence of these two photopro-phOtO'yS'S difference spec'grum is shown in Figure 2. In add!tlon,
duct bands in photolyzed Ar#® control experiments indicate ~ 91Ven the generally poor ion yields obtained by photolysis of
that these bands are a product of contaminant water photolysis”eat Ar/fluora_mthene sa_mples, the spectra of fluoranthene cations
and are not due to PAH degradation. Less frequently, other weakdenerated with t_he assistance of an electron acceptor were _used
photoproduct bands were encountered at 1388 and 1104 cm (© Prepare the figure. To get around the spectral obscurations
(HO,") and at 1039 cmt (O3), as well as bands attributable to  ©f the electron acceptors discussed in section Il.A above, the
Co. spectra from two such experiments, one employing4Cke

The mid-infrared spectra of the fluoranthene, begjo| othe.r NQ, were combined to qbtain one c'omplete spectrum
fluoranthene, benzb]fluoranthene, benzgfluoranthene, and that is relatively free of obscuration. The port!on of the spectrum
benzoK]fluoranthene cations are presented in the sections thatffom 1500 to 1100 cm' was measured in a Cgtioped
follow. Only those regions of the spectrum where cation bands €XPeriment (avoiding the strongest hiObands), while the
appear are shown. The experimentally measured band position$Pectrum from 1100 to 700 cmh was measured in an NO
and relative intensities are tabulated and compared with the doped experiment (avoiding the strongest £Bands). The
corresponding theoretical values in each subsection as well. TheSPectra were scaled to compensate for the modest differences
theoretical data presented in the tables have been truncated df neutral abundance and ion yield between the two experiments.
the 1% relative intensity level. A complete listing of the The experimentally measured band frequencies and relative
calculated harmonic frequencies and intensities (both infrared intensities are given in Table 1. In contrast to the rather good
active and inactive modes) can be found on the Internet at: agreement between theory and experiment found for the
http://ccf.arc.nasa.govicbauschl/astro.data5r. In general, there benzofluoranthene ions described below, there is a marked
is better agreement between the experimental and theoreticaldisagreement between the two data sets for the fluoranthene
frequencies than is the case for their associated intensities.cation. This discrepancy arises largely due to a symmetry-
Consequently, the band assignments shown in the tables ardreaking artifact in the theoretical calculations caused by the
primarily those correspondences which minimize frequency mixing of the two lowest-lying electronic states of the cation
discrepancies. Deviations from this general practice are notedwhich happen to fall very close in energyThis anomaly has
where appropriate. been discussed in detail elsewhere and the theoretical data are

A. Mid-Infrared Spectroscopy: Cations. 1. The Aromatic not repeated here. The experimental data are included here for
CH Stretching Region, 3262900 cnm!. As has been the case  completeness and represent a distinct improvement over those
with previous studies of PAH cations, no new features that could earlier measurements.

I1l. Results
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Figure 2. The experimentally measured mid-infrared spectrum of the fluoranthene catigt{Q isolated in an argon matrix at 12 K. This
spectrum is the difference between the spectra of a fluoranthene/Ar sample measured before and after inditotdlysis. The positions of the
cation bands are labeled. The spectrum from 1500 to 1100 wms measured in the presence of the electron acceptar @klle that from 1100

to 700 cnT! was measured in the presence of NDetails of the marriage of these two spectra can be found in section Ill. A.2. The cation band
at 676 cn1! is not shown. The band marked with an asterisk (*) in the lower frame is anpgi@tolysis product.

TABLE 1: Experimental Band Frequencies and Intensities cm~! band to a CCC out-of-plane bend due to its position below
for the Fluoranthene Cation the low end of the frequency range normally associated with
frequency (cm?) relative intensity the CH out-of-plane bending modes in aromatic molectfies.
766.1 0.29 3. The Benzo[a]fluoranthene Catiolhe mid-infrared spec-
831.9 0.071 trum of the matrix-isolated benzgfluoranthene cation is
891.1 0.10 presented in Figure 3. The experimentally measured difference
1(1)4118:21020 88"257 spectrum is shown in black, with the positions of cation bands
1183.1 0.68 indicated in blue. The theoretically calculated spectrum is given
1226.4 0.22 by the blue trace above the experimental spectrum. The
1275.1 0.18 photoproduct bands marked in red and the red trace below the
iiéi-g (1)-857 experimental data correspond to the beg}fb[oranthene anion

and are discussed in section Ill. B.2 below.

The experimentally measured band frequencies and relative
intensities are presented and compared with the theoretical
values in Table 2. The experimental data have been normalized
to the doublet cation band at 1352.3/1348.1 tmather than

1453.7 0.40

Inspection of the data in Figure 2 and Table 1 shows that the
CC stretching and CH in-plane bending region between 1600
and 1100 cm?! is dominated by strong bands at 1434.1 and
1183.1 cntl. Two new bands are observed in the CH out-of- ;
plane bending region at 831.9 ciand 766.1 cmt. Fluoran- the strong complex of bands at 1407.5/1401.1/1395. 2 cihis

thene has two rings which contain three adjacent hydrogen atomed€cision was made because the intensity of this complex is
per ring and one with four adjacent H atoms (Figure 1). In the significantly Ia}rger tha_n th_at of the_th_eoretlpall_y pred|cted band
neutral molecule, the bands corresponding to these modes fall@t 1400.6 cm In all likelihood, this is an indication that the

at 827.9 and 775.0 cr (triply adjacent CH) and at 744.5 cth 1395.2 cn1! band complex reflects the overlapping contribu-
(quadruply adjacent CHJ.Based on the measured upper limit tions of multiple cation vibrational modes rather than site-
of 11% ionization achieved in the Ar/N@iuoranthene experi-  SPIitting of a single mode. Consequently, normalization o this
ment, and using the technique employed previously for other complex results in a global underestimation of the relative
PAHs5 ¢ we estimate that the 831.7 chncation band is  intensities of the other cation bands. The choice to normalize
approximately three times weaker than the corresponding modet© the 1352.3/1348.1 cri was made because this is the second
in the neutral molecule (827.9 ci). Likewise, assuming the ~ Strongest feature in the experimental cation spectrum and
766.1 cnt* band corresponds to the quadruply adjacent CH out- because this band corresponds to the strongest predicted cation
of-plane mode, this band is suppressed by a factor-af  band at 1336.9 crt.

compared to the 744.5 crhneutral band. If, instead, this cation The benzaf]fluoranthene cation spectrum is very rich, with
band corresponds to the strong neutral 775.0cband, its bands tending to fall in five groups. There is a cluster of
intensity is suppressed by7x. Last, we attribute the 623.0 moderately intense bands between 1600 and 1538 anising
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Figure 3. The theoretical and experimental mid-infrared spectra of the balflzmranthene (GHs2) cation and anion. The experimental spectrum
is the difference between the spectra of a besiflojpranthene/Ar sample measured before and after in sita lphotolysis. The cation and anion
data are color coded for clarity (cation, blue; anion, red), and the experimental bands are labeled with their positions. The cation band & 627.0 cm

is not shown.

from pure CC stretching vibrations; a cluster between 1425 and near 900 cm?; and a group between 850 and 7507¢rm the
1225 cnt! which represents combinations of CC stretching and out-of-plane CH bending region. The theoretical calculations
CH in-plane bending vibrations; a cluster between 1200 and predict three bands at 1193.1, 1190.8, and 1189.5' evhere
1100 cnt! due to the CH in-plane bends; a group of two bands two are observed experimentally (1184.6 and 1173.74rithe
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TABLE 2: Theoretical and Experimental Band Frequencies
and Intensities for the Benzof|fluoranthene Cation

theory (B3LYP) experiment

freq intensity relative freq relative
sym (cm™) (km/mol) intensity (cm™) intensity
A" 77.5 2.93 0.022
A" 1115 2.32 0.017
A" 302.6 1.30 0.010
A" 3398 235 0.017
A" 4635 7.07 0.053
A’ 510.2 3.82 0.028
A" 524.0 1.31 0.010
A" 578.0 211 0.016
A" 583.3 6.79 0.050
A" 620.0 1.78 0.013
A" 6238 16.76 0.125  627.0 0.094
A" 715.0 3.38 0.025
A" 7384 3146 0.234 7426 0.42
A" 7420 3.83 0.028
A" 7495  46.08 0.342  751.2 0.21
A" 786.0 5745 0427 788.8 0.19
A’ 826.8 7.65 0.057 82538 0.10
A" 862.6 6.32 0.047  836.2 0.062
A" 9095 19.03 0.141  907.7 0.090
A’ 9335 10.19 0.076  935.2 0.085
A" 938.2 2.18 0.016
A" 9547 5.37 0.040
A" 9732 2.59 0.019
A’ 1015.8 14.46 0.107
A’ 1030.1 3.32 0.025
A’ 1040.0 5.12 0.038
A" 1074.1 5.74  0.043
A’ 1091.1 99.34 0.738 1100.5,1101.8 0.84
A" 1115.0 3.72 0.028 1122.8,1113.2 0.21
A’ 11639 12.93 0.096 1142.6 0.074
A" 1167.0 12.69 0.094
A’ 11895 17.92 0.133 1173.7 0.26
A" 1190.8 3.08 0.023
A’ 1193.1 45.12 0.335 1184.6 0.26
A" 12325 18.99 0.141 1236.2 0.20
A’ 12436 18.20 0.135
A" 12725 4445 0.330 1267.7 0.13
A" 1285.4 22.06 0.164 1282.9 0.43
A’ 12917 11830 0.879 1301.0,1302.3,1305.4 0.36
A’ 1316.7 18.63 0.138 1314.8 0.40
A" 1336.9 13455 1.000 1348.1,1352.3 1.0
A" 1370.5 73.41 0.546 1361.2 0.17
A’ 1376.6 118.00 0.877 13724 0.24

1380.8 0.12

A' 1400.6 102.55 0.762 1395.2,1401.1, 14075 24
A" 14352 4352 0.323
A" 1436.5 45.36 0.337
A’ 14485 7.56 0.056 1449.6 0.59
A" 1459.2 5.29 0.039 1455.9 0.059
A" 14708  24.23 0.180
A" 1504.1 14.10 0.105
A" 15217 63.73 0.474
A" 15449  53.08 0.395 1540.0 0.31
A" 1557.3 4494 0.334 1560.8 0.13
A’ 1570.0 5.02 0.037 1571.0 0.25
A" 15737 92.72 0.689 1586.5 0.091
A" 1588.6  11.49 0.085 1593.3 0.28
A" 3075.7 1.31 0.010
A’ 3097.0 10.48 0.078
A" 3099.1 8.52 0.063
A’ 3102.0 3.26 0.024
A’ 3108.4 8.89 0.066
A" 31327 7.26 0.054

Hudgins et al.

are as large as a factor of 2, the total theoretically predicted
and experimentally measured intensities are in good agreement
(theory: 0.491; experiment: 0.52).

There are six bands observed in the 925 to 675amgion,
four of which are assigned to"aCH out-of-plane bending
vibrations. Since this molecule has two rings with quadruply
adjacent H atoms, one with triply adjacent hydrogens, and one
with a nonadjacent hydrogen atom, several bands would be
expected. These are slightly shifted out of the normal regions
expected for specific hydrogen atoms in a manner consistent
with that found for PAHs containing only fused hexagonal
rings2® Except for the 836.2 cnt band which differs by an
unusually large 30 crit from predictions, there is generally
good agreement between theoretical and experimental frequen-
cies across this region, with the rest falling within 4 ¢nof
each other. While there is substantial scatter in the relative
intensities of the individual CH out-of-plane bending features
between theory and experiment, the total intensities of all bands
assigned to this class of mode are in reasonably good agreement
(theory: 1.19; experiment, 0.97). Based on the results of several
experiments both with and without electron acceptors, we
estimate that the intensity of the nonadjacent CH out-of-plane
bending mode of the benzifluoranthene cation (907.7 crh)
is suppressed by a factor of3 from the corresponding mode
in the neutral molecule (876.7 cH).5" Likewise, the intensity
of the 742.6 cm? quadruply adjacent mode is suppressed by a
factor of ~2 in the cation compared to the 739.0 chmeutral
band® The remaining two CH out-of-plane bending features
at 788.8 and 751.2 cm are not significantly affected by
ionization compared to their neutral counterparts (783.0 and
750.2 cmh) of

Regarding the rest of the spectrum, comparison of the
frequencies listed in Table 2 shows that there is generally good
agreement between theory and experiment in this case, with
most theoretical peak frequencies falling within 2 to 10ém
of the experimental values and all falling within 21 chwWhile
somewhat greater discrepancies in relative intensity are observed
between the experimental and theoretical bands, the overall
agreement between the two data sets is still reasonably good.
As was the case in the CH out-of-plane bending region discussed
above, discrepancies can often be traced back to differences in
the distribution of intensity between two or more close-lying
modes, with the sum of the intensities of the associated modes
showing much better agreement.

4. The Benzo[b]fluoranthene Catiomhe mid-infrared spec-
trum of the benzdj]fluoranthene cation is shown in Figure 4
with the experimentally measured band frequencies and relative
intensities compared with the theoretical values in Table 3.

The experimentally measured benéiuoranthene cation
spectrum is not nearly so rich as is the case for the other
benzofluoranthene cations. Given the low symmetry of the
molecule Cy), it is unlikely that this is merely due to a
significantly lower occurrence of infrared active vibrational
modes in this cation. Certainly this is not the case for the neutral
molecule®’ Instead, it is more likely that an unhappy confluence
of experimental effects combine to make the ion bands
particularly difficult to detect. First, the ionization efficiencies
obtained in experiments with this species were significantly

aNormalized to experimental 1348.1/1352.3 band in agreement with lower (e.g., 5% for the spectrum in Figure 4) than those achieved
theory.

for the other molecules in this study. In addition, a qualitative
comparison between the spectrum of the belpjflojoranthene

assignments given in the table were selected to given the bestcation and those of the other benzofluoranthene cations indicates
agreement in band intensity. Note that while the discrepanciesthat the bands of this cation are intrinsically weaker than those
in the relative intensities of the individual bands in this cluster of the other cations. Finally, as was the case with the fluoran-
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Figure 4. The theoretical and experimental mid-infrared spectra of the bblizmjranthene cation (&Hi2"). The experimental spectrum is the
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with their positions. The cation bands at 583.3 and 589.6'@re not shown. The bands marked with asterisks (1447.3, 1417.9, 1379.0, 1170.6,

1121.6 cm?) are possible anion features.

thene cation discussed above, it may also be that an unusuallyuted over the range from 1200 to 990 chdue at least in part
high proportion of the cation bands are obscured under the bandgo CH in-plane bending; two bands at 784.8 and 724.2dm
of the remaining neutral benzifluoranthene. the CH out-of-plane bending region; and a pair at 589.6 and
As before, the bands can be grouped according to the type583.3 cnt! corresponding to skeletal deformation modes. Of
of fundamental vibrational mode involved. There is a moderately particular note, theory predicts four moderate to strong bands
intense CC stretching band at 1572.0¢ma group between  at 1546.3, 1558.5, 1568.3, and 1575.0énwhere only two
1345 and 1230 cm corresponding to combinations of CC  experimental bands are observed (1554.8 and 15728 ciiihe
stretching and CH in-plane bending vibrations; a group distrib- assignments shown in Table 3 give the best frequency agree-

L '
800 750 700
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TABLE 3: Theoretical and Experimental Band Frequencies

and Intensities for the Benzop|fluoranthene Cation

theory (B3LYP) experiment

freq intensity relative freq relative
sym (cm?) (km/mol)  intensity  (cm™)  intensity
A’ 153.3 5.27 0.018
A’ 257.7 7.89 0.027
A’ 312.8 21.31 0.073
A’ 384.0 10.71 0.037
A" 439.0 3.57 0.012
A’ 460.2 38.24 0.131
A’ 538.2 19.43 0.067
A’ 552.7 28.92 0.099
A’ 590.2 10.88 0.037 583.3 0.071
A’ 603.6 38.02 0.131 589.6 0.11
A’ 647.5 6.46 0.022
A" 718.8 55.84 0.192 724.2 0.18
A" 738.5 10.63 0.037
A" 762.9 5.64 0.019
A" 781.3 89.95 0.309 784.8 0.20
A’ 782.0 3.67 0.013
A’ 791.9 9.12 0.031
A" 810.1 12.00 0.041
A" 874.1 4.49 0.015
A" 913.7 12.84 0.044
A’ 917.6 107.89 0.371
A’ 973.4 167.56 0.576 992.0 0.042
A’ 1006.3 54.97 0.189
A’ 1026.4 6.12 0.021
A’ 1035.7 195.75 0.673 1030.7 0.063
A' 1047.7 49.93 0.172
A’ 1063.4 6.78 0.023 1070.6 0.036
A’ 1107.8 111.07 0.382 1093.4 0.60
A’ 1128.8 32.45 0.112 1134.6 0.075
A’ 1150.6 48.87 0.168 1140.7 0.12
A’ 1173.7 18.00 0.062
A’ 1191.1 11.39 0.039 1192.4 0.054
A’ 1195.0 12.16 0.042
A’ 1215.8 34.68 0.119
A’ 1243.7 24.45 0.084 1234.6 0.12
A’ 1261.0 114.72 0.394 1260 0.29
A’ 1278.4 4.42 0.015 1278.5 0.054
A’ 1303.8 35.14 0.121 1297.5 1.0
A’ 1314.8 40.58 0.139
A’ 1322.9 178.82 0.614 1320.5 0.51
A’ 1357.2 12.53 0.043 1340.9 0.032
A’ 1382.7 26.61 0.091
A’ 1398.8 9.52 0.033
A’ 1406.5 71.96 0.247
A’ 1429.7 19.71 0.068
A’ 1464.9 45.14 0.155
A’ 1469.0 50.14 0.172
A’ 1505.5 37.65 0.129
A’ 1510.5 15.06 0.052
A’ 1546.3 291.03 1.000
A’ 1558.5 266.69 0.916 1554.8 0.033
A’ 1568.3 141.57 0.486 1572.0 0.21
A’ 1575.0 34.64 0.119
A’ 1588.7 8.22 0.028
A’ 3074.9 4.30 0.015
A’ 3089.6 4.41 0.015
A’ 3100.4 11.76 0.040
A’ 3102.9 20.70 0.071
A’ 3106.0 10.38 0.036

aBroad band with complex profile.

Hudgins et al.

in the CH out-of-plane bending region. Thus, some cation bands
in this region must be weak and/or obscured. Inspection of the
theoretical data in Table 3 does show that the other undetected
a' modes in this region are weaker than the two detected bands.
The two bands that are observed fall in the regions associated
with trio (784.8 cntl) and quartet (724.2 cm) modes. These
two bands agree within 6 cmh of the theoretically predicted
vibrations; however, there is again substantial scatter in the
relative intensities. Based on the measured upper limit of 5%
ionization, we estimate that the intensity of the 784.8 ttriply
adjacent CH out-of-plane bending mode is suppressed by a
factor of ~2 from the corresponding mode in the neutral
molecule (777.4 cmb).5" The 724.2 cm?® quadruply adjacent
mode is not significantly affected by ionization compared to
the 735.7 cm® mode of neutral benzb[fluoranthene

Regarding the rest of the spectrum, comparison of the
theoretical and experimental frequencies listed in Table 2 shows
that, as in the previous case, most theoretical peak frequencies
are between 2 and 10 cthof the experimental values, with
three falling within 21 cm?. Again, however, relative intensities
do vary significantly.

Finally, it is interesting to note the presence of a weak family
of photoproduct bands that appear in Figure 4 at 1447.3, 1417.9,
1379.0, 1170.6, and 1121.6 ch(noted with an asterisk). These
bands are associated with bertdfilioranthene and may be
attributable to the anion. However, if this is the case, they are
substantially weaker relative to the cation than is the case for
the benzad]- and benzg]fluoranthene anions discussed below.
Given the experimental difficulties encountered with this
molecule and the diminutive intensities of the bands in question,
a definitive assignment of this family of bands will require
further study.

5. The BenzoljJfluoranthene CatioiThe mid-infrared spec-
trum of the matrix-isolated benzdfluoranthene cation is
presented in Figure 5. The experimentally measured difference
spectrum is shown in black, with the positions of cation bands
indicated in blue. The theoretically calculated spectrum is given
by the blue trace above the experimental spectrum. The
photoproduct bands marked in red and the red trace below the
experimental data correspond to the bejjlapranthene anion,
and are discussed in section Ill. B.3 below. The experimentally
measured band frequencies and relative intensities are compared
with the theoretical values in Table 4.

While the theoretical spectrum of the benfijioranthene
cation is simpler than that of the benbffjuoranthene cation,
the experimental spectrum is far richer, presumably due to less
cation band overlap with neutral bengéiiloranthene bands.
Again the bands can be sorted into five groups corresponding
to the fundamental vibrations of aromatic hydrocarbons. Those
falling at 1575.6 and 1550.8 crhcan be assigned to the pure
CC stretching vibrations, while those lying between 1504.7 and
perhaps 1200 cni can be attributed to combinations of CC
stretching and CH in-plane bending vibrations. The bands at
1153.1 and 1120.2 cm can be attributed to CH in-plane bends.
The small cluster between 1060.2 and 1090.I tare likely
due to a combination of CC and CH character, and those at
826.4, 792.9, 769.0, and 743.8 thto the out-of-plane CH

ment, but there is clearly a serious discrepancy between thepends. The assignments of the experimental bands at 1575.6,
total theoretical and experimental relative intensities (theory: 1397.9, and 1210.1 cm shown in Table 4 give substantially
2.521; experiment: 0.24) that is uncharacteristic among strongpetter agreement between the experimental and theoretical

bands.

relative intensities than if the assignments are made purely on

Since this molecule has two rings with quadruply adjacent the basis of frequency. Also, the BP86 solution spreads the
H atoms, one with triply adjacent hydrogens, and one with a intensity between the theoretical 1333.1 and 1326.11drands,
nonadjacent hydrogen atom, several bands would be expectedtrengthening the assignments shown in the table.
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Figure 5. Comparison of the theoretical and experimental mid-infrared spectra of the Jénaainthene (GHi2) cation and anion. The experimental
spectrum is the difference between the spectra of a bgfiaofanthene/Ar sample measured before and after in sita Ipjrotolysis. The cation

and anion bands are labeled with their positions and color coded for clarity (cation, blue; anion, red). The black labels at 1397.9, 1339.0, and 1153.1
cm* indicate bands with unresolved contributions from both the cation and the anion.

There are four bands detected in the 9835 cnt? region, two with equivalent triply adjacent CH groups, and one with a
but only three, those at 826.4, 769.0, and 743.8%ihave the doubly adjacent CH group, this is the minimum number of bands
proper symmetry (§ to be CH out-of-plane vibrations. Since that might be expected. The band at 826.4 tfalls squarely
this molecule has one ring with quadruply adjacent CH groups, in the region associated with the CH out-of-plane vibration of
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TABLE 4: Theoretical and Experimental Band Frequencies between 2 and 10 cm of the experimental values, and all fall
and Intensities for the Benzo]lfluoranthene Cation within 20 cnT. The magnitude of the variations between the
theory (B3LYP) experiment experimentally measured and theoretically predicted relative
freq intensity _ relative freq relative band intensities is similar to that observed for the other cations
sym (cm)  (km/mol) intensity (cml)  intensity considered here.
Al 168.2 523 0.016 6. The Benzo[k]fluoranthene Catiofhe mid-infrared spec-
A 334.5 4.27 0.013 trum of the benzd{fluoranthene cation is shown in Figure 6,
A’ 480.7 5.77 0.018 together with a synthetic representation of the theoretically
A" 489.1 10.81 0.033 calculated spectrum. The experimentally measured band fre-
2,, g%:g i:g? 8:81421 guencies and relative intensities are presented and compared
Al 5437 726 0.022 with the theoretical values in Table 5. Interestingly, despite the
A 570.0 9.46 0.029 higher symmetry of this moleculeC,), the benzd{]fluoran-
A" 744.0 12.10 0.037 743.8 0.052 thene cation exhibits the richest spectrum of all of the ions
A" 760.3 56.36 0.173 769.0 0.11 considered in this work. While this is partly due to less cation
A,, 790.1 20.82 0.064 792.9 0.091 band overlap with neutral benZgdfluoranthene bands, more
A 826.1 99.51 0.305 826.4 0.14 . . L . . .
A 836.6 6.92 0.021 important is the striking intensity of the infrared bands of this
A 1019.7 9.29 0.029 cation, particularly in the CC stretching and CH in-plane bending
A 1049.4 37.70 0.116 1060.2 0.10 regions. Despite having an ionization efficiency lower than all
A 1075.3 9.63 0.030 1084.3 0.015 but the benzdf]fluoranthene experiments (6%), the bands of
A: 1093.6 34.55 0.106 1090.1 0.070 this cation are among the most intense observed in any of our
A 1122.6 35.09 0.108 1120.2 0.077 . S .
Al 1146 5 19.69 0.060 1153.1 011 studies of matrix-isolated PAH cations to date. The spectrum
Al 1166.5 31.13 0.096 is so rich that it is difficult to separate the bands clearly into
A 1194.5 48.75 0.150 1210.1 0.030 the specific regions normally associated with aromatic hydro-
A’ 1211.4 1.84 0.006 carbon fundamental mode vibrations and no attempt is made to
A: 1230.1 122.19 0.375 12244 0.29 do so. It should be noted that the assignments of the 1582.6/
A 1232.9 26.09 0.080 - . .
A 12731 2432 0.075 1578.4, 1571.8, and 1292.3 cinbands given in Table 5 give
A 1283.3 60.42 0.185 1301.1 0.39 significantly better agreement between the theoretical and
A 1313.0 11.64 0.036 experimental relative intensities than is the case if the assign-
A’ 1326.1 1.63 0.005 1330.9 0.088 ments are made on the basis of frequency alone. Also, the band
ﬁ: ggié 11‘2-% 8-8’2’5 iggg-g 8-(2)%3 at 674.6 cm? could equally well be assigned to either of the
' ' ’ 1384.8 0.021 theoretical bands at 683.4 and 663.0é¢m
A 1382.3 325.84 1.000 1397.9 1.0 The experimental data shown in Table 5 were initially
A’ 1399.8 40.91 0.126 1405.8 0.013 normalized to the remarkably intense 1320.7 éwation band
A" 14081  105.14 0323 14112  0.16 which does correspond to the strongest theoretically predicted
I 14323 193.08 0.593 14114%31 0'8.7734 band (1321.5 cm'). However, when the resulting relative
A 1438.6 3.85 0.012 intensities were compared to the theoretical values, they were
A 1444.6 46.94 0.144 1449.3 0.12 found to be uniformly smaller by a factor of3. Renormalizing
A’ 1491.7 57.71 0.177 1504.7 0.013 the data to make the sum of the relative intensities of the
A" 15160 12.58 0.039 experimental bands at 1582.6, 1578.4, 1571.8, and 1561.9 cm
ﬁ, ggg:; 13?'.2; g'_égé 1550.8 0.12 equal to that of the 1587.2, 1565.5, and 1559. T ttheoretical
Al 1561.0 45.08 0.138 1575.6 0.33 bands largely neutralized this discrepancy. These bands were
A 1575.7 11.85 0.036 chosen because they are moderately intense and because they
A 1599.9 10.30 0.032 arise in a relatively clean portion of the experimental spectrum.
A" 3090.0 5.49 0.017 It was decided to normalize to the summed intensity of several
A’ 3097.0 11.19 0.034 : - .
A 31011 557 0017 clo_se-lylng bands rather than that of a S|r_lgle band in an effo'rt
Al 3107.3 4.91 0.015 to improve the accuracy of the result. As discussed above, while
A 3130.9 5.73 0.018 there are often marked discrepancies between theory and

experiment in the distribution of intensity among the individual
doubly adjacent hydrogen atoms. Likewise, the 769.0%cm bands of a cluster, the total intensities are often in much better
absorption can be assigned to the triply adjacent CH vibration, agreement. The implication here is that the experimental 1320.7
and the 743.8 ct band to the quadruply adjacent mode. The ¢m™* bands is almost three times more intense than the
positional agreement between theory and experiment is verytheoretical 1321.5 cmt band. Such a discrepancy is unusual
good for these modes, all falling within 10 cfof their for a strong PAH cation band. The profile of this band (see
predicted positions. In this case, the measured relative intensities=igure 6) does suggest the presence of more than one compo-
are in good agreement with predictions. Based on the measuredient. However, inspection of the data in Table 5 shows that
upper limit of 11% ionization, we estimate that the intensity of there are no nearby, unaccounted-for theoretical bands of
the CH out-of-plane bending modes of the bejiflapranthene appreciable intensity, so this substructure may simply be due
cation bands at 826.4, 769.0, and 743.8 tare all suppressed  to site-splitting of a single, very intense mode.
by a factor of~2 from their corresponding modes in the neutral There are six bands detected in the range from 925 to 675
molecule (815.5, 769.2, and 738.7 chrespectively)! cm1, three of which have the symmetry of CH out-of-plane

Regarding the rest of the spectrum, comparison of the bending modes gaor by). Since this molecule has one ring with

theoretical and experimental frequencies and relative intensitiesquadruply adjacent H atoms, two equivalent rings with triply
listed in Table 4 shows that there is generally good agreementadjacent hydrogens, and one with two, equivalent, nonadjacent
between theory and experiment with most differences falling hydrogen atoms, several bands would be expected. Although
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Figure 6. The theoretical and experimental mid-infrared spectra of the bkJfizaranthene (GHi2) cation. The experimental spectrum is the
difference between the spectra of a bekifbjoranthene/Ar sample measured before and after in sita Iphotolysis. The cation bands are labeled
with their positions. The band at 674.6 chis not shown.

specific assignments require closer analysis of the theoreticalthat the intensity of the CH out-of-plane bending modes at 909.0
results, it seems reasonable to attribute the 752.3/75072 cm and 829.7 cm! are suppressed by factors-e8 and~2 relative
absorption to a quartet vibration, the 794.7 and 829.7'cm to the corresponding modes in the neutral molecules (883.5 and
bands to a splitting of the two equivalent trio vibrations, and 823.7 cn1?, respectivelyf’ The cation modes at 794.7 and
the 909.0 cm! feature to the solo mode. There is good 752.3/750.2 cm! bands are not significantly affected by
agreement between theory and experimental frequencies for allionization.

of these bands, with the largest difference being 5trfihere Regarding the rest of the spectrum, comparison of the
is also moderately good agreement between relative intensitiestheoretical and experimental frequencies and relative intensities
Based on the measured upper limit of 6% ionization, we estimate listed in Table 5 shows that there is remarkably good agreement
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TABLE 5: Theoretical and Experimental Band Frequencies
and Intensities for the Benzok]|fluoranthene Cation

Hudgins et al.

experiments is not unprecedented, having been reported previ-
ously for the PAH pentacerf&’2It is interesting that under

theory (B3LYP) experiment similar experimental conditions two of the benzofluoranthenes
freq  intensity relative freq relative produce anions, while fo_r the other twq little or no anions are
sym (cm™)  (km/mol) intensity (cm™Y) intensity produced. Presumably this stems from differences in the electron
B1 247 4 14.33 0034 affinities of the various species, although it is not clear why
Al 5532 5.46 0.013 there would be marked discrepancies in this quantity between
Al 600.6 6.80 0.016 the various isomers. This behavior would suggest that there is
Al 663.0 4.93 0.012 an electron affinity threshold that must be overcome for the
B2 6834 428 0010 6746 0.014  production of PAH anion/cation pairs by long-range electron
21 gg’g?{ 812.';:'5 8_‘3833 77952.'72’ 752.6 0(_)(')135; transfer in a matrix to occur. However, assigning a numerical
B1 826.9 71.05 0.166 8297 0.079 value to that hypothetical threshold would require more
B2 869.7 4.29 0.010 867.5 0.018 extensive study and reliable values for the electron affinities of
B1 913.0 19.19 0.045 909.0 0.027 the PAHSs.
S% 1%1222 14;'.%86 %’%121 1015.9. 1016.6  0.035 1. The Aromatic CH Stretching Region, 3202800 cnrl.
Al 10283 16.49 0.039 1033.0,10343 0038 Unlike the situation with the cations in which theory predicts
B2 1089.8 21.77 0.051 1087.2 0.16 very weak aromatic CH stretching bands between 3150 and 3000
B2 1128.3 5.84 0.014  1134.1 0.060 cm™1, inspection of Tables 6 and 7 shows that the corresponding
B2 11567 8321 0195  1164.7,1167.0  0.18 anion bands are expected to be some of the strongest in the
gé ﬁg‘ég gg:gg g:ﬁé ﬁgi 8‘_2%3 spectrum. Indeed, the total intensity of these modes is predicted
Al 1197.1 97.29 0228 1186.7 0.060 to be about a factor of 3 more intense than the corresponding
1204.8 0.036 modes in the neutral molecules. This interesting theoretical result
Al 12134  133.94 0.314  1211.3 0.28 is borne out by our detection of the corresponding absorption
B2 12278  33.08 0.077 in the experimental spectra. These observations are illustrated
B2 12633 2135 0.050 1217247_9'31276.0 O9ig23 in Figure 7 which shows the difference between the pre- and
Al 1278.0 97.47 0228 12923 1.0 post-photolysis spectra of benap{ and benzg[fluoranthene
1306.0 0.075 samples in the absence of an electron acceptor. It should be
Al 13215  427.07 1.000 1320.7 2.9 emphasized here that despite heavy interference from neutral
B2 1336.0 15.23 0.036 13354 0014 apsorptions in this region, these features are not merely artifacts
@% ﬁig:g 363:;; 8:88; ig’i’;; 8_‘355;3 _of the_subtraction process. The position, profile, an_d relat!ve
1354.7. 1356.3  0.14 intensity of these features have been reproduced in multiple
Al 1383.6 288.32 0.675  1380.2,1383.7 0.33 experiments in the absence of an electron acceptor. No similar
1391.9 0.011 features are observed in the presence of an electron acceptor,
13953 0.18 nor are they observed in the spectra of fluoranthene, bbhzo[
g‘% ﬁﬁg iggé g:g% ﬂgg:g 8'_214 and benzd{[fluoranthene Where no anions are produced. The
Al 14405 19.44 0.046  1424.7 0.030 broad, 50 cm! fwhh band in the spectrum of the benap[
Al  1505.9 60.88 0.143  1513.0 0.14 fluoranthene anion peaks near the predicted position of the
B2 1515.5 37.48 0.088  1523.1 0.12 strongest theoretical bands in this region (3038.4 and 3036.9
Al 15397  139.76 0.327 15413 0.009 cm~1) and its envelope encompasses all of the calculated bands
ii %ggg:é 3??3? 8:%28 %g%:z 1582.6 06?5’2 yvhich span the range from 3004.8 to 3094.4énThe same
Al 15872 11.89 0.028  1571.8 0.038 is true for the benzg@ffluoranthene anion, whose broad absorp-
B2 3096.2 10.90 0.026 tion envelope spans the range from about 30107t 3090
Al 3096.5 15.39 0.036 cm™1, encompassing most of the theoretically predicted features
Al 3102.4 17.92 0.042

between theory and experiment with most differences falling
between 0 and 10 cm. The difference is greater only for the
1424.7 cnt, which is only 15 cm? from the theoretical value.
As in all other cases reported here, the relative intensity
differences are more variable.

B. Mid-Infrared Spectroscopy: Anions. During the course
of our studies of matrix-isolated benzffluoranthene and

benzo[]fluoranthene, it became clear that there was a second,

between 3001.0 and 3084.3 thn Given the uncertainty
associated with the theoretically calculated intensities in this
region (section II.B), as well as that associated with the
experimental band areas measured from such heavily obscured
bands, it is impossible to make a quantitative comparison of
the theoretically predicted and experimentally measured relative
intensities. The two data sets do, however, appear to be in at
least in qualitative agreement in this respect.

2. The Benzo[a]fluoranthene AnioriThe experimentally

distinct class of PAH-related photoproduct bands appearing in measured mid-infrared spectrum of the beaitijoranthene

the spectrum. This second class of bands satisfied all of theanion can be found in Figure 3, together with its cation spectrum
aforementioned criteria to be classified as a PAH ion except discussed in section lll. A.3 above. The positions of the anion
that, instead of being enhanced by the presence of an electrorbands are indicated in red, with a synthetic representation of
acceptor in the matrix, they were completely suppressed. Basedhe theoretically calculated spectrum shown by the red trace
on this behavior, and the overall similarity in the pattern of below the experimental data. The measured band frequencies
frequencies and intensities displayed by these bands to thoseand relative intensities are presented and compared with their
of the PAH cation, we attribute these features to the anions of theoretically calculated values in Table 6. As with the cations,
the parent PAH. Subsequent theoretical calculations of the inspection of Table 6 shows that there is significantly better
vibrational spectra of the bena}{ and benzd]fluoranthene agreement between the theoretical and experimental band
anions confirm this assignment. The concurrent formation of frequencies than the relative intensities. Most measured positions
PAH cation/anion pairs under photolysis in matrix-isolation differ from predicted positions by less than 5 ©n Such
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TABLE 6: Theoretical and Experimental Band Frequencies TABLE 7: Theoretical and Experimental Band Frequencies
and Intensities for the Benzof|fluoranthene Anion and Intensities for the Benzo[]fluoranthene Anion
theory (B3LYP) experiment theory (B3LYP) experiment

freq intensity relative freq relative freq intensity relative freq relative
sym (cm™) (km/mol) intensity (cm™) intensity sym (cm™) (km/mol) intensity (cm™) intensity
A’ 268.4 3.44 0.025 A" 427.8 2.82 0.014
A" 4238 1.56 0.012 A’ 481.7 13.51 0.065
A" 470.8 3.76 0.028 A’ 521.1 5.57 0.027
A’ 515.7 2.96 0.022 A’ 571.7 4.16 0.020
A" 5934 2.43 0.018 A’ 640.8 2.99 0.014
A" 608.1 4.54 0.034 A" 6679 3.98 0.019
A’ 627.2 2.26 0.017 A" 7175 0.81 0.004 721.9 0.093
A’ 678.0 1.52 0.011 A" 7251 84.56 0.408 725.0 0.37
A" 700.8 19.11 0.141 A" 763.6 10.89 0.053
A" 716.2 56.49 0.418 719.8 0.34 A" 771.0 44.10 0.213 775.3 0.26
A" 728.0 2.26 0.017 A" 7858 17.54 0.085
A’ 739.9 4.85 0.036 A’ 786.0 12.08 0.058
A" 7559 3.23 0.024 A" 803.1 5.01 0.024
A" 766.0 67.07 0.496 770.0 0.35 A" 8155 6.26 0.030
A" 789.7 8.09  0.060 A" 894.9 4.18  0.020
A’ 817.9 12.48 0.092 A’ 926.9 3.46 0.017
A" 8220 7.74 0.057 A’ 968.2 8.51 0.041 972.4 0.017
A" 837.0 2.62 0.019 A' 1017.0 2.04 0.010
A" 878.6 2.25 0.017 A" 1029.9 7.82 0.038 1032.5 0.083
A’ 888.7 12.18 0.090 A'  1049.7 9.72 0.047
A"  896.6 4.65 0.034 896.0 0.031 A" 1064.1 3.54 0.017
A’ 924.7 23.66 0.175 927.0 0.18 A" 1129.7 2.81 0.014 1128.2 0.043
A’ 949.6 6.52 0.048 951.0 0.044 A" 1133.1 8.54 0.041
A' 1010.0 13.07 0.097 A' 1166.8 18.92 0.091 1153.1 0.089
A" 1026.1 2.95 0.022 A" 1184.4 74.66 0.360 1173.1 0.59
A" 1037.3 18.62 0.138 1036.6 0.12 A'  1208.9 15.20 0.073
A" 1064.4 25.87 0.191 1069.6 0.084 A" 12135 5.49 0.026
A" 1103.6 36.63 0.271 1116.6 0.14 A' 12158 7.02 0.034 1215 0.23
A" 1109.8 10.18 0.075 A" 1269.0 2.71 0.013 1266.2 0.046
A" 1151.1 15.79 0.117 1140.2 0.075 A' 1286.0 78.32 0.378 1297.7,1299.5 0.29
A" 1158.2 9.00 0.067 1155.7 0.073 A" 1306.7 29.62 0.143 1307.5,1309.3 0.12
A" 11723 5.65 0.042 1317.0 0.021
A" 1184.0 22.97 0.170 1177.5 0.27 A" 13154 207.27 1.000 1324.6,1326.6,1328.7 1.0
A" 12244 21.14 0.156 1222.0 0.092 A' 13474 17.14 0.083 1339.0 0.24
A" 1249.2 15.06 0.111 1250.8 0.090 A' 1354.8 9.06 0.044 1361.9 0.28
A" 12675 6.99 0.052 1265.8 0.14 A" 1384.2 132.78 0.641 1397.9 0.51
A" 1286.7 32.36 0.239 1296.0 0.34 A' 14119 9.13 0.044
A" 1302.4 135.17 1.000 1303.6 0.40 A' 14274 41.38 0.200 1434.1 0.14
A" 13121 15.87 0.117 1316.6 0.31 A" 1429.7 4.88 0.024
A" 1336.9 12.86 0.095 1321.2 0.14 A" 14457 7.05 0.034
A" 1361.7 2.54 0.019 A'  1470.3 7.01 0.034
A" 1370.4 3.81 0.028 A" 1499.9 3.19 0.015
A" 1377.0 123.98 0.917 1388.5 1.0 A' 1510.6 30.54 0.147
A" 1420.0 32.96 0.244 1416.3 0.16 A" 1519.6 42.90 0.207 1526, 1535 0.50
A" 14277 53.17 0.393 1430.5 0.19 A' 1530.0 41.21 0.199
A' 14395 52.09 0.385 14423 0.11 A" 1538.4 19.05 0.092
A" 1456.1 13.63 0.101 1460.3 0.072 A' 1563.5 65.41 0.316
A" 1464.1 5.63 0.042 A" 1578.8 30.65 0.148 1583.2 0.057
A" 14922 13.84 0.102 1509.6 0.10 A' 2998.3 37.30 0.180
A" 1512.0 68.03 0.503 1522.6,1525.0,1529.7 0.55 A" 2999.5 14.89 0.072
A' 1518.2 26.54 0.196 A' 3004.8 5.45 0.026
A" 1540.8 4.83 0.036 A" 3007.4 4.19 0.020
A' 1559.3 20.84 0.154 A" 3019.2 39.78 0.192
A" 1570.9 4.85 0.036 A" 3020.7 16.14 0.078
A" 3001.0 16.28 0.120 A" 3027.6 116.52 0.562
A" 3004.4 3.69 0.027 A" 30315 106.33 0.513
A’ 30126 1059 0.078 A’ 3036.7 195.75 0.944 3035 3.9
A" 3017.1 32.79 0.243 A' 30435 124.16 0.599
A" 3020.4 47.43 0.351 A" 3059.2 26.41 0.127
A" 3021.7 0.599 A" 3094.4 31.13 0.150
A" 3036.9 143.81 1.06
A" 3038.4 285.30 211 3036, 3058 2.3
A" 3041.0 12.05  0.089 anions as has been the case for the cations. Apart from the very

A" 30575 29.64 0.219

A 30843 4522 0335 strong band strength enhancement for the CH stretch in the

anion, the overall pattern of intensities over the rest of the

spectrum resembles that observed in the cations, indicating a
agreement holds for the bengéiioranthene anion as well,  similar dramatic enhancement in the CC stretching and CH in-
suggesting that the B3LYP method is as applicable for the plane bending modes in the anion. Of particular note, theory
calculation of harmonic frequencies and intensities of PAH predicts three bands at 1518.2, 1512.0, and 1492.2'.cm
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R A L ' modes in the anion discussed above, the characteristics of the
J rest of the spectrum are very similar to those of the cations.
Both the CC stretching and CH in-plane bending modes between
about 1600 and 1200 crh undergo significant enhancement
with respect to the neutral species and have comparable values
in both ionization forms. The CH out-of-plane bending modes
also have comparable strengths in both ionization states.

0.002 haldd ‘ 1 In the 925-675 cnt! aromatic CH out-of-plane bending
region, three bands attributable to the bejjlapranthene anion
have been observed. These fall at 775.3, 725.0, and 729 cm
and all are assigned to bands with thesgmmetry of out-of-
plane bends. The band at 775.3 dncorresponds to the out-
of-plane bending of the two triply adjacent CH groups, while
those at 725.0 and 721.9 cinfall in the range that is usually
characteristic of quadruply adjacent CH groups. No band is

3036

0.004

3059

0.003 7

Absorbance

0.001

3035 —>
=2
1

0

/S | 1

3150 3100 3050 3000 T w0 29w observed experimentally that might be attributed to the expected
_ Frequency (em ) _ doubly adjacent mode, but inspection of the theoretical calcula-
Figure 7. The spectra of the benzgfluoranthene and benzd{ tions shows that this feature is expected to be weak. Following

fluoranthene anions through th_e aroma_tic CH stretching region. The 5, analysis analogous to that employed for the other PAH ions
spectra were generated by taking the difference between the pre- anda . . '
post-photolysis spectra used to prepare Figures 3 and 5. The positionsWe estlmate thg 775.3 crhband is suppressed by a factor of
of the major absorption components are indicated. ~3 relative to its neutral counterpart at 769.2¢tff On the
other hand, the 725.0/721.9 chpair (assuming they arise from

this same region, experiment shows a triplet with maxima at a splitting of a single mode) is not significantly affected by
1529.7/1525.0/1522.6 cth and a lone band at 1509.6 cfn ionization compared to the corresponding neutral mode (738.7
The assignment shown in Table 6 gives the best overall intensity cm~1) .67 While the direction of the shifts in these modes is the
agreement; the exact band-to-band correspondences remain igame as that observed for the bewifioranthene anion (triply
question. Nevertheless, once again, the total theoretically adjacent, blue shift; quadruply adjacent, red shift), the magni-
predicted and experimentally measured relative intensities tydes of the shifts are substantially less (5 and 14 %m
through these bands are in reasonably good agreement (theorytespectively).
0.801; experiment: 0.65).

Of particular interest are the band positions in the CH out- V. Conclusions
of-plane region between 925 and 675¢niThree anion bands The experimental and theoretical mid-infrared spectra of the
are observed in this region. The band at 896.0timassigned fluoranthene (GH.0), benzog]fluoranthene, benzofluoran-
to the nonadjacent CH out-of-plane mode, the one at 770.0 iSthene, benzgfluoranthene, and benzdfluoranthene (all GoHs»
assigned to the triply adjacent mode, and the one at 719:8 cm isomers) cations are presented. In addition, the spectra of the
is assigned to the quadruply adjacent mode. The 19 diue anions of benza{fluoranthene and benzifluoranthene are also
shift in the nonadjacent mode from the corresponding neutral reported. The experimental data have all been obtained using
position (876.7 cm")%'is similar to, if somewhat smaller than,  the matrix-isolation technique, and the theoretical values have
that observed in the cation (30 c#). The 20 cm* blue shift all been determined using the B3LYP approach. As has been
in the 770.0 cm* band (neutral: 750.2 ct)*" and the 31 cm* the case with previous PAH cation experimental studies and
red shift in the 719.8 cmt band (neutral 740.8 ctd)®" are much  consistent with theoretical predictions, no new features were
larger than those observed in the corresponding cations, andmeasured in the CH stretch region between 3200 and 2908 cm
uncharacteristically large for triply and quadruply adjacent CH due to severe overlap with the stronger parent bands.
out-of-plane bending modes in PAH cations in genét&lased The strongest mid-infrared absorption bands of these PAH
on the upper limit of 8% ionization, and assuming a 1:1 ratio cations fall between 1600 and about 1100 émorresponding
in the production of anions and cations, it appears that the 896.0tg the CC stretching and CH in-plane modes. The most intense
and 719.8 cm* anion bands are suppressed by factors-6f  of these tend to fall between 1500 and 1300 &riThese modes
and~2, respectively, compared to the corresponding modes in are 2-10 times stronger than the bands due to the CH out-of-
the neutral molecules. The 770.0 chiband, on the other hand, plane bending modes in the 925 to 675 ¢nrange. This
is enhanced by a factor 02 compared to the corresponding  relationship is opposite that observed for neutral PAHs (in which
neutral mode. ) ) the CH out-of-plane modes are the more intense by a factor of

3. The Benzo[jJfluoranthene AnionThe experimentally  2-10) and is similar to the trend observed in the ions of PAHs
measured mid-infrared spectrum of the befjdojoranthene composed only of fused hexagonal ring.
anion can be found in Figure 5, together with its cation spectrum  \yith the exception of fluoranthene, there is good overall
discussed in section lll. A.5 above. The positions of the anion 54reement between theory and experiment. The failure of the
bands are indicated in red, with a synthetic representation of g3 yp approach for fluorantheifeappears to arise from the

the theoretically calculated spectrum shown by the red trace symmetry breaking which occurs due the mixing of the two
below the experimental data. The measured band frequencieqowest_Mng electronic states.

and relative intensities are presented and compared with their

theoretically calculated values in Table 7. For the bejjzo[ Acknowledgment. The authors acknowledge the expert
fluoranthene anion, as with all of the other ions considered here, technical support of Bob Walker, and valuable scientific
there is significantly better agreement between the theoreticaldiscussions with Max Bernstein, Farid Salama, and Scott
and experimental band frequencies than the relative intensities.Sandford. This work was fully supported by NASA’s Laboratory
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