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CHAPTER 5

Real time optical spectroscopy of VUV irradiated
pyrene:HO interstellar icé

This chapter describes a near-0NS study of a pyrene:kD interstellar ice analogue
at 10 K using optical absorption spectroscopy. A new expental approach makes it
possible to irradiate the sample with vacuum ultraviolet) Xy light (7—10.5 eV) while
simultaneously recording spectra in the 240—-1000 nm raritlpeswb-second time resolu-
tion. Both spectroscopic and kinetic information on VUV gegsed ices are obtained in
this way. This provides a powerful tool to follow, in situ aimdreal time, the photophys-
ical and photochemical processes induced by VUV irradiatiba polycyclic aromatic
hydrocarbon containing inter- and circumstellar ice agaé Results on the VUV pho-
tolysis of a prototype sample — strongly diluted pyrene igOHce — are presented.
In addition to the pyrene cation (Py other products — hydroxypyrene (PyOH), pos-
sibly hydroxypyrene cation (PyOH), and pyrengyrenolate anion (PyPyO ) — are
observed. It is found that the charge remains localized éni¢k, also after the VUV
irradiation is stopped. The astrochemical implicationd ahservational constraints are
discussed.

1Based on: J. Bouwman, D. M. Paardekooper, H. M. Cuppen, HairtanL. J. Allamandola, Astrophysical
Journal, 700, 56-62 (2009)
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.1 Introduction

At present, more than 150ftkrent inter- and circumstellar molecules have been obderve
in space. The chemical diversity is striking, and both sergrid very complex as well as
stable and transient species have been detected. Amorgyuhambiguously identified
species polycyclic aromatic hydrocarbon molecules (or 8pkte lacking even though
PAHSs are generally thought to be ubiquitous in space [eam,Dishoeck 2004]. Strong
infrared emission features at 3.3, 6.2, 7.7, 8.6, and AfinZare common in regions of,
for example, massive star formation and have been expldigedAH emission upon
electronic excitation by vacuum ultraviolet (VUV) radiai. Consequently, PAHs are
expected to play a key role in the heating of neutral gas tiirabhe photoelectricfiect.
PAHSs are also considered as important charge carriersidgidse molecular clouds, and
relevant for molecule formation through ion — molecule ratdions [Gillett et al. 1973,
Puget & Leger 1989, Allamandola et al. 1989, Kim et al. 2001ijtB et al. 2007, Draine
et al. 2007]. Nevertheless, the only aromatic species uitarabsly identified in space is
benzene, following infrared observations [Cernichard.e2@01].

In recent years electronic transitions of PAH cations hagenbstudied in the gas
phase with the goal to link laboratory data to unidentifietiagh absorption features ob-
served through diuse interstellar clouds. Following matrix isolation spestopic work
[Salama & Allamandola 1991], gas phase optical spectra haee recorded for several
PAH cations [Romanini et al. 1999, Bréchignac & Pino 1999]daynbining sensitive
spectroscopic techniques and special plasma expansiootylfvski et al. 2000, Lin-
nartz 2009]. Such optical spectra have unique featurestadfore provide a powerful
tool for identifying PAHs in space. So far, however, no oaprhas been found between
laboratory spectra of gaseous PAHmd astronomical features.

In dense molecular clouds, most PAHs should quickly conglemgo the HO- rich
icy grain mantles, quenching the IR emission process. Heey, will participate in ice
grain chemistry. More than 25 years of dedicated studieslynin the infrared, have
proven that a direct comparison between laboratory andrastnical ice spectra paints
an accurate picture of the composition and the presenceest iand circumstellar ices,
even though solid-state features are rather broad. Therapézatures (band position,
band width (FWHM) and the intensity ratio of fundamental aittons) depend strongly
on mixing ratio and ice matrix conditions and this provideseasitive analytical tool to
identify ice compositions in space [e.g., Boogert et al.2@berg et al. 2008].

In the past, several experiments have been reported in whe&lformation of new
molecules was proven upon VUV irradiation of astronomicalinixtures, typically un-
der high vacuum conditions [e.g., Mendoza-Gomez et al. 18@5nstein et al. 1999,
Gudipati & Allamandola 2003, Ruiterkamp et al. 2005, Peetdral. 2005, Elsila et al.
2006]. Many of these studies were not in situ, i.e., reastaugire determined after warm
up of the ice, and although VUV-induced photochemistry attemperatures is expected
to take place, it is not possible to fully exclude that at {esasne of the observed reactants
may have been formed during the warm-up stage. More regenthitu studies have
become possible using ultrahigh vacuum setups in whichaoegrown with monolayer
precision and reactions are monitored using reflectionrakiso infrared spectroscopy
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5.2 Experimental

and temperature programmed desorption. Recent resulistthoH-atom bombardment
of CO and Q ice results in the fécient formation of HCO/CH;OH and HO,/H,0, re-
spectively [Watanabe & Kouchi 2002, loppolo et al. 2008, #ighi et al. 2008]. Overall,
such studies are still restricted to the formation of ragraall species, with ethanol as
the most complex molecule investigated in this way [Bisgchbal. 2007b]. Moreover,
the reactants and products should not have overlappingharmder to track them sep-
arately.

In the present work, a new approach is presented that extemgisevious FTIR work
on interstellar ice analogues to the OAS. With the new setup it is possible to record,
in sity, the VUV photochemistry of PAHs and PAH derivatives in watar at 10 K in
real time. In the next section, this new approach is discugsaletail. The first re-
sults for the PAH pyrene (fgH10, or Py) and its photoproducts, pyrene cationefd,
or Py"), hydroxypyrene (PyOH), hydroxypyrene cation (PyQHand pyrengyrenolate
anion (Py/PyO") in H,O ice are presented in 85.3. Finally, the astrophysicalaslee of
this work is discussed in §85.5. The latter is twofold. Fitishe-dependent results of VUV
irradiated ice provide general insight into possible riescpathways upon photoprocess-
ing of PAH containing water ice. Second, the results pro@dpectroscopic alternative
to search for PAH and PAH-related optical features in therirdnd circumstellar medium
(ISM/CSM) through electronic solid-state absorptions.

5.2 Experimental

A schematic of the experimental setup is shown in Fig. 5.1e &periment consists of
three units: a vacuum chamber in which the ice is grown, aiapeoV irradiation source
that is used for the photo-processing of the ice and a soundtirey broadband light that
is focused into the ice and subsequently detected using achoomator equipped with
a sensitive CCD camera.

The vacuum chamber consists of an ISO-160 6-cross piece0ASH turbomolecu-
lar pump, backed by a 10%hr* double stage rotary pump, is used to evacuate the cham-
ber and to guarantee an operating pressurel6f’ mbar. A catalytic trap is mounted on
the pre-vacuum pump to prevent pump oil from entering theiracchamber.

The top flange of the cross piece holds fietentially pumped rotary flange on which
is mounted a closed cycle helium refrigerator equipped avitbld finger. A Mgk sample
window with a diameter of 14 mm, clamped into an oxygen fregpeo holder between
indium gaskets, is mounted on the cold finger and centereldeoyitical axis of the setup.
This allows for rotation of the sample window through 3&®der vacuum. The sample
window can be cooled down to 10 K and a thermocouple (Chrakugre (0.07%)) and
a temperature controller guarantee accurate temperagtiiegs with 0.1 K precision.

The Py:HO sample is prepared by vapor depositing pyrene from a salidpte
(Aldrich 99%) heated to 4@, together with milli-Q water vapor from a liquid sample.
The entire inlet system is maintainecst0°C during deposition and comprises gas bulbs
containing the sample material and tubing for directed ditjom, approximately 15 mm
from the sample window. The flow rate of the sample materiabisby a high precision
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice
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Figure 5.1 A schematic drawing of the experimental setup. E&am splitter; IDX: iris
diaphragm X; LX: lens X; MX: mirror X; PD: photodiode to moaitinterference fringes;
PI: pressure indicator; SW: MgFold sample window; TI: temperature indicator; U: volt-
age meter; VC: Vacuum Chamber and WX: Mg#indow X. The light paths are indicated
by arrows, the data wiring is indicated in red lines, and tdrbgen flow is indicated by
blue lines (see online color version). The inset shows a&tldimensional drawing of the
experimental setup.

dosing valve. Condensation inside the tube is prohibiteddyitional resistive heating
and the temperature settings are monitored by K-type thesopdes. The resulting ice
film thickness is accurately measured by recording the nuwiteterference fringe max-
ima (M) of a HeNe laser{ =632.8 nm) which strikes the sample window at an angle of
0#=45. To monitor film growth and thickness, the intensity of théagted laser light is
measured with a sensitive photodiode. The ice thicknesshisegjuently determined by:

m/lHeNe

= 5.1
2Njce COSH’ 5.1)

with the refractive index of the predominantly,@® ice beingnice ~ 1.3 [Hudgins et al.
1993]. This is illustrated in Fig. 5.2 where both interfezerfringes produced during
ice deposition and the simultaneous growth of the intedragitral Py absorbance band
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5.2 Experimental

are shown. The final ice thickness amounts touhifand is reproducible to within 5% or
better. Simultaneously, the number of pyrene moleculdssiice samplel) is monitored
by measuring the integrated absorbance of its strongesitian (S «— S) (see Fig. 5.2).
The number of pyrene molecules per&oan be calculated via [Kjaergaard et al. 2000,
Hudgins et al. 1993]:
ff 7dv
N = 8.88x 10-13f’ (5-2)

wheref = 0.33 is the known oscillator strength of the & S, transition of pyrene [Bito
et al. 2000, Wang et al. 2003]. The resulting column dengipycene molecules amounts
to about 410 cm™2. For a typical sample with a thickness of Lum, the column density
of H,O molecules amounts to4.0'® cm2, using the value for the density of amorphous
ice (p=0.94 gcm?; Sceats, M. G. and Rice, S., A. [1982]). Thus, the samplel@itzed
to consist of a 1:10,000 pyrenei@ mixture. This mixing ratio can be roughly varied by
changing the KO flowrate or the pyrene sample temperature. The HeNe beatrhese
for monitoring the ice growth process also traces other efgmalong the optical path
and is used to align all components.

The vacuum UV radiation from a special microwave (MW) powehngdrogen dis-
charge lamp is used to simulate the interstellar radiatield fMufioz Caro et al. 2002].
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Figure 5.2 A plot showing both the growth of the integratedepe absorption band
(squares and left axis) and the interference fringes medsoy the photodiode (right
axis). Att = 14 minutes, the deposition is stopped and the interfereatierp dimin-
ishes. The error bar shown in the right lower corner applethé pyrene-integrated
absorbance.
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

The lamp consists of a flow tube clamped in a McCarroll caviigCarroll 1970] and
emits mainly Lye radiation around 121.6 nm and, with less intensity, a bamteced
around 160 nm. The cavity is excited by a regular MW power 8ui®0 W, 2450 MHz).
The H, pressure in the lamp is maintained at 0.4 mbar during omeréRraxair 5.0 bl).
This results in a VUV photon flux 0f 10'® photons cm? s™1. The lamp is centered onto
the front flange and the VUV radiation enters the setup tosvtrd ice sample through a
MgF, window that also serves as a vacuum seal. A shutter is usdddio the VUV until
the moment that the ice processing should start. Besidasneliing the need to switch
the H, lamp on and & during the course of an experiment, this allows the lampde st
bilize before irradiation starts. This is important wheacking photochemical behavior
during extended periods of photolysis.

A 300 W ozone-free Xe-arc lamp serves as a broad band whiitesiayrce to measure
the spectral ice features in direct absorption. The lampatssectral energy distribution
that covers the full detector range (200 rmi < 2400 nm). Alternatively, the light from
a halogen fiber lamp can be used when no UV coverage is desinaaptical system con-
sisting of lenses and diaphragms is used to guide the ligithibrough a MggFwindow
along the optical axis — coinciding with the pre-aligned Hebéam — and crossing the
ice sample at a 45angle. Light that is not absorbed exits the vacuum chambeugjn
a second Mgp window after which it is focused onto the entrance slit of adDIOR
Shamrock spectrometer. The spectrometer is equipped withinterchangeable turrets
which holds four gratings in total (2400, 1200, 600 and 16@dimm?), allowing for a
trade-dt between wavelength coverage and spectral resolutionndegeon the experi-
mental needs. Since typical ice absorption bands exhibiwalM of 4-20 nm, most of
the experiments are performed using the 600 lines hgrating, resulting in an accessible
wavelength range 6£140 nm.

The light is dispersed onto a very sensitive 19286 pixel CCD camera with 16-
bit digitization. The resulting signal is read out in the tigal binning mode by a data
acquisition computer. Spectra are taken in absorbance freda(l /1)) with respect to
a reference spectrunhof taken directly after depositing the sample. Recordinghglsi
spectrum typically takes about 5 ms and spectra are gepe@hdded to improve the
signal-to-noise ratio (Bl). In a typical experiment more than 1000 individual speeire
recorded and are reduced using LabView routines. Data tietutonsists of local linear
baseline corrections, multiple Gaussian fitting of absorpprofiles and absorption band
integration.

5.3 Spectroscopic assignment

Figure 5.3 shows the 310 to 500 nm spectrum of a P@lite at 10 K after 1200 s of
in situ photolysis in absorbance mode. The spectrum is in@selibtracted and given
in optical depth (OD). Since the spectrum recorded befor&/ \fithdiation is taken as a
reference ), bands with positive OD values arise from species prodibgeghotolysis
while the carriers of negative OD bands decrease in denkifg. noteworthy that 8N
ratios are good even though the processes are studied ity ailiie mixture (Py:HO
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5.3 Spectroscopic assignment

~1:10,000). Previous work was on more concentrated samifes:H,0 ~1:500, Gudi-
pati & Allamandola [2003]; PAH:HO ~1:800 to 1:3200, Bernstein et al. [1999]).

A Gaussian fit to all of the features visible in the spectruindécated as well. Clearly,

a number of new species are produced at the expense of ngyrteale. The peak posi-
tions, FWHM and assignments of all the bands in Fig. 5.3 arensanized in Table 5.1,
along with comparisons of earlier results found in othereunalar environments. The
assignments given in Fig. 5.3 were made as follows. Basedesiqus studies of pyrene
in rare gas matrices [Vala et al. 1994, Halasinski et al. P& strong, negative band
peaking at 334 nm is readily assigned to B, —1Ay electronic transition of neutral
pyrene 8, So).

Similarly, the positive bands near 363, 446, and 490 nm asigmed as the strongest
members of the pyrene catiéBi, «2Bsg, 2Ay«2Bsg and?By, 2By Vibronic transitions,
respectively [Vala et al. 1994, Hirata et al. 1999]. Table $hows that the bandwidth
(FWHM) of the Py bands is broader in the solid;B than in rare gas matrices, in ac-
cordance with the stronger interactions within thgoHmatrix network. Similarly, larger
shifts in peak position may be expected.

In addition to the Py bands, other new bands appear near 345, 367, 405, and 453 nm.
We ascribe these to hydroxypyrene (PyOH), hydroxypyretiertéPyOH"), and pyreng
pyrenolate anion (PyPyO~) based on the work of Milosavljevic & Thomas [2002] who
reported the spectra of 1-hydroxypyrene and its daughtetyats in various media. The
suggestion of anion production in these ices is notewonhyiew of the astronomical
detection of negative ions both in the solid state [van BhoiZen et al. 2005] and in the
gas phase [e.g., Agundez et al. 2008].

The appearance of clear bands due to PyOH, PyGidd Py/PyO after VUV ra-
diation at 10 K is somewhat surprising. Previous opticatligtsi of the VUV photolysis
of three diferent PAHs in HO ice indicated that conversion of the parent neutral PAH
to the cation was the major, and apparently only, photoltisp and that the cation re-
mained stabilized in the ice to remarkably high temperatr&00 K) for long periods
[e.g., Gudipati & Allamandola 2006b]. Gudipati [2004] foer showed that, in the case
of naphthalene (Nap), subsequent reactions betweeh &tapthe HO matrix did indeed
produce NapOH, but only during warm-up%00 K). Using mass spectroscopy, Bern-
stein et al. [1999] showed that PAH oxides and hydroxideswpart of the residues left
after VUV photolyzed PAH:HO ices were warmed under vacuum. Furthermore, upon
prolonged exposure, the VUV transmittance of the Mgfdrogen lamp window drops
and with this the PyOH and PyOtproduction also decreases relative to the production
of Py*. This suggests that photolytic processes within the pycemaining water ice
change, perhaps because water dissociation becomesttagive with reduced hard UV
flux while direct Py ionization still readily occurs with nedV photons [Gudipati & Al-
lamandola 2004]. The influence of temperature and UV speetrergy distribution is
currently under investigation.
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Table 5.1 Vibronic bands of pyrene and its photoproductshtia@ ice compared with rare gas matrix literature values.

Species State AH,0 (NM)  FWHM (nm) Aiie. (nm)  FWHM;;. (nm) AH,0 — Ay AFWHM
Py 1By, 334.0 4.4 3233 n.a. 10.7 -
329.2 3.2 3194 n.a. 10.1 -
319.2 6.5 3092 n.a. 9.8 -
Py* 2By, 363.2 3.6 3628 2.2 0.6 1.4
354.0 6.5 355 2.1 1.1 4.4
344.9 6.2 - - - -
Py* 2A 445.6 6.6 4438 45 1.8 2.1
435.5 10.2 4332 4.3 2.3 5.9
423.0 12.2 4229 41 0.1 8.1
413.8 5.3 4124 3.9 1.7 1.4
Py* 2By 490.1 10.0 486/ 5.5 3.2 4.5
PyOH 344.9 5.8 340 - - -
Py /PyC 405.2 7.3 410 - - -
PyOH* 366.8 3.0 - - - -
PyOH* 452.9 18.2 465 - - -

2 Values measured in a Ne matrix taken from Halasinski et al.§200
b values measured in an Ar matrix taken from Vala et al. [1994]
¢ Values measured in#D and 2-chlorobutane taken from Milosavljevic & Thomas [2002

juswubisse o1doasoa10ads €'



5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.4 Chemical evolution of the ice

To further investigate the spectroscopy and the photoctteyrof VUV irradiated HO-
rich ices that contain PAHs, time-dependent optical studiere performed. Figure 5.4
shows the integrated OD behavior of the Py! Ffpr two bands), and PyOH absorptions
as function of photolysis time. During the first 130 s of VUVaidiation, the Py decay is
clearly correlated with Pygrowth. This allows us to determine relative band strengths
the two species by investigation of the short timescaleetation. The sub-second time
response of the present setup is a prerequisite for this tk. Wde derive a band strength
of 2.9 x 1013 cm molecule? for the Ay« 2By Py* transition in HO ice using Equa-
tion (5.2). As other chemical processes become importartcorrelation disappears.
The loss of Py slows significantly while the Pgtarts a slow decline after the maximum
is reached. The PyOH signal continues to grow slowly butstgthroughout the photol-
ysis process and is most likely formed by/Py* reacting with photoproducts of4@. Its
formation is consistent with the recent outcome of a quatite VUV photodesorption
study of HO ice under ultrahigh vacuum conditions, where -a®H photodissociation
channel was reported [Oberg et al. 2009d]. A reaction nétwonnecting all of these
species is presented in Fig. 5.5.

VUV fluence / 10" photons

0 2 4 6 8 10
1 . 1 . 1 . 1 . 1 .

Integrated O.D. / cm’’

T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Photolysis time / minutes

Figure 5.4 The behavior of Py, Pytwo transitions), and PyOH as a function of VUV
photolysis timgv/UV fluence.

In addition to Py formation and reactivity during irradiation, we have alsodsed
its stability within the ice when photolysis is stopped. g 5.6 plots the normalized
integrated O.D. of the 445.6 nm Pyand as a function of time after VUV radiation is
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5.4 Chemical evolution of the ice

Py ~— Py —— Py*
hv
OHl lOH
-
PyO" <—— PyO =—— PyOH “—— PyoH'
v

Figure 5.5 Possible reactions upon photolysis of B@lite as derived from Fig. 5.3.

stopped. The figure spans 50 hr and shows that although &ldPitsignal drops, 60%
remains trapped in the ice after 2 days. The small wiggle etQtld5 level is due to
baseline variations. There are clearly two decay chanaets,fast’ and one ‘slow’. The
following expression is used to fit the experimental data:

y = A exp(-t/Ty) + A exp(-t/T2) (5.3)

with A; = 0.70,7; = 3513 hr, A, = 0.22 andr, = 1.7 hr. This produces the red curve in
Fig. 5.6. The processes responsible for these two decay aedenot yet clear. The Py
decay may be governed by recombination with trapped elestrin considering these
results, it is important to keep in mind that the ice procesiescribed here are recorded
for one temperature (10 K) and will most likely depend on terafure.

0.94
0A8—-
07
0.6—-

0.54

Normalized integrated O.D.

0.4+

0.34
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Figure 5.6 Normalized pyrene cation integrated O.D. as etfomn of time plotted together
with a double exponential fit using Equation (5.3) (red cwrvEhe wiggles superposed
on the signal are caused by baseliffees and fall within the error of 5% as indicated by
the error bar.
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.5 Astrophysical implications

Water is by far the dominant component of interstellar iceifice PAHs are considered
to be widespread throughout the ISM, they are likely to bedroout wherever O-rich
ices are present. The photochemical kinetics observeddrmeteéhe new spectroscopic
information make two astrophysical points.

Astrochemically, this work shows that thiective photolytic production of PAH ions
in PAH containing ice upon VUV irradiation should not be rexgeda priori when mod-
elling interstellar ice chemistry. The behavior of the vas species that is shown in
Fig. 5.4 suggests that a new set of solid-state reactiorssapghen irradiating PAH con-
taining water ice. The present study is on a rather isolatedystem — typical for this
type of laboratory study — comprising Py and® In a more realistic interstellar sam-
ple, containing other constituents, such as CO, ©ONH3z, and other PAHs, chemical
pathways will become more complicated, but since watera@sntiost dominant compo-
nent in these extraterrestrial ices, we expect that thelsrebserved here will generally
apply. Another important point to note is that reaction®ling ions are not included in
any of the current astrochemical grain chemistry netwofke present study shows that
positive ions can reside in the ice mantle for a substantra.t This is particularly inter-
esting since an astronomical dust grain is a truly isolaystesn, whereas the laboratory
analogue is grown on the tip of a cold finger.

Observationally, the spectroscopic results provide agrradtive route to search for
PAH features in space. Astrophysical searches to idenfifsPand PAH cations in the
ISM/CSM have focused on vibrational and electronic transitiortee gas phase as well
as solid-state PAH features in the infrared. As stated ptesly, these searches have been
largely unsuccessful. The infrared workffais from spectral congestion and spectral
overlap of vibrational modes. This prohibits an unambigidentification of an emission
feature to a specific carrier. In the WIS this is partly overcome as electronic excitations
are unique for dterent PAHs. However, electronic spectra of gas phase PAigeshno
overlap with absorption features recorded througtude interstellar clouds, presumably
of too low column densities [Romanini et al. 1999, BréchigfaPino 1999]. A diferent
situation applies in the solid state; PAHs are refractoryemia and accumulate in time
onto cold grains thatféer a reservoir. Therefore, the specific embedding of PAHsaitew
ice as presented here provides an alternative starting fawimn astronomical search.
However, one has to realize that this idea has both pros aml co

Table 5.1 shows that under the present experimental condithe bands are rather
broad. The FWHM of the Pyabsorption feature at 445.6 nm is 66 A. From an observa-
tional point of view this has the advantage that profiles casthdied at medium resolu-
tion, but also goes with the challenge to correct very adelydor possible background
signals and in the end spectral overlaps may still exist, with silicate or carbonaceous
features. Nevertheless, overlapping broad bands canilmatettto the very broad struc-
ture (VBS) superposed on the interstellar extinction ciiHeyes et al. 1973, van Breda
& Whittet 1981, Krelowski et al. 1986] and simply may have begarlooked in the past.

As stated before, the electronic excitation energy is umidthis is good for selectiv-
ity, but bad for sensitivity, since spectral features dfetent PAHs do not add up (as in
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5.6 Conclusion

the infrared) and consequently an individual optical banehgth is, in principle, directly
determined by the actual abundance of one specific PAH irespis dificult, however,
to predict the percentage of the total interstellar PAH pafjian that might exist in the
form of one specific PAH, e.g., pyrene. Nevertheless, aelaatrPAH transitions are typ-
ically 2—3 orders of magnitude stronger than their IR bamdsfeom this point of view,
we expect that PAH bands may be observable in the visible thagh IR bands are
barely discernible on the strong& bands [Brooke et al. 1999]. This is also reflected by
the very good BN ratios as visible in Fig. 5.2 for a very diluted mixture. Wepect PAHs
to be stficiently abundant in ices in regions of molecular clouds with>8 to permit
detection in the optical. Infrared ice bands have been titeadong such lines of sight
and the visible extinction is low enough to permit UV from theerstellar radiation field
to process these ices.

We have estimated the expected Py and Bgsorption band strength towards an
example source, MWC297. This is an early-type B1.5V star withell-characterized
stellar spectrum, 8 magnitude of 14.34 and a 3udn ice band withr = 0.04. Using the
high sensitivity of an 8 m class telescope (VLT) it is feasitd obtain, within a couple of
hours, @\ >1000 spectra of such a highly extincted source in the wag#erange under
investigation. To estimate the expected OD of a pyrene aen@ycation ice absorption
we use the standard relation:

Nu/E(B - V) = 5.8 x 10?! atoms cm? mag* (5.4)

from Bohlin et al. [1978]. WitHE(B-V) = 2.67 towards MWC297 [Drew et al. 1997] this
results inNy = 1.6x10?2 cm2. Taking the total PAH abundance in clouds with respect to
Ny to be~3x1077, this results in a total PAH column density of @B0'° cm™2. Assuming
that 1% of the total PAHs in space is in the form of pyrene froaet on grains and of this
fraction up to 10% is in its singly ionized state (Bythe total column density of Pyor
Py toward MWC297 is estimated to range betweerx2® and 8.64 10" specien?.
The OD is defined as NA

T= A_V’ (55)
with N the column density of the absorbersthe integrated band strength and the
FWHM. For a typical strong allowed vibronic transition, suah the'By 1Ay Py and
2A,2Bgg Py" transitions, we takép, = 2.9 x 10713 cm molecule! andApy: = 2.9 x
10713 cm radicat? in ice with a FWHM=400 cnt! and 300 cm!, respectively. This
yields ODs of 001 < r < 0.06 for Py and Py, a range similar to that observed for ice

bands.

5.6 Conclusion

This work presents the first results of a spectroscopic antbphemical study of pyrene
in water ice upon VUV irradiation under astronomical coidis. Since the spectra are
recorded in real time, it is possible to derive photocheitbaracteristics and to monitor
a rich ion-mediated chemistry in the solid state. Such meegare yet to be considered in
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astrochemical models. Additionally, it is shown that thegne cations formed within the
H,O ice by VUV irradiation remain trapped in the ice for an exted period. Successive
heating of the ice makes these ions available fiusing species and hence should be
considered in solid-state astrochemical processes.

The new laboratory approach presented héierea general way to provide astronom-
ically relevant PAH solid-state spectra. Specifically, pectra discussed here provide
an alternative way to search for pyrene features in the/G3M. The derived numbers
show the potential of this method, but one has to realizepadqy out before, that these
numbers incorporate our limited knowledge on the actual BfEIntities in space. For
different PAHs, with dierent abundances andigrent absorption strengths other num-
bers, both less and more favorable, may be expected. Fowbhey it is possible — in
view of the rather ffective way in which charged species form and stay in the icdat-t
the actual abundance of ions may be higher. The resultsriezsbere are new and aim
at a further characterization of the chemical role of PAH3 BAH derivatives in space.
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