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Abstract

Jet-cooled chrysene anions have been produced by attachment of slow laser-induced photoelectrons. The molecules have been studied
photodetachment-photoelectron spectroscopy using various wavelengths of the detachment laser. The adiabatic electron affinity of chrysene w
directly determined to be 0.320.01¢eV. In the § state of neutral chrysene two different vibrational modes are visible. Both are assigned to
breathing modes of the aromatic ring system. In addition, the first excited triplet state is observed and a singlet triplet energy gap.6fl284
has been determined. In this state it was also possible to resolve a vibrational mode. At 355 nm an anion resonance was found that ended up
vibrationally highly excited neutral chrysene. As an explanation a special relaxation pathway is suggested.
© 2005 Published by Elsevier B.V.
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1. Introduction and 30%. They strongly absorb UV radiation and emit in the
IR region. Depending on the local condition in the interstellar
Polycyclic aromatic hydrocarbons (PAH) are major compo-medium, PAHs can exist in their neutral, cationic or anionic
nents of coal tars and crude oils. They are formed by nearly afiorm.
combustion processes of fossil resourfdeg] and are also a by- Another hot topic concerning PAHS, is their carcinogenity.
product of petroleum manufactui&4]. Obviously they play an  Since, their health effect differs from harmless to highly carcino-
important role as pollutants and therefore their biological activ-gen[15,16], the understanding of metabolising a PAH is of main
ity for some of them is well document¢8]. importance. Different approaches used in theoretical description
Because of their ubiquity, spectroscopic and thermodynamiof the chemical carcinogenesis suggest that compounds classi-
properties have been studied for many yda&rd]. During the  fied as carcinogens do not necessarily possess similar chemical
last decades PAHSs, especially linear polyacene, have been in teucturd17,18] In general, carcinogenic substances are or will
focus of several scientists, because of being a prototypical modekecome metabolites in electrophilic substances and should tend
for organic molecular crysta[$,7]. However, while ionisation to participate in the reaction with DNA as electron acceptor.
potentials are well knowf8—10], the electron affinity (EA) of In this case, the electron affinity of the substance is of major
many PAHSs are not well characterised, although it is one of thémportance.
most important properties to understand their charge-transfer The photodetachment-photoelectron spectroscopy (PD-PES)
behaviour. is one of the most powerful methods for determining EAs. First
Beside their terrestrial importance, it was observed in the lastf all it yields a direct value of the electron affinity and sec-
years that PAHs are abundant in most interstellar objects assondly the combination of mass spectrometry and spectroscopy
ciated with gas and dugt1-13] Snow and Wit{14] estimate  eliminates the influence of impurities of the sample and interac-
the amount of cosmic carbon tied up in PAHs at between 10%ons with the matrix. Additionally, with this technique it is also
possible to investigate states of the neutral species starting from
T Comesoonding author. Tel. +49 86 268 13397 fax: +49 89 269 14430 the anion geometry. Due to a change of spin-selection rule, for
E-mailc?ddressgs:tSChurl@Ch.tum.de(M.TSChUI”l), ulrich.boesl@ch.tum.de anlor.]_neUtral transmpns, low-lying triplet states of the neutral
(U. Boes). species can be examined.
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mass selected anions were photodetached by a second laser bean
| s ||| () shortly before arriving at the mass detector. The so-formed pho-
toelectrons passed a magnetically shielded field-free drift region
of about 0.4 m length. A detector mounted at the end of the
electron drift region recorded the flight time of the electrons.
Each photodetachment-spectrum consists of an accumulation
of at least 40,000 laser shots. The spectra at 355, 532 or 800 nm
were calibrated by recording an@ference-spectrum. Spectra

—— (b) at 266 nm were calibrated by measuring a chlorine reference-
spectrum.
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3. Results and discussion
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The appearance of a chrysene anion peak in the mass-
(e) spectrum (se&ig. 2) implies that the EA of this molecule is
positive. The peak one mass larger than the chrysene peak (see
the molecular peak in the inset Bfg. 2) is due to thel3C;-
isotopomer of chrysene. Its intensity corresponds to its natural
Fig. 1. Experimental set-up. Molecules are introduced into the MS byasolenoiqisotopic abundance. The mass-spectrum also shows that no frag-

valve (a). Anions are formed by attachment of photoelectrons, created by alasgg o 41inn takes place with this kind of ionisation method. The
beam (c) focused onto a hafnium-wire (b); anions are accelerated in the ion optics

(d) and recorded by a detector (f). Photoelectrons are produced by a second Ia&gcurrence ofa Weakly bounq V?-n der Waals c_omplex of moI_ec-
beam (e) and recorded by another detector (h). Their drift region is magneticaliylar nitrogen and chrysene indicates good vibrational cooling
shielded by a double-wallgd-metal (g). conditions in the jet. Excited molecular vibrations would lead
to a dissociation of this complex.
In this work, we will present PD-PES spectra of chrysene Several PD-PES spectrawere measured using different wave-

at different wavelengths. While anthracga8], coronend20] lengths of the detachment laser. The spectrum at 800 nm has been

and recently pyren21] are well-investigated by using PD-PES, recorded with a Nd:YAG pumped dye laser, using styryl 11 as
there is few experimental data available for chrysene. a dye and methanol as solvent. The dye laser produced pulses
with about 8 ns length and an intensity of 3 mJ. The other spectra

. have been recorded by using the harmonics of a Nd:YAG laser.
2. Experiment These pulses had energies of about 3mJ and a length of 3ns.

. o . The spectra due to detachment wavelengths of 800 and 532 nm
A detailed description of our apparatus has been published in

[22,23] Therefore, only a brief overview is given in this chapter,

which is supported b¥ig. 1 Since, chrysene has a reasonable chrysene
vapour pressure at 443 K, the substance was directly introduced

into a heated nozzle, which is in fact a fast working solenoid ‘O l
valve. Nitrogen gas at 3 bar seeded with chrysene molecules has OO
been expanded into the vacuum chamber. Due to the big pressure
difference, the short opening times and the small orifice size
(200p.m) of the valve, a supersonic jet was formed in which the
molecular degrees of freedom were cooled down.

With a laser beam of 266 nm (the 4th harmonic of a Nd:YAG
laser) focused on a hafnium wire, slow photoelectrons (kinetic
energy: 0.8 eV) were produced for electron attachment to neutral chrysene™ e N,
molecules. The so-formed cold anion beam was skimmed and L l
entered the ion optics of the mass spectrometer. The “vibrational
temperature” of the anions should be significantly below 300 K 225m/z/283§m 235
as concluded from the appearance of weakly bound molecular
clusters in the mass-spectrum and the missing of hot bands in .
the PD-PES-spectrum (see Sect®)nThe rotational “tempera-
ture”is some 10 va_hich is typical formed_ium—sized mp_lecules 30 80 90 120120 180 270 250 270300
seeded in supersonic beams at the experimental conditions men- m/z/amu

tioned above. _ . .
Within the ion optics the anions were accelerated perpe If|g. 2. Mass-spectrum of chrysene anion. The inset shows a second peak one
p perp nmass larger, which is due to th&C; -isotopomer and corresponds to its natural

dicularly to the inlet beam by a pulsed voltage of 1.2 kV. Thejsetopic abundance. The occurrence of the weakly bound complex chrysene
ions were detected using a Wiley McLaren-type TOF MS. Thes a hint for good cooling conditions in the jet.
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* is a general effect and is found for other types of molecules such
| as oxygen, to¢27].
ﬁjﬁﬁ—ﬁ The spectra iifrig. 3shows a dominant progression of amode
I with 0.18+ 0.01 eV (1450t 80 cnt 1) energy. According to the-
oretical work[29], there is a set of five possible vibration of
ag-symmetry. Two of them were found by Raman spectroscopy
of chrysene powdej29] (1431 and 1382 cm') and by fluo-
rescence measurements in a Shpolskii mg8t] (1439 and
800 nm 1385 cnTl). One of these two vibrations (1385 ch) was also
observed by measuring phosphorescence in a Shpolskii matrix
[31]. Inthe 800 nm spectrum a shoulder of the first peak (marked
by * in Fig. 3 arises that could possibly result from a second
mode of an energy of 0.06 0.01 eV (48Gt 80 cnT 1), This sec-
ond vibration is most likely due to another totally symmetric
mode also found by phosphorescence measurements in a Shpol-
skii matrix[31].
532 nm In analogy to other PAH$19,21,32]these two vibrations
(14504 80 and 480Gt 80 cnT1) can be assigned to symmetric
in-plane breathing modes of the aromatic ring system. The sig-
) nificant progression of one of these vibrations indicates that the
00 02 04 06 08 10 12 14 16 18 20 “extra’-electron, which is released during photodetachment, is
binding energy / eV delocalised over the whole aromatic ring system and the little
Fig. 3. PD-PES spectra of chrysene at the wavelengths of 800 and 532 nm. Bofifiange of anion-geometry with respect to the neutral system (as
spectra show a progression of a symmetric stretching mode of the aromatic rifgpentioned before) is only due to small atomic displacements in
system. The first peakis due to the vertical detachment energy at@3 eV,  the horizontal mirror plane. The progression of the totally sym-
which here also equals the :idiabatic glectron af_fini_ty. The spectrum recorded_ ﬁﬁetric breathing mode s also visible in the spectrum recorded at
3&?;?;:;%"32 ifst?]cé“r'ﬂzrs(y)stzfréhe first peak, indicating a second symmetrigee ) detachment wavelengffig. 4. The resolution of this
progression is somewhat worse, which is due to the additional

N . . excess energy of electrons at higher detachment energies. At
are shown inFig. 3. The most intense peak in the spectra at

0.3240.01 eV corresponds to the vertical detachment energy of

electron current / arb. units

chrysene. Since, this peak is also that at lowest binding energy, — SeTy —
we can conclude that the geometry of the anionic state does
not differ too much from the neutral one. Because of this only So

small difference in the geometries between neutral and anionic
state, the vertical detachment energy equals the adiabatic elec-
tron affinity of chrysene. AD

noz2 4 6

The EA of chrysene was first determined by Wentworth and 2 355 nm

Becker[24] using electron capture detection (ECD). This how- =

ever, is an indirect way of determining EAs. The values for the ®

EA of chrysene obtained by this meth@l—26]are in the same %

order of magnitude but larger than our value of (43@.01 eV. S

Looking at other PAHs (se€able J), one finds that ECD mea- pu _ T
surements tend to supply too high values with respect to those % n (|)—|-2|-|- !
determined by PD-PES. This tendency of ECD-values obviously 2 -

nm

Table 1

Comeparison of values of EA determined by using two different methods:
photodetachment-photoelectron spectroscopy (PD-PES) and electron capture
detection (EDC)

T T T T T T T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45

Substance Efp-pes)(eV) EAEcp) (eV) [26] binding energy / ev

Naphthalene —0.200+ 0.050[28] 0.15+ 0.05 )

Anthracene 0.530& 0.050[19] 0.66+ 0.08 Fig. 4. PD-PES spectra of chrysepe at_the Wavelengths of 355and 26§ nm. Here,
Pyrene 0.406t 0.010[21] 0.564+ 0.06 a second electronic state with a vibrational progression appears. This state can
Chrysene 0.32- 0.01[*] 0.42+ 0.04 be assigned to the first excited triplet state of neutral chrysene. The 355nm-

spectrum exhibits an additional structure at 2.5 eV, which is marked with AD
ECD, values are usually larger than the PD-PES-values; [*], this work. (autodetachment).
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Photodetachment schemes
“direct” detachment detachmept via an excited
266 nm anion state
IC
s Wﬁ—( - .
— A, A
AE,,
355 nm B.(T.) l
: |
3 R
(0] — -
5 ) hv A
355 nm 2 AE,,
A, (Sy) @ l
532 nm -
N
Bg Bg
anion neutral anion
Fig. 5. Schematic excitation diagram for chrysene. At detachment wavelength A

of 532 nm the neutral molecule ends up in the singlet state. At excitation with

266 nm the neutral molecule can end up either in iig-symmetry) orinthe  Fig 6. Suggested scheme for the resonant excitation at 355 nm. The.anjon (
Ty state B-symmetry) of the neutral chrysene. At 355 nm there is an alternatives excited into an anionic state of higher enerdy{ ). An internal conversion

excitation into an anionic state of chrysene possible that will undergo autodetace (IC) to another anionic staté ') leads to autodetachment into a vibra-
ment (AD) and also ends up in the singlet state of the neutral molecule. Howevejionally hot neutral molecule.

different Franck Condon factors will involve different vibrational stasand
Ay are the symmetries of the involved anionic states.

two excited anion states takes place giving rise to high vibra-

266 nm the situation is even worse and the vibrations of gae S tional population in the lower excited anion state. Further on,
state cannot be resolved anymore. However, the spectra obtainigds fairly probable that this high vibrational population is pre-
using 355 and 266 nm show the occurrence of asecond electrorserved in the final neutral ground state during autodetachment.
state of neutral chrysene. This state is located 2641eV  This is illustrated inFig. 6 where internal conversion between
(21,290+ 80 cnm 1) above the singlet state and can be assignethe two excited anion states™™ andA~" is indicated. Such
to the first excited triplet state of the neutral molecule. Its valuean internal conversion process seems fairly probable since the
is in agreement with that measured by Murov ef28] for chry-  number and density of excited anion states increases with larger
sene in C{ (239 kJ/mol =2.48 eV = 20,000 cm) if a signifi-  and larger PAHs. Several electronic anion states have been cal-
cant red shift of the solventis taken into account. The triplet stateulated by Bauschlicher JB4] for chrysene in the gas phase
also shows a progression of 049.01 eV (121G6+ 80 cnt1). and in solution. He found an excited anion state at 3.34 eV, which
This progression is probably due to a mode also found by CAR®as been confirmed in experiments by SHRE. Another state
spectroscopy of the triplet st&t29] (1240 cntl). has been calculated to lie at an energy of 3.54eV. This state

In the 355nm (3.49 eV) spectrum an additional band syshas not been found experimentally. Bauschlicher Jr. gives an
tem arises which cannot be assigned to a neutral electronicalBrror of less than 0.3 eV for his theoretical values. Therefore, it
excited state. The binding energy is smaller than that of T is possible that the anion resonance found at 355nm (marked
the lowest excited state. The appearance of this spectral featuss A~ < A~ -transition inFig. 6) is due to one of these two
in a small wavelength range of the photodetachment laser (atates within the above-mentioned error limit. Both states have
355 nm but not at 266 nm) is a strong hint for an anion resonancé, symmetry and are therefore symmetry-allowed final states of
as illustrated irFig. 5. While 532 and 266 nm photodetachment excited anion<— ground state anion transitions.
results in neutral chrysene molecules in th@S5 and T; -state, If the above suggestion is valid then even for the second
respectively, 355 nm photodetachment may additionally lead texcited anion state (market~" in Fig. 6) information will
absorption into an excited anionic state™ . Autodetachment be supplied by the PD-PES-spectrum. The excess vibrational
from this excited anion state then is due to Franck Condon facenergyAE,i, which is getting available during the internal con-
tors, which differ from those of direct photodetachment andversion and is preserved in the neutral chrysene during autode-
may result in the enhancement of particular neutral-ground-statachment represents a measure for the energy gap of both excited
vibrations in the photodetachment photoelectron-spectrum. anion states\~™ andA~". AEyp is a good measure for this

However, the binding energy of the additional spectral feaenergy gap if a vibrationally low or not-excitett™™ state is
ture at 2.5 eV is much too large for a single vibrational mode or anvolved. Otherwise AEy;, is an upper limit of the energy
combination band. It may rather be due to a vibrationally highlygap A*—A™ . Fig. 4 (355 nm-spectrum) supplies a value for
excited neutral ground state. It is very improbable, that suclAEy;, of about 2 eV (binding energy-EA: 2.5-0.3eV=2.2eV).
highly excited states are populated by single-step autodetachccording to measurements of Shifb] and calculations of
ment. We therefore propose that internal conversion betweeBauschlicher J{34] there are at least three stategigymme-



368

electron current / arb. units

22 24 2.I6
binding energy / eV

2.0

M. Tschurl, U. Boesl / International Journal of Mass Spectrometry 249-250 (2006) 364-369

Concerning the structure of the anion resonance at 355nm
(see this band on an enlarged energy scalEign 7), a well-
resolved vibrational sub-structure is observed. The frequency
of this vibration is 0.1@ 0.01 eV (810+ 80 cn 1) and equals
a vibration of neutral chrysene in the singlet state wigh
symmetry, as found in RamdB6] (770 cntl), fluorescence
[30] (771cnl) and phosphoresceng@l] (776 cnt!) spec-
troscopy. The appearance of this new vibration may be possible
duetoachangein Franck Condon factors during the internal con-
version process and may give some information on the geometry
of the involved anionic states. However, further experiments are
necessary to verify this suggestion. A summary of all results is
given inTable 2

4. Conclusion

The adiabatic electron affinity of chrysene equals the ver-
tical detachment energy due to only small geometric changes
between anionic and neutral geometries, it is G:3201 eV.

The photodetachment-photoelectron spectra show a vibrational
progression of the symmetric stretching modes of the aromatic
ring system. Therefore, we can conclude that the “extra” elec-

Fig. 7. The band at 2.5eV appearing in the 355 nm-PD-PES-spectrum (s&gon of the anion is located over the entire aromatic ring system
Fig. 4) on an enlarged energy scale. The spectrum shows a progression méfhd the rings are somewhat enlarged with respect to the neutral

mode at the low-energy side of the maximum.

geometry. Using smaller wavelengths for the detachment pro-
cess, the triplet state of neutral chrysene becomes visible. Here,

try below the above-mentioned states at 3.34 and 3.54 eV. Theggain, a progression of avibrational mode can be seen. We deter-
existence supports our proposal of the process: resonant exghine a singlet-triplet energy gap of 2.64.01 eV. Finally, at
tation of a higher anionic state—internal conversion to a lowerss nm excitation wavelength, an anion resonance occurs. The
anion state—autodetachment to a vibrationally highly excitetxcited anionic state should hadg symmetry due to symme-

neutral ground state.

Table 2
Summary of all results
State Assignment EBE (eV) AE (eV) v (cm™1)
So EA 0.32 -
ag-Mode 0.38 0.08 480
ag-Mode 0.50 0.18 1450
So (vib>1) Band maximum 2.49 -
AEyip - <22 <17700
ag-mode 2.39 0.10 810
T1 T1 2.96 -
T1-% - 2.64 21290
ag-mode 311 0.1% 1210
AT AT A" - <3.49 <28270
A" AT A~ - <1.Z <10500

EBE, electron binding energyp@nd Ty, states of neutral chrysene; &ib > 1),
vibrationally highly excited neutral statd;", ground state of the anio;",
low-lying excited anion statet~™ , excited anion state of higher energyEyip,
vibrational energy of & (vib>>1); AEyip, represents an upper limit of the
A~ —A~" energy gap (se€ig. 6). The accuracy of all values is better than
+80cnT! (=+0.01eV).

a EBE—EBE(EA).

b EBE(band maximum)EBE(EA).

¢ EBE(band maximum)}EBE.

d EBE—EBE(Ty).

€ AE(A~™ —A7)—AEyp.

try selection rules. This anion resonance is correlated with a
vibrationally highly excited neutral ground state. We suggest
an internal conversion process between two excited anion states
to explain the appearance of this band in the photodetachment-
photoelectron-spectrum. Similar features of anion resonances
are also found in other PAH20,21,32]and in G [37]. Our
suggestion of anionic internal conversion may also be applicable
to these cases.
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