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CHAPTER 4

IR spectroscopy of VUV irradiated PAH
containing interstellar icés

Polycyclic aromatic hydrocarbons (PAHS) are known to bendlamtly present in photon-
dominated regions (PDRS), as evidenced by their ubiquittidsiR emission bands. To-
wards dense clouds, however, their IR emission bands amegbyrsuppressed. It is here
where molecules are known to reside on very cold grains30 K) in the form of inter-
stellar ices. Therefore, it is likely that non-volatile sgs, such as PAHs, also freeze out
on grains. Such icy grains act as catalytic sites and, uponwa ultraviolet (VUV) irra-
diation, chemical reactions are initiated. These reastamd the resulting photoproducts
are investigated in the study presented here for PAH cantaivater ices. The aim of
this work is to monitor vacuum ultraviolet induced chemieadctions of PAHS in cosmic
ice through their IR signatures, to characterize the famitf species formed in these
reactions, and to apply the results to astronomical obSensa Mid-infrared Fourier
transform absorption spectroscopic measurements rarfiging 6500 to 450 cmt are
performed on freshly deposited and vacuum ultraviolet @ssed PAH containing cos-
mic H,O ices at low temperatures. The mid-IR spectroscopy of andme, pyrene and
benzo[ghi]perylene containing 8 ice is reported. Band strengths of the neutral PAH
modes in HO ice are derived. Additionally, spectra of vacuum ultréeti@rocessed PAH
containing HO ices are presented. These spectra are compared to speeisared in
VUV processed PAH:argon matrix isolation studies. It isaaded that the parent PAH
species is ionized in $0 ice and that other photoproducts, mainly more complex PAH
derivatives, also form. The importance of PAHs and their BAMD photoproducts in as-
tronomical mid-infrared spectroscopic studies, in paticin the 5—-8um region, is dis-
cussed. As a test-case, the VUV photolyzed PAf#OHaboratory spectra are compared
to a high resolution ISO-SWS spectrum of the high-mass emdzbdrbtostar W33A and
to a Spitzerspectrum of the low-mass Young Stellar Object (YSO) RNO 9dr these
objects, an upper limit of 2—3% with respect te®lice is derived for the contribution of
PAHs and PAH:HO photoproducts to the absorbance in the BrBregion towards these
objects.

1Based on: J. Bouwman, A. L. Mattioda, H. Linnartz, and L. JaAlandola, Astronomy and Astrophysics,
submitted (2010)
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4 IR spectroscopy of PAH containing ices

4.1 Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are known to bendlbmtly present in photon-
dominated regions (PDRs) [Peeters et al. 2004a, van Dig@@4, Tielens 2008]. The
evidence for the ubiquity of astronomical PAHSs is the widesp, well-known family of
prominent emission bands at 3.28, 6.2, 7.6, 8.6, and 4rh.Z3050, 1610, 1300, 1160,
and 890 cm?) associated with many, if not most, galactic and extragaabjects [Smith
et al. 2007, Draine & Li 2007]. These bands dominate the mi@hission spectrum be-
cause of an intrinsically highfigciency of the fluorescent process and are most easily
detected in regions where individual gas-phase PAH madsc(doth neutrals and ions)
become highly vibrationally excited by the ambient UV-VIBR radiation field [Mat-
tioda et al. 2005a, Li & Draine 2002]. They then energeticadllax by emission of IR
photons at frequencies corresponding to fundamentaltidimi@ modes, resulting in these
well known emission spectra.

PAHs and related aromatic materials are expected to berniresth in optically thin,
diffuse regions of the ISM and in dense environments. In densensghowever, the
highly efficient PAH fluorescence is found to be quenched. There areaagons for
this. First, the radiation which pumps the emission tapéisvith extinction into dense
regions, and second, in cold molecular clouds PAHs can sesveucleation sites on
which other species condense. In this way, neutral@rdharged PAHs can agglomerate
to form (charged) PAH clusters, or very small grains (VSGsy/[ Allamandola et al.
1989, Rapacioli et al. 2006]. The VSGs can, subsequendlgzf out on grains or serve
as nucleation sites for small molecules forming ice cov&f8s. Individual PAHs can
also dficiently condense onto dust grains as ‘guest moleculesyigiain mantles, much
as is the case for most other smaller interstellar moledalgs, Sandford & Allamandola
1993]. Vibrational energy of a PAH molecule which is part ddiger dust particle, either
as a nucleation center or guest in a water-rich i¢ggiently dissipates into the phonon
modes of the solid material on a time-scale orders of madeighorter than required
to emit an IR photon [Allamandola et al. 1985, 1989]. Consedly, in dark, dense
regions, PAHs and PAH derivatives are expected to give 0idR absorptionbands, not
to emissiorfeatures.

There are several lines of evidence that support the pres#iRAHs in dense molec-
ular clouds. Aromatics in primitive meteorites and intanptary dust particles contain
deuterium enrichments that are best explained by an ietknstloud heritage [e.g., Sand-
ford 2002,and references therein]. In addition, very wdasogption features attributed
to aromatic hydrocarbons have been observed in the IR aimogpectra of objects em-
bedded in dense clouds. These include a band negur8.83030 cn') [Smith et al.
1989, Sellgren et al. 1995, Brooke et al. 1999, Chiar et &10Rand bands near 6:2n
(1600 cntl) [Chiar et al. 2000] and 11.2m (890 cnt?) [Bregman et al. 2000]. These
very weak features are severely blended with much strong€r itk bands, consistent
with the number of PAH molecules relative to the number gDOHnolecules along these
lines of sight on the order of a few percent. So far, it has @naiificult to unambiguously
interpret these absorption features in spite of the fadtttreae is a growing database of
theoretically calculated and laboratory measured IR gitgor spectra of both neutral
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4.2 Experimental technique

and ionized PAHSs in inert matrices [e.g., Szczepanski & \I8183, Szczepanski et al.
1993a,b, 1995a,b, Hudgins et al. 1994, Hudgins & Allamaad®@95a, 1997, Langlfio
1996, Mattioda et al. 2005b, Bauschlicher et al. 2009, 2idreferences therein]. Un-
fortunately, these spectra cannot be used directly to coenwith PAHs in HO-rich
ices, as rare gas matrix spectra will béelient. Intermolecular interactions perturb the
molecular vibrational energy levels, influencing IR bangipons, widths, profiles, and
intrinsic strengths. Consequently, it has not yet beeniblesto properly evaluate astro-
nomical solid state PAH features, mainly because the qooreting laboratory data of
realistic ice analogsre lacking.

Therefore, in the Astrochemistry Laboratory at NASA Ames&ach Center a pro-
gram to measure the IR spectra of PAHs in water ices was didf@rlier work focused
on the IR band positions, band widths, and relative bandgths of neutral PAHs [Sand-
ford et al. 2004, Bernstein et al. 2005a,b]. More recenttyeaploratory study of the
effects of vacuum ultraviolet (VUV) photolysis on several PNRO ice mixtures was
carried out [Bernstein et al. 2007]. Unfortunately, at camtcations that are most appro-
priate for dense clouds, PAH bands are swamped in the midt&erlapping HO ice
bands and it has provenflicult to put these IR-only data on a solid quantitative fogtin
This situation has changed thanks to the development of aapparatus at the Sackler
Laboratory for Astrophysics at Leiden University whichaoals one to track the in situ,
VUV photochemistry of low concentration PAH;B ices using optical (i.e. electronic)
spectroscopy (Chapter 5, 6, and 7). This approach makessilge to simultaneously
follow the VUV driven kinetic behavior of the neutral parétAH and photoproducts on
millisecond timescales with a concentration precisiontendrder of a few percent. Us-
ing this approach, it was possible characterized the VUMattemistry of four PAHs
anthracene, pyrene, benzo[ghi]perylene, and coronenat@rvce at various concentra-
tions and ice temperatures. This is described in detail iap#r 7. The mid-IR study
presented here is partially based on the quantitativetsedatived in the optical work.

This paper is laid out as follows. After the experimentahtéque is described in §7.2,
the results are presented in §4.3 and 84.4. These includkdrafiles and band strengths
for neutral anthracene, pyrene and benzo[ghi]perylene:id ide, the IR spectroscopic
properties of their VUV induced photoproducts, and the afigation of photochemical
processes at play during extended photolysis. In §4.6 wendxbur findings to the gen-
eral IR properties of PAHs in ices and use these data to ienbservations of ices
in dense clouds towards the high-mass protostar W33A andthenass young stellar
object RNO 91. The conclusions are summarized in 84.7.

4.2 Experimental technique

The techniques employed in this study have been descrilaetail previously [Hudgins
et al. 1994] and the relevant details are summarized briEfflg.ices are prepared by vapor
co-deposition of the PAH of interest with water vapor ontc6aK1LCsl window which is
suspended in a high vacuum chambes (@8 Torr). The PAHs anthracene (Ant £E1o,
Aldrich, 99%) and pyrene (Py, 16H10, Aldrich, 99%) are used without further purifica-
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4 IR spectroscopy of PAH containing ices

Table 4.1 Ice mixture (PAH:X, where X indicates the ice magpecies), PAH vaporiza-
tion temperatures, resulting concentrations (PAH:Z, wiZeindicates the relative amount
of the matrix species) for anthracene, pyrene, and bengpggklene containing ices, and
the ice temperature during photolysis for the ice mixtunedar investigation.

Ice (PAH:X) Tgep(°C) Conc. (PAH:Z)  Tee (K)

Ant:H,O 32 1:450 15
42 1:172 15
53 1:60 15
71 1:11 15
51 1:100 125
Py:H,O 41 1:200 15
44 1:90 15
50 1:65 15
51 1:70 125
Py:CO 50 1:30 15
BgniP:H.O 143 1:160 15
156 1:60 15
152 1:110 125

tion and vaporized from heated pyrex tubes. The PAH benijpierylene (BjniP, GoHao,
Aldrich, 98%)) is kept at a temperature of 28for 20 minutes with a cold shield block-
ing the deposition onto the sample window to remove most efctntaminants and is
subsequently deposited in a manner similar to that for AdtRy Simultaneously, water
vapor — milli-Q grade, further purified by three freeze-puthpw cycles — is admitted
through an adjacent deposition tube. To prepare PAB:ides with diferent concentra-
tions, the PAH deposition temperature was varied from opement to the other, while
the water flow was kept constant. Mid-infrared spectrosamipghe PAHs Ant, Py, and
BgniP in water ice and for Py:CO ice as a control experiment isoperéd for a range of
concentrations. The PAH deposition temperature, the tiegUPAH concentration, and
the ice temperature during photolysis are summarized ifeah.

VUV photolysis of the sample ices is accomplished with thenbmed 121.6 nm
Lyman« (10.6 eV) and 160 nm (7.8 eV) molecular hydrogen emissiordgdrom a
microwave powered discharge in a flowing Eas at a dynamic pressure of 150 mTorr.
The VUV radiation from the lamp enters the sample chambewtin a Mgk window.
The UV photon flux of the lamp is10'° photons crm?s™! at the sample surface.

Spectra from 6500 to 450 crhare measured with a Biorad Excalibur FTS 4000 FTIR
spectrometer equipped with a KBr beamsplitter and a liquiecdbled MCT detector.
Spectra are taken in optical deptt=(n1/lo), with the background spectrunip) taken
on the cold sample window before sample deposition, and pleetsa () taken after
deposition and VUV processing of the sample. Each spectepmesents a co-addition of
512 spectra at a resolution of 0.5 tThis level of resolution is necessary to distinguish
photoproduct bands that are close to the position of thealchdand. The number of scans
was chosen to optimize both the signal-to-noise ratio akagehe time requirements for
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4.2 Experimental technique

each experiment. Spectra are taken at 15 K of the freshlysiteposample and after 5,
10, 15, 30, 60, 120, and 180 minutes of VUV photolysis. Simit@asurements are also
performed on PAH:KHO ice samples at 125 K to check forffdirences in photochemistry
between low and high temperature photolysis experiments.

We focus on the bands in the 1650—1000 tmegion because this is where the PAH
mid-IR bands sfier the least from overlap with the strong®l ice features (Fig. 4.1).
Hereafter we refer to this as the Region Of Interest (ROl dbsolute band strengths for
the neutral PAH modes in 4@ ice are derived as follows. The,8 bending and libra-
tional overtone modes are subtracted from the raw spectsufitting a spline function
through a set of points where no PAH absorption occurs. Suiesely, the total theoreti-
cally calculated absolute intensity in the ROI is propartitly divided over the measured
PAH modes in this frequency range, via:

V'2 dv
V. Tiy
exp z :Athy 1 e (4'1)
= Z, o T,VdV

Vil

whereA”" is the experimentally measured band strength of PAH mddeH,O ice in
cm molecule?, Atjhy is the theoretically calculated absolute intensity of atlmnal mode

j in the ROI in cm molecule’, M is the number of theoretically calculated modes in the
ROI, 7, is the optical depth of modiin H,O ice at frequency (cm™?), L is the num-
ber of measured modes in the ROI, ang andv;, are the lower and upper integration
boundaries in cmt, respectively, for absorption feature This method takes advantage
of the fact that, although there may be band-to-band variatin the accuracy of the
calculated intensity for one band, the total theoretice#liculated intensity is generally
accurate to within 10-20%. Here we assume that the matrienmhtloes not substan-
tially influence the total integrated IR band intensity aad,will be shown later, this is
only an approximation.
The PAH in HO concentrations are determined as follows. The opticathdefp,)
of the 3 um stretching, Gum bending, and 13m libration modes of water are inte-
grated over the frequency domaini cm 1) and converted into the column density (
in molecules cr?), using the well known KO band strength values,ang[Hudgins et al.
1993], via:
f‘rvdv
Aband

The adopted KO band strength values, b are 2x 10726, 1.2 x 1017 and 31 x
101" cm molecule? for the stretching, bending and libration mode, respelgtiv&he
H,0 column density is determined by taking the average of ttiese strong KO bands.
Similarly, at least four strong bands of the PAHs under itigation are integrated and
converted to column densities using the band strengthshfset modes as calculated
above (Eg. 4.1). The average PAH column density is used tométe the concentration,
which is given by the ratio of the PAH and,B column densities.

Comparison of the PAH:}O ice spectrum before photolysis to that measured after
photolysis permits identification of photoproduct featyrancluding cation absorption

4.2)

83



4 IR spectroscopy of PAH containing ices

bands. The spectrum of the freshly deposited PAiDHce, multiplied by a factory

(0 £ Y < 1), is used as a reference that is subtracted from the spectrthe irradiated
ice using the Resolutions Pro spectrometer software packeayided by Biorad. The
factorY is varied until the neutral bands are removed from the spectrAt this point,
the resulting subtraction spectrum reveaidy the photoproduct bands and the subtrac-
tion factor,Y, directly reflects the amount of neutral PAH consumed duphgtolysis.
Additionally, the contributions from the #D librational overtone and $#0 bending mode
are subtracted by a spline function, for which points aresehoat positions where no
PAH photoproduct absorptions are observed. The resulsglime corrected spectra are
used for further analysis.

The sample window on which the ices are grown was thoroudbbned before com-
mencing experiments on affirent PAH. Thus, the background spectrum taken of the
cold sample window before starting a series of measurenfgyteias free of PAH ab-
sorptions. For one specific PAH, typically five individual BAd,O photolysis experi-
ments were performed for filerent concentrations and temperatures (Table 4.1), during
which a residue built up, comprising unprocessed PAH, aedymably also PAH:}O
photoproducts. After completion of the measurement séwiethis specific PAH, a spec-
trum (1) was taken of the room temperature “dirty” sample windowbsaguently, the
system was cleaned and prepared for the next run. The rétiddpreflects the optical
depth spectrum of the non-volatile residue and is used tweleomplementary informa-
tion on the species formed in the ice. The non-volatile wessdthat built up during the
Ant, Py, and By,P measurement series are discussed in §4.5.

4.3 PAH:H,O spectroscopy

Earlier observations [Smith et al. 1989, Sellgren et al.51®ooke et al. 1999, Chiar
et al. 2000, Bregman et al. 2000] indicate that the ratio efrttmber of PAH molecules
to the number of KO ice molecules is small along lines of sight towards pretiesin
dense clouds. Based on these observations, we deduceithatithber seems to be on
the order of a few percent. In a very careful study, Sellgreal.e[1995] reported the
optical depth of the 3.26m aromatic C—H stretch band towards Morn/IR&S 3 as 0.045
with a FWHM of 75 cmt!. These values are similar to the range of values reported by
Bregman & Temi [2001] towards other deeply embedded pratsstor the purposes of
this analysis, we use the results from Sellgren et al. [L9S&hilar conclusions can be
drawn using the observations from these other lines of sight

Using the standard equation to determine the column den§igibsorbers along a

given line of sight:
N T X FWHM

A ,
with the FWHM in cnt! and anA value of 25 x 10718 cm per aromatic C—H bond [e.g.
Joblin et al. 1994, Bauschlicher et al. 2008] yield3  10'® aromatic C—H groups per
cn? along the line of sight to Mon RIRS 3. Astronomical PAHs are thought to range in
size from roughly Gs to well over Goo. Reasonable formulae for such sized species are

(4.3)
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4 IR spectroscopy of PAH containing ices

CsoHis and GggHog. To take this into account, we estimate that the ‘averageilver
of aromatic C—H bonds per astronomical PAH is 25. Dividing ttolumn density of
aromatic C—H bonds towards Mon RRS 3 (13 x 10'®) by 25 yields the PAH column
density, 72x 10*® PAHs cnt2. Likewise, for Mon R2IRS 3 we derive 3x 108 H,0 ice
molecules crr? from the O—H stretch band in Smith et al. [1989]. Thus, the RAID
ice ratio along this line of sight is.Z x 10'¢/3.3 x 108 = 0.022, or 2%.

Figure 4.1 presents the 3750-500¢nspectrum of a Py:kD (1:90) ice at 15 K,
which clearly shows that the @ ice bands dominate the spectrum at these concentra-
tions. In agreement with earlier findings on other PAHs ateaitrations of a few percent
in H,O ice, the CH-stretch band near 30307¢r(8.3m) is nearly imperceptible, while
the strong C—H out-of-plane bending bands between 900-806(£1-20um) sufer
from severe blending with the 4@ ice libration mode [Sandford et al. 2004, Bernstein
et al. 2005a]. This makes PAH bands between 1650-1006 ¢n6.06—10um, the ROI)
the most promising to study PAH3@ photochemistry, and to identify astronomical PAHs
and PAH related photoproduct species in interstellar ices.

The spectroscopy of PAH3D ice samples is discussed for Ant, Py, angiB and
compared to available PAH matrix isolation data. In Fig. #jadcal baseline corrected
spectra of the three neutral PAHs in argon (trace A) are qdotbgether with the spec-
tra of the neutral PAH:KD (trace B) ice {1:60). The spectra are normalized to the
strongest absorptions in the ROI. Clearly, the absorpteanrdb are much broader in water
ice compared to the argon matrix data, causing some of thap@imn bands to overlap.
Furthermore, the relative intensities of the bandgedifor an argon or BO environment.
The band positions and integrated absorbances relativeatof the strongest PAH ab-
sorption are listed in Table 4.2 for Ant, Py ang,® in HO ice and in an argon matrix
[Hudgins & Sandford 1998a]. The corresponding Density Fional Theory (DFT) peak
positions taken from Langio[1996] are given as well. The absolute band strengths for
PAHSs in HO ice, calculated under the assumptions described in S@c¢iarg also listed
in Table 4.2. Within the errors, the FWHM, relative intenséyd position of the band
maximum of absorptions of the three species studied her®anel to be independent of
concentration and temperature for the values listed ineldtl, even for the two most
extreme Ant:HO ice concentrations (1:11 and 1:450). Thus, although weataiully
exclude the presence of PAH aggregates in the ice, therespeauiral evidence for such
species.

4.4 PAH ice photochemistry

All PAH:H,0 ice samples listed in Table 4.1 are VUV irradiated for 5, 198, 30, 60,
120, and 180 minutes. Mid-IR spectra are taken after each ¥aBé to look for changes
in the spectrum. Spline baseline corrected spectra afteinbtes of VUV irradiation
of the Ant, Py, and B,P containing HO ice samples with a mixing ratio 6f1:60 are
shown in trace (D) of Fig. 4.2. In this figure, the spectra amngared to those of the
corresponding PAH species produced and trapped in solid argon (trace C). Qisopa
of the traces (D) and (B) in Fig. 4.2 shows that new absorptaise upon photolysis of
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4.4 PAH ice photochemistry

Table 4.2 The band positions and relative integrated absods for the PAHs antracene
(Ant), pyrene (Py) and benzo[ghi]peryleneg(f) in H,O ice at 15 K, and in an argon
matrix at 10 K. Band positions computed using Density Fumzti Theory are also listed.
Absolute intensities (Aung for the PAHs in BO ice are in units 10°cnymolecule.

PAH Position (cm‘l) Relative |.A. Apand
H,0 Ar Theon?  H,0 Ar Hy0
Ant 1001.7 1000.9 1000.7 0.7 0.8 6.8
1103.8 0.1 0.8
1127.4 0.2 1.9
1149.7 1149.2 1156.2 0.9 0.7 9.0
1157.7
1168.2 1166.9 1169.3 0.6 0.5 6.2
1186.8 0.1 1.0
1272.3 1272.5 1274.6 0.5 0.6 5.7
1316.0 1318.1 1311.2 1.0 1.0 10.4
1328.3 0.2 21
1347.7 1345.6,1346.4 1342.6 0.3 0.2 35
1400.1 0.3 31
1450.9 1450.5 1455.3 14 0.4 14.6
1460.0 1456.1 0.3
1537.9 1542.0 1533.7 0.8 0.8 8.7
1563.1 0.1 0.8
1610.5 1620.0 0.2
1624.4 1627.8 0.8 0.4 7.9
Py 1065.5 0.1 238
1096.4 1097.3 1092.3 0.2 0.2 5.1
1136.6 0.1 21
1176.3 1164.5 1160.8 0.3 0.1 6.1
1185.6 1183.9 1188.3 1.0 1.0 21.7
1244.0 1243.0 1253.1 0.5 0.2 10.3
1313.7 1312.1 1314.6 0.2 0.2 5.3
1435.1 1434.8 1427.0 0.8 0.6 17.3
1427.5
1452.0 0.1 2.8
1468.4 1471.0 1476.2 0.1 0.1 1.8
1488.4 0.2 33
1594.1 1586.1 0.6 12.7
1600.5 1604.0 1597.0 0.6 0.4 12.0
thiP 1038.3 1036.3 1037.6 0.2 0.1 4.4
1085.9 1087.8 1082.2 0.2 0.0 3.6
1093.4 1091.9 0.0
1132.0 1132.7 1136.6 0.4 0.3 85
1148.0 1149.2 1152.7 0.8 0.1 17.8
1186.5 1186.9 1171.1 0.3 0.0 6.2
1206.6
1203.5 1206.7 1203.3 0.5 0.3 10.8
1258.7 1259.1 1261.5 0.1 0.0 1.7
1309.0
1305.6 1302.9,1307.0 1292.3 0.7 0.3 15.8
1334.6 1338.6 0.3 6.3
13422 1342.6 1336.0 1.0 1.0 225
1374.9 1350.0 1375.8 0.1 0.2 1.6
1398.9
1392.8 1394.7 1397.8 05 0.4 11.7
1414.8 1416.0,1417.1 1426.2 05 0.3 11.4
1447.8 1449.0,1451.1 1441.3 0.8 0.6 17.8
1479.7 0.2 4.7
1512.8 1517.8 1513.3 0.2 0.0 35
1527.4 0.1
1582.8 1602.1 1586.4 0.4 0.2 9.1
1598.5 1586.6 0.3 6.5
1614.7 0.1 13
1618.9 0.1 2.4

2Values taken from: Langhb[1996]
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4 IR spectroscopy of PAH containing ices

the PAH:H,O mixtures. The photoproduct features are, however, healénded with
those of the remaining neutral PAH. To overcome this, speaftfreshly deposited PAHs
are subtracted from their VUV photolyzed counterparts witbubtraction factory, as
described in §4.2. Subsequently, the contribution by tirational overtone and the,@
bending mode are removed by fitting and subtracting a splinetfon. The resulting
spectra are shown in trace (E) of Fig. 4.2 and show photoptsdanly. The spectra
are again scaled to the strongest absorption in the ROl sltdvae noted here, that the
absorption bands of the photoproducts after 5 minutes of Madiation are rather small
compared to those of the neutral bands, as can be seen by riognppace (B) and (D)
from Fig. 4.2. While band intensities grow with longer irration time, the combination
of spectral overlap and fierent photoproduct band growths and losses makefiitudt

to track the precise photochemistry at longer photolysies. This is discussed later in
84.4.2.

Itis clear from Table 4.2 that the relative PAH band streagthH,O ice are dferent
from those in an argon matrix, but the PAH cation band stiehgteasured in argon
have to be used for further analysis, since band strengtiesdbr PAH cation vibrational
modes in HO ice cannot be reliably determined for two reasons. Finstappearance of
bands other than cation absorptions after 5 minutes of plaisgpoints out that there is
no one-to-one conversion of the neutral PAH to the cation #ngs, the column density
of used up neutral PAH molecules cannot be used as a reliahisn density for cations
in the ice on which to base a further band strength analysisor8lily, spectral congestion
and ill-defined baselines make it hard to obtain accuratd besas of photoproduct bands
in irradiated mixtures. This choice induces additionabesin the absolute PAHcolumn
density that can be as high as a factor of two.

4.4.1 PAH:H,O photoproducts

VUV photoprocessed PAH containing@ ices spectra exhibit a set of broad absorption
features (see trace E of Fig. 4.2). As with the neutral PAHs,absorption profiles of
PAH photoproducts in kD ice are much broader than those in an argon matrix (trace C).
These PAH:HO photoproduct absorption bands are decomposed by muGigiessian

fits and the peak positions of these bands are listed togeittePAH* absorptions and
band strengths measured in argon in Table 4.3. The solid ifeng the top margin
indicate the PAH cation band positions in Ar [Hudgins & Allandola 1995a,b]. The
photoproduct bands that fall within 10 ctof these features are assigned to the PAH
bands in HO. Some of the newly formed absorption bands, however, agicpositions
where no corresponding PAHband is found in argon. These absorption bands reflect
additional chemical reactions already at play in the ednigtplysis of PAH:HO ices.

It is well known that HO molecules photodissociate into radicalst(®H) and that
these radicals are mobile within,B ice, even at low temperatures [Andersson & van
Dishoeck 2008, Oberg et al. 2009d]. At the concentratiorgeuconsideration here, it
is therefore likely that these and other photoproductstnedh the PAHSs, forming more
complex aromatic species containing functional groups tjine rise to diferent peak
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Figure 4.2 From left to right the 1640 to 1050 thrspectra of the PAHs anthracene, pyrene, and benzo[ghigmerconsidered
are shown here. A) Spectra of the neutral PAH in argon, B)tsp@d the neutral PAH in water ice, C) spectra of the PAH catio
in argon, D) spectra of the PAHZ® (1:60) mixture after 5 minutes of in-situ VUV photolysisiaE) spectra showingnly the
photoproduct features that appear after 5 minutes of in\NdilV photolysis of the PAH:HO ice (spectrum ‘D-Yx'B’). The tick
marks connected to the top axis indicate the positions of Pfgdtures measured in argon. The PAH:matrix concentratiols
temperatures for the spectra shown in A and B are: Ant:Ar: 1000, 10 K; Py:Ax 1 : 1000, 10 K; BrP:Ar< 1 : 1000, 10 K and
Ant:H,0=1:60, 15 K; Py:HO=1:65, 15 K; B,P:H,0=1:60, 15 K. Argon matrix spectra of neutral Ant and Py aresdpced from
Hudgins & Sandford [1998a], neutralBP from Hudgins & Sandford [1998b], ionized Ant from HudginsAllamandola [1995b],
and ionized Py and &P from Hudgins & Allamandola [1995a].
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4 IR spectroscopy of PAH containing ices

positions in the mid-IR spectra (see also Chapter 6 and gwus$ion in Gudipati & Al-
lamandola [2006b]). While infrared spectroscopic data o &0 photoproducts are
largely lacking in the literature, analysis of the non-vildaphotoproducts has shown
that the O, OH and H additions to the parent PAH are the doniresaction pathways
[Ashbourn et al. 2007, Bernstein et al. 1999, 2002b]. Aracnalcohols are among the
known photoproducts, and the C-O stretching vibrationgolabls and phenols produces
a strong band in the 1260-1000 thregion [e.g., Silverstein & Bassler 1967]. Addi-
tionally, the alcohol OH wag falls in the 1420 to 1330 ¢megion. Besides alcohols,
aromatic ketones are also amongst the photoproducts. ¥@ediretch vibration in ke-
tones typically occurs at around 1700 ¢mKeeping this in mind, tentative identifications
of unassigned bands, i.e. not due to PAHre made below.

Anthracene:H,O photoproducts

While most of the bands in the spectrum of the ApttHohotoproducts can be attributed
to Ant*, some prominent bands cannot. Two such bands appear at ad3643 cm*.

It is possible that both of these absorptions originate ftioenCO stretch of two dierent
Ant—OH isomers. The 1243 cthband was previously attributed to an unknown AnttH
photoproduct [Bernstein et al. 2007]. Another prominemidthat is not solely due to
Ant* occurs at 1452 cnt. While a small cation band is present near this position in the
argon matrix data, it is much less intense with respect twther cation bands whereas
the photoproduct band in trace (E) (Fig. 4.2) is one of thengfest in the spectrum.
This band is likely a blend of the cation band with a much gissrproduct band. The
absorption frequency suggests that it originates from amatic CC stretching and C—H
in-plane bending mode. Two strong photoproduct bands adpea in the blue end of
the ROI, one at 1518 cmh, the other at 1604 cm. The moderately strong Ahband at
1586.4 cm? is expected to contribute to the blue end of the 1604 di@ature, but again
seems to be too weak to explain the full feature. Both the 1&&8 and most of the
1604 cn! bands are likely due to the aromatic CC stretch vibration néaly formed
species.

The detection of new bands in the 1260—1000tragion upon VUV photolysis of an
Ant:H,O mixture does agree with earlier findings by Ashbourn e248I0[7], who detected
1-anthrol and 2-anthrol using HPLC in a VUV irradiated AngtHice ¢ 1:100) after
warm-up to room temperature. They also reported the foomaif 1,4-anthraquinone,
9,10-anthraquinone and 9-anthrone. Anthraquinones icotwta C=0 bonds, which typ-
ically absorb at a frequency of 1676 cHChumbalov et al. 1967]. This band position is
outside of our ROI and detection is hampered by the stroii@ bending mode. The other
species detected by Ashbourn et al. [2007], 9-anthronenigslto the group of ketones
and is expected to exhibit a=© absorption at+ 1700 cnt!. The formation of this species
can also not be confirmed for the same reason.
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4.4 PAH ice photochemistry

Table 4.3 Band positions of photoproducts appearing upol ghbtolysis of the PAHs
antracene (Ant), pyrene (Py) and benzo[ghi]perylengifB in water ice at 15 K com-
pared to cation absorption band positions and band strengthsured in an argon matrix.
Band strengths are in units of 78 cnymolecule. Cation bands are marked with+a ’

PAH Position (cn 1) Positior® (cm™1) Band strengt® Ass.
H0 Argon
Ant 1155.7
1190.5 1183.3 0.37 +
1188.6 18 +
1242.7
1292.8 1290.4 15 +
1326.2 1314.6 15 +
1340.5 1341 26 +
1358.3 1352.6 8.0 +
1364.4 1.0 +
1412.1 1406.1 0.39 +
1409.5 2.7 +
1419.5 1418.4 22 +
1424.7 1430.2 0.38 +
1452.2
1459.6 1456.5 19 +
1517.9
1541.0 1539.9 3.9 +
1567.2 +
1589.3 1586.4 3.6 +
1603.6
1621.1
Py 11373
1182.0 1188.7 0.56 +
1205.2
1216.7 1216.0 17 +
1232.2
1247.6 1245.1, 1253.7,1255.7 5.6 +
1295.4
1319.0
1337.7
1359.0 1356.1,1358.4, 1361.8 16 +
1372.8
1393.2
1422.2 1421.1 23 +
1446.0 1440.3 15 +
1484.0
1537.5
1553.4 1550.9,1553.4,1556.0 13 +
1567.4
1586.4
1614.0
BghiP 1080.2
1126.4
1146.7 1140.2 55 +
1191.0
1223.6 1216.7 0.46 +
1223.4 4.1 +
1253.1
1303.0
1322.9 1311.9 1.9 +
1324.4 10 +
1339.8 1331.9 23 +
1346.2
1352.9 1350.2 21 +
1366.8 1369.0 8.6 +
1380.3
1388.4 1388.3 0.44 +
1406.1 1401.3 12 +
1408.8 0.64 +
14333 1429.4 13 +
1479.7
1501.0
1510.4
1529.7
1550.5 1538.6 0.25 +
1550.1 3.1 +
1568.0
1578.0 1578.2 14 +
1590.2
1604.7
1617.0
1624.3

aValues taken from: Hudgins & Allamandola [1995a,b]
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Pyrene:H,O photoproducts

In the Py:HO case, the spectra in Fig. 4.2, trace (E) and photoprodwadt pesitions
listed in Table 4.3 show that less than half of the new bandseaconfidently assigned
to Py". As discussed above for Ant, the new features between 126Q@00 cm® may
be due to the CO stretch in various Py—OH isomers. Likewtse prominent features
at 1373 and 1393 cm can be tentatively attributed to modes involving both articna
CC stretch and C—H in-plane bends of new products. The largeer of photoproduct
bands between 1500 and 1650¢ns striking, especially since only that at 1553 ¢m
can be confidently attributed to Pased on matrix isolation spectra.

An attempt has been made to assign the unknown absorptiansre complex Py
related species. Peak positions in the RpHbhotolysis experiments are compared to
peak positions of 43 pyrene related species from the externkeoretical database of
PAH derivatives [Bauschlicher et al. 2010,www.astroctegipahdb]. Some groups of
molecules indeed do exhibit strong transitions around #ak positions where the ab-
sorption maxima are found for the undefined PyCHohotoproducts. These molecules
include H, OH, and O added pyrene-based species, suclgbs:0, CieH100, CigH12,
and their cations, in a variety of possible configurationkh@ugh some of these theoret-
ical peak positions overlap with the photoproduct bandsyite experimental spectral
data for these molecules are needed for unambiguous idatitfis of the reaction prod-
ucts of Py in VUV photolyzed KD ice.

Benzo[ghi]perylene:H,O photoproducts

As molecular size increases, the number of mid-IR transitigrows and, because of
spectral congestion, subtraction of neutral precursod®arcomes increasinglyfiicult.
This makes it hard to obtain clear-cut spectra of the praoiucthe B,P photoprocessed
ice and hence makes identification of individual bandBadlilt, if not impossible. As
with Ant and Py, the spectra in Fig. 4.2 and photoproductsdisn Table 4.3 show that
several absorption bands appear which clearly do not havataxncation counterband.
Unassigned absorptions are found between 1470 and 1540ac probably involve CC
stretching and C—H in plane bending modes. The strong utifidelbands between 1600
and 1640 cm' are likely caused by the<D stretching mode of ;P ketones formed in
the ice.

Keeping the types of photoproducts in the Ant and Py ices imdiit is most likely
that By,P derivatives containing H, O, and OH groups are formed ugmiqlysis. As
for the Ant:H,0 and Py:HO experiments, we cannot unambiguously assign B
photoproduct absorption bands. The non-volatile residae\dJV irradiated By,P:H,O
(<1:800) ice shows the addition of O, OH and H to the neutral igi®ernstein et al.
1999]. Thus, as with the other PAH;BD systems studied to date, it is likely that many
of these new bands in the mid-IR are due to various formsgPBOH, B,P-O, and
BgniP—H, and possibly their ionized counterparts.

92



4.4 PAH ice photochemistry

4.4.2 Concentration effects and time dependent chem-
Istry

PAH:H,0O photolysis experiments have been performed for a set aksdrations ranging
from ~ 1:11 to 1:200. Here only the Ant3® experiments are described, but all three
investigated PAHs exhibit a similar behavior. Figure 4.8vghthe decay in the amount
of the neutral parent Ant in the ice as a function of phot@ysne relative to the amount
of the freshly deposited Ant before irradiation. ClearlyitAoss is far more ficient for
lower than for higher PAH concentration. Extrapolatingséaeesults, they are in good
agreement with recent results that are described in Chagar PAH:H,O ices at very
low concentration (5,000 to 10,000), where it is found that all the neutral PAHswa
consumed at the end of a 4 hour photolysis experiment.
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Figure 4.3 Neutral anthracene decay as a function of phgitotime (VUV fluence) and
concentration for 1:11, 1:60, and 1:172 Ang®I mixtures at 15 K. Conservative errors
are+5, +7, and+10%, respectively, of the initial amount of deposited naluspecies.
Second order exponential fits to the data (solid lines) aoe/stas well.

The 15 K neutral Ant decay data in Fig. 4.3 are co-plotted \itfit of the form
Y=C, exp(t/r1) + Coexp(t/rp). Fitting the experimental data required a sum of two
exponentials. This indicates that more than one processmnsible for the neutral Ant
loss. This is consistent with the optical work presentedhiaj@ers 6 and 7 in which two
photochemical reaction networks were described, one fét €&ion formation, the other
involving H, O, and OH PAH addition reactions.

93



4 IR spectroscopy of PAH containing ices

The time dependent PAH cation and other photoproduct sigara also studied as
a function of photolysis time (VUV dose). For the lowest centration Py:HO ice in
our sample (1:200), the time dependent behavior of the jphotinict bands is compared
to the optical results presented in Paper Il. To this end,béeavior of the cation is
traced as a function of VUV time by integrating two of the missiiated prominent Py
absorption bands in the spectra, located at 1359 and 1554 &igure 4.4 shows the time
evolution of the column density of the Pgpecies derived from these bands (multiplied
by a factor of 10 to facilitate the display and normalizedhinitial amount of neutral Py)
together with the time evolution of the relative amount aitnal Py in the ice based on the
subtraction factory. The photolytic behavior of the integrated absorption efgtrongest
undefined photoproduct band at 1567 ¢rtmultiplied by a factor of 100 to facilitate the
display) is also shown. Because no information is availabl¢he band strength of this
species, we cannot convert this integrated absorbanca tdtumn density relative to the
amount of deposited neutral PAH. The*Pyands and 1567 cniphotoproduct band show
a different time dependence and clearly do not correlate. Whilmtbgrated absorbance
of Py* reaches a maximum after some 10 minutes and then declirephtitoproduct
signal grows and levels slightlyffictowards the end of the experiment.
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Figure 4.4 Evolution of Py, Pyand a single Py photoproduct for a 1:200 PyHce at
15 K as a function of photolysis time (VUV fluence). Photoprodspecies are tracked
using the 1359 and 1553 ctPy* and 1567 cm! Py photoproduct bands.

The error in the Py column density is reduced by taking the average column tlensi

based on the two strongest cation absorptions located atar861554 cmt. We estimate
the error in theelative Py" abundance to b&5% of the deposited amount of neutral Py

94



4.4 PAH ice photochemistry

and, thus, the shape of the time dependence curve is weledefithe error in the absolute
number, however, is much larger because the argon bandjtreslues from Table 4.3
have to be used for the analysis and because of ill-defineglibas caused by spectral
congestion. Therefore, the error in tabsoluteamount of Py produced can be quite
high. For this reason, reliable quantitative time depehdata can only be obtained in
the optical spectral regime, where cation absorptionssaiated and spectra are taken
on a much shorter time scale. This is described in Chapteh@. efror in the absolute
number of neutral Py molecules consumed, on the other hanodwi(x7%). Since no
information is available on the band strength of the 1567*amidentified photoproduct
absorption band, no quantitative information can be obthion the formation of the
species responsible for this band.

Using the PAH cation in Ar band strengths values, it is alsssfile to deriveNg e,
the first order estimate of the fraction of the used-up né®#&l that is converted into
cation species versus other photoproducts. The amountpafsded neutralNpay, IS
known from concentration measurements (Egns. 4.1 and ddxha amount of consumed
neutral is given by (£ Y)Npan. The cation column densitypap+, is calculated with
Eq. 4.2 and the band strength values reported in Table 4.8.diierence between the
two, (1 - Y)Npan — N, makes up the photoproduct column density. The fraction of
consumed neutral PAH molecules converted into PAdgiven by:

Nirac = &.
[(1 = Y)Npan]

Values Nyac have been derived for filerent conditions for the three PAHs studied
here. After 5 minutes of VUV photolysis of the Py:@ (1:200) mixture, roughly 15%
of the used up neutral Py is converted into'Ryid 85% in other charged giod neutral
photoproducts. The Pyabsorption peaks at about 10 minutes of VUV photolysis, a
value that is also found in the optical study for much loweHR#ncentrations (1:5,000-
1:10,000). A mid-IR experiment on an ice sample with a highgiconcentration (1:60)
results in an even lowd¥s,c value of about 0.05, a trend that suggests that ionization is
more important in low concentration ices. Similar trendsfaund for low concentration
mixtures of Bj,P — a (1:160) mixture givellac ~ 0.20 — and Ant — a (1:172) mixture
givesNgac ~ 0.10 — after 5 minutes of VUV photolysis.

The quantitative analysis in Chapter 6 points out that tleeaeéPy + e~ recombination
channel. It is argued that the recombination reaction istiikedy a local process, i.e.,
the electron released after ionization remains in the iticiof its parent Py molecule.
Putting this in perspective with the data presented heienibans that the recombination
channel can well be mordieient in ices of higher concentration; the chance of recom-
bination with an electron released from a neighboring Pyemwlk is larger. In the higher
concentration experiments presented here, not all thealé¥#H is used up. Presumably
some of the deposited PAHSs are shielded from VUV irradiasiod therefore not ionized.
This may also explain the flierence between the ionized fraction in low versus high con-
centration ices. Furthermore, as discussed before, ibmizaeems to be lessteient at
high concentration ices, because chemical reactions ket®éHs and radical species
likely dominate the loss of the neutral species.

(4.4)
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In summary, all PAH molecules trapped in® ice exhibit a similar photoprocessing
behavior. lonization is more important in low concentratioes. However, after 5 min-
utes of VUV photolysis, most of the destroyed neutral spgeaie converted into fierent
PAH based photoproducts other than the cation. The coratentrof the ice sample has
a large influence on thefiency of the chemical reactions. PAHSs in lower concentra-
tion ices are used up faster and mofgcéently, whereas in higher concentration ices,
the PAH consumption is far lesdheient. Although no mid-IR VUV photolysis mea-
surements have been performed on corones@:lde mixtures, the near-UVis study
presented in Chapter 7 shows that also coronene exhibitsilaisbehavior.

4.4.3 lonization efficiency in CO ice

A control experiment has been performed on a Py:CO ice samffeK to investigate the
ionization dficiency of PAHs upon photolysis in a CO matrix. After a shorofalysis
time (150 s), the ice exhibits weak absorptions at 1861 aré I, These mid-
IR absorption bands were previously assigned to the H@dical by Milligan & Jacox
[1969]. This observation is consistent with experimenisorted in Chapter 6, where
the electronic HCOsignature is found in the 500 to 660 nm spectral range. There,
is also found that, in a CO matrix, the Py ionizatidfi@ency is close to zero, unless a
certain level of HO contamination in the CO matrix is reached. In the mid-IRezkpent
performed here, VUV photolysis of Py in a CO matrix indeedsdoet show any sign of
pyrene ionization, but also does not show any other PAB:photoproduct bands. We do
confirm the low ionization ficiency and the appearance of small H@®sorptions in a
nearly pure CO ice, but no absorptions caused by BpHcies, as in the optical study, are
observed. The fact that PAH absorption band strengthsalpicelectronic transitions
are 100 times stronger than those for vibrational transsti@nd that the level of 40
contamination, i.e. the source of H-atoms for the reactiom BO—-HCO, is lower in
the experiments described here, probably explains whyyhkemid IR absorption bands
were not detected. The important conclusion that follovesnfithis control experiment
is that HO catalyzes the ionization process. This is also consist&htthe observation
that ionization seems to be morgieient in low concentration PAH: 4D ices.

4.4.4 Temperature effects

VUV photolysis experiments on PAH#® samples £1:60) were also conducted at a
higher temperature (125 K). Consistent with the behaviporeed in the optical studies
Chapter 6, we find that the neutral PAH loss is sfifiGent, while the ionization channel
is strongly suppressed. The lesBaent formation of the cation can point to a lower rate
of ionization, but it is also possible that the recombinatitbannel becomes dominant at
higher temperatures. The result is that, at higher tempesitthe parent PAHs are more
efficiently converted into species other than the PAH cation.

In the high temperature Py#® experiment, for example, some pronounced vibra-
tional bands appear immediately upon VUV photolysis. Theseds, located at 1137.8,
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1216.7, 1386.1 cmt and a broad feature consisting of bands at 1553.5, 1566dl, an
1583.1 cmt, become strongest after 5 minutes of photolysis and thesideib Only
the bands at 1216.7 and 1553.5¢nare at positions of Pyabsorptions. The remain-
ing bands are also apparent in the low temperature spectrahtited by up to 3 cm
and, in the absence of many of the other bands, seem to be muoreymced in the high
temperature photolysis dataset.

For the PAH:HO ices irradiated at high temperatures there is a very brgadap-
ping substructure superimposed on the baseline of theiRigpectra. This is presum-
ably caused by blended photoproducts and possibly PAH ggtge. Together with the
knowledge that more complex species have been detectedanetperiments [Bernstein
et al. 1999, 2002b, Ashbourn et al. 2007], we conclude thedgminantly a mixture of
PAH-X, species, with X being H, O, or OH, may have been formed andothigtone or
a few chemical reaction channels dominate, resulting irobiserved bands.

Ices at a temperature of 125 K are known to be @edéent structure than ices at low
temperature [Jenniskens & Blake 1994]. This structuriédénce — amorphous at 15 K
vs. cubic crystalline at 125 K — may explain theéfdrent photochemical behavior. How-
ever, in Chapter 6 we investigated the influence of the icegire on the photoionization
and found that ices annealed at 125 K and subsequently cdovealto 25 K exhibit sim-
ilar ionization behavior as those grown and photolyzed a2Hence, they ascribed the
different behavior at high temperatures to the larger mobifitadical species in the ice.
The experiments presented here, point out a similar behavio

45 The non-volatile residue

Figure 4.5 shows the 4000 to 500 throom temperature spectra of the non-volatile
residues produced by the photolysis of the three PAKltes considered here. The
spectra are measured as described in §7.2 and providecsdditiformation on the pho-
toproducts which have accumulated over a series of expaetinfer a particular PAH.
These residues, complex mixtures of the non-volatile ptroiucts, may also contain
some of the parent PAH as well as some trappe® ldr H,O that accreted during the
cooling of the sample window. Because the(Habsorption bands in these spectra are
much smaller than in the experiments on PALIZHice mixtures, the spectra can be in-
vestigated over the full range from 4000 to 5007¢ém In the ROI, the spectra show
continuous, undulating absorptions from about 1750 to 1480 with several distinct
features superposed. Additional spectral features arelfbatween 3750 and 2750 chn
The chemical subgroups indicated by these features aréstemtswith the addition of O,
H, and OH to the parent PAH.

The aromatic-rich nature of these residues makes theitrspgaalitatively diferent
from the 13 residue spectra previously analyzed to compdte the spectrum of the
diffuse interstellar medium [Pendleton & Allamandola 2002]. Mitiis impossible to
identify the molecules comprising the residues using nefilaspectroscopy, it is possible
to characterize the species and subgroups present by didgpe (i.e aliphatic versus
aromatic hydrocarbons, carbonyl vs. alcohol carbon-omylgeks, etc.). The following
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analysis utilizes the characteristic group frequenciaseaibas relative and intrinsic band
strengths as described in [Bellamy 1960, Silverstein & Bask067, Wexler 1967]. The
prominent features in these spectra are discussed sygtattyafrom higher to lower
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Figure 4.5 Overview of the room temperature spectra of thielues accumulated during
the photolysis of Ant, Py, anddgP containing HO ices.
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e The 3300 cmt, O-H stretch:A large part of this band can be ascribed tgOHac-

cretion to the cold sample, since the residue spectra aesl lmasbackground spec-
tra taken of a cold sample window. However, the weak sidelaad 3550 cm'
points to the O—H stretching mode in phenols and, thus, teseprce of aromatic
alcohols in the residues.

The 3060 cm! aromatic C—H stretch: The next prominent band, peaking near
3060 cn?, is due to the aromatic C—H stretch belonging to either themisPAH
or PAH photoproducts.

The 2990-2850 cm aliphatic C—H stretch:The addition of H to the aromatic par-
ent forms a new type of functional group, which is evidentrirthe broad aliphatic
C-H stretch feature between about 2850 and 2990 criThe two subpeaks at
about 2925 and 2860 crhare characteristic of methylene (—-gH groups, show-
ing that the major H-addition channel proceeds by additiat,ring opening. If
ring opening had been an important channel, bands due to-thes@etches of
methyl (-CH) groups near 2960 and 2870 thwould have been expected. The
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assignment to methylene groups is further supported by thimipent band near
1450-1460 cmt in the lower two spectra shown in Fig. 4.5. A band in this regio
indicates the —CH- scissoring mode in cyclic saturated compounds such as-cycl
hexane and cyclopentane. The spectrumgaffBis consistent with this analysis, but
the bands are weaker. Given that the intrinsic strengtheotbmatic C—H stretch
is 10 times weaker than the intrinsic strength of the alijgh@+H stretch per C-H
[Wexler 1967], the increasing ratio of the aromatic banérnsity to the aliphatic
band intensity with PAH size indicates that H addition beeertess fective as the
PAH size increases.

e The 1700 cmt carbonyl G=0 stretch:As with the O—H stretching band neau,
some of this band may be attributed to the bending mode,6f iolecules frozen
onto the cold sample window. However, itis likely that pdrtas band is caused by
the C=0 stretch in carbonyl groups. In this case, quinone-likecstres would be
expected with the double bond to O participating in the cgafion of the molecule
as a whole.

e The band at 1625 cm: A distinct feature is evident at this frequency in all three
spectra. The value is low for isolated carbonyls, but isati@ristic for the carbonyl
C=0 stretch in molecules with intramolecular hydrogen bogdiith an OH group.

e The 1600 cmt aromatic CC stretch:A well defined, but generally weak band
centered near 1600 cthis characteristic of the CC skeletal stretch in aromatic
molecules. The prominence of this band in all three resigeetsa shows, not
surprisingly, that they are primarily aromatic in nature.

e The bands between 1520 and 1500 tnSeveral features in this region become
more prominent with parent PAH size. We are unable to atiiltiese bands to
specific molecular vibrations.

e The 1450 and 1440 cth—CH,— scissoring vibrationThis band has been discussed
in the paragraph describing the aliphatic C—H vibratiorsveb

e The 1260 cm' band in the pyrene photoprodudtVhile this prominent band falls in
the 1300-1000 cnt region which is characteristic of aromatic C—H in-planeden
ing vibrations, other likely compounds also absorb in teigion. For example, the
C-O stretch in aromatic alcohols has a strong band betweghar®d 1180 cm.

e The 900 to 500 cmt aromatic C—H out-of-plane bendhis region encompasses
the very strong C—H out of plane vibrations which are diaginasf substitution
patterns on the edge rings. In this case, these bands sanaripr as an indication
of the presence of aromatic compounds.

All the pure PAHs under investigation here exhibit strongflscence upon excita-
tion with a hand-held UV lamp. It is noteworthy, that afterfoeming the experiments,
the residues do not exhibit any fluorescence. This is camdistith the residues being
processed PAHs with affierent chemical identity.
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4.6 Astrophysical implications

The 5-8um spectra of embedded low- and high-mass objects are gbnedoamhinated
by two strong bands originating from interstellar ice, oeatered near 6.0m and pri-
marily attributed to the KO bending mode, and the other near g8. Close inspection
of the spectra of many fferent molecular clouds shows that, while features nearr&l0 a
6.8 um are nearly always present, band positions, profiles, dative strengths of other
features vary somewhat from one object to another, re\galranges in ice composi-
tion and structure [e.g. Keane et al. 2001b, Keane 2001, &ilthittet 2002, Schutte
& Khanna 2003, Boogert & Ehrenfreund 2004, Boogert et al.80Besides the two
dominant absorptions, signals are also found from othazisp¢hat absorb in the 5+8n
region. An overview of absorptions by molecular specieshis tvavelength region is
given in Table 4.4. The knowledge of interstellar ice conitpas and chemistry is based
on over twenty five years of dedicated studies on laborat@yanalogs to interpret these
observations [see references mentioned above and Ehradf& Charnley 2000, van
Dishoeck 2004,and references therein]. However, to datd, studies considering PAHs
in ices and their contribution to the 5u&1 absorption complex are lacking. Here, we dis-
cuss the possible contribution of PAHSs in ices to the speafttath high- and low-mass
objects, using the laboratory data presented in the predeations.

Table 4.4 Molecules, their vibrational modes and solidestdisorption band positions
thought to contribute to the 5+8n ice absorption complex towards low- and high-mass
embedded objects

Molecule  Mode A@m) v(em?!)  Ref.
H,0O H-O-H bend 5.4-9  1852-1111 1
Libr. overtone 1
H,CO C=0 stretch 5.83 1715 2
CHsHCO  C=O stretch 5.83 1715 3
HCOOH  C=0 stretch 5.85 1709 34
NH3 H-N-H bend 6.16 1623 5
PAH? CC stretch 6.20 1613 6
HCOO C=0 stretch 6.33 1580 3
H,CO H—C—H bend 6.68 1497 2
NH; Deformation 6.85 1460 7
HCOOH  C-H stretch 7.25 1379 3,4
HCOO C-H deform. 7.40 1351 3
SO, Asymm. stretch 7.58 1319 8
CH, Deformation 7.68 1302 9

References: [1] D'Hendecourt & Allamandola [1986]; [2] Schuttele [1993]; [3] Schutte et al.
[1999]; [4] Bisschop et al. [2007a]; [5] Kerkhof et al. [1999%][Keane et al. [2001b] Kerkhof et al.
[1999] ; [7] Schutte & Khanna [2003]; [8] Boogert et al. [1997] Boogert et al. [1996].
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4.6 Astrophysical implications
4.6.1 High-mass protostars

Figure 4.6 shows the’5.3-8.7um (1900-1150 cm') ISO SWS spectrum towards the
high-mass protostar W33A (based on data from Keane et al1f@p@nd the residual
that remains after subtracting the®lbending and librational overtone bands in a manner
similar to that described in §7.2. Based on a sample of fivedf@@tra towards high-mass
protostars, Keane et al. [2001b] attributed the bulk of tieuén ice band to amorphous
H,O ice, with additional absorptions on the short wavelengiigwear 5.8:m and on
the long wavelength wing near 6.2n. They assigned the short wavelength absorption
at 5.83um to the carbonyl CO stretch in formaldehyde and relatedispdzased on
laboratory studies and tentatively suggested that thel@awglength absorption at 6.2n

is due to the CC stretch of aromatic structures in PAHs or phmrs carbon particles.
Keane et al. [2001b] also showed that the gu&bband is comprised of two components,
one centered near 6.7Bn, and the other at 6.95m, but they did not assign possible
band carriers. Noteworthy in Fig. 4.6 are also the weak watthg features betwee7.2

and 7.9um. Assignments of these absorption features are discus&ahutte & Khanna
[2003].
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Figure 4.6 The 5.3 to 8,//m ISO SWS spectrum of the high-mass protostar W33A plotted
in optical depth together with the spectrum obtained afibtraction of the HO bending
and librational overtone modes. The figure is adapted, vatmssion, from Keane et al.
[2001b].
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4.6.2 Low-mass protostars

Figure 4.7 shows the5.3-8.1um (1900-1234 cm') spectrum of the low-mass YSO
RNO 91, reproduced from Boogert et al. [2008]. In this momeerd, extensive spectro-
scopic study of the 5—-8m region of 41 low luminosity, low-mass protostars measured
with the Spitzertelescope, Boogert et al. [2008] showed that, once theibotitn from
H,O ice is removed, the 5-Bm residual spectrum can be split into five components
(C1-C5). The large sample of objects permitted Boogert gbaxtract rough band pro-
files, although not uniquely assignable to specific banderatrand to determine band to
band variations for all five components. The positions of@Giehrough C4 components
are similar to those described in Keane et al. [2001b] antigidhese bands can be at-
tributed to the species mentioned in Table 4.4. C5, a vergdyranderlying component
that stretches from about 1725 to 1250¢n(6.8—8um) cannot be explained by any of
these species and is most likely a blend of more than oneespe&s with the spectrum
of W33A, RNO 91 also shows several weaker features betweesmd.Z.9um.
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Figure 4.7 The 5.3 to 8.4m Spitzerspectrum of the low-mass YSO RNO 91 plotted in
optical depth together with the spectrum obtained aftetraation of the HO bending,
and librational overtone modes. The C5 complex absorpsateacribed by Boogert et al.
[2008] is also indicated (solid line). The figure is adapteith permission, from Boogert
et al. [2008].
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4.6 Astrophysical implications

4.6.3 PAH contributions to the 5-8 um absorption

Here, we discuss the possible contribution that inteestédles containing PAHs and their
photoproducts could make to the spectra of molecular claudise 6.1-8.3:um (1650—
1200 cn1?) region. The comparison is restricted to the three PAHsistUdere. These
three PAHSs, Ant in particular, are on the low end of the PAH slistribution expected in
space. As a consequence, the relative intensities of thesren@ dierent than those ex-
pected for larger PAHSs in the interstellar case. Infrareadsavhich result from the C-H
functional group are expected to be less intense in spat¢erespect to modes result-
ing from aromatic CC stretches, since astronomical PAH$&age and contain relatively
more CC than CH bonds. Figure 4.8 shows the photoproductshrad appear after
180 minutes of VUV photolysis of the PAHs considered here i@hte. All VUV pro-
cessed PAH:KO mixtures under investigation exhibit bands clusterediadd 600 cm?.
The band at 6.2&m, observed towards both low- and high-mass sources andladsmn
in Fig. 4.8, could well be caused by a superposition of maiffedint large PAH and
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Figure 4.8 The 6.1-8.8m (1650 cm'-1200 cm?) region of the spectra of W33A and
RNO 91 after subtraction of theJ& bending and librational overtone contributions plot-
ted in absorbance compared to the spectra of the produetsl&® minutes of PAH: D

ice photolysis. The dotted line guides the eye to #6e2 um ice absorption and main
PAH:H,0 ice photoproduct bands.
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PAH photoproduct absorption bands, or organic refractomyenial as discussed in §4.5.
Additional minor PAH absorptions throughout the 6-a@l spectrum can be (partly) re-
sponsible for the underlying C5 complex absorption whicii$® indicated in Fig. 4.5 as
well as the weak undulating structure between 7.2 angim.9

The observational data also permit one to put crude limitshencolumn densities
of PAHs condensed in interstellar ice. Assuming that theu@n2feature in the residual
spectrum shown in Fig. 4.6 is due primarily to the aromatic €@tching vibration in
PAHs and closely related aromatic material frozen yOHich interstellar ice, one can
estimate their column densitiNfan) with Eq. 4.2. The integrated optical depths of the
component are-16 cnt? for W33A and~1.3 cnt? for RNO 91. The experimental data
indicate that a certain number of neutral PAH species iseded into PAH photoproduct
species, as indicated by €1Y)Nneutras WhereNpeutrar is the column density of deposited
neutral molecules. This allows us to calculate an averagd bength for the species re-
sponsible for the absorption band around@®2with Eq. 4.2. The resulting average band
strength Lproq) for the formed PAH products is2x 10-” cm molecule?. With these as-
sumptions, the column density of neutral PAHs and PAH phrafidyicts frozen in HO is
1.3x10' molecules cr¥ for the high-mass object (W33A) andk 10*® molecules cr?
for the low-mass object (RNO 91). Given that the column dgnef H,O ice along the
line of sight to these objects is>4 10'° moleculegn? and 43 x 10*® moleculegcn?
[Keane et al. 2001b, Boogert et al. 2008], respectively ttmiplies PAH and PAH pho-
toproduct abundances between 2—-3% with respect to watés.cbhcentration range is
reasonable given the PAH abundances derived from mid-IRsam features [Puget &
Leger 1989, Allamandola et al. 1989].

4.7 Conclusions

The manuscript describes mid-IR absorption spectroscbppb:H,0 ices, their VUV
induced photochemistry and photoproducts. The main ceiuis of this manuscript are
summarized below.

1. Band positions, FWHMSs, and relative intensities of ardbre, pyrene and benzo-
[ghi]perylene in HO ice in the 1650-1000 cm spectral window are compared
to their matrix isolation data. Additionally, band streingjtare derived for these
species isolated in an astrophysically relevag®hte at 15 K.

2. VUV photolysis of PAH containing kD ice causes the embedded PAH to ionize
and react with HO photoproducts. The band positions of PAH cations trapped i
H,O ice are measured and compared to PAH cation values froniopseargon
matrix isolation studies. Additionally, peak positionsRAH:H,O photoproducts
other than the cation are determined and tentatively asditm PAH-X, species,
with X being O, H or OH.

3. The PAH:HO ice photochemistry is tracked as a function of VUV fluencermn-
itoring the integrated absorbances of the parent PAH and pAdtoproduct bands
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periodically during photolysis for several hours. In alseg, the PAH cation bands
peak after some 5 to 10 minutes and then slowly decline whiergphotoprod-
uct bands continue to grow steadily and starts to le¥ehfier about an hour of
irradiation.

. The VUV induced photochemistry of the PAH pyrene in a COnes also studied.
In this case, PAH ionization is ifigcient compared to a VUV irradiated PAH;B
ice and seems to depend on the presence of trace amourg®of H

. The photochemistry is also tracked as a function of PAI@ite concentration for
PAH:H,O ratios~1:10 to 1:200. The fraction of neutral molecules converted i
the cation is found to be larger in ices of lower concentrgtmonsistent with the
previous conclusion.

. The ice photochemistry is monitored for two ice tempeedul5 and 125 K. PAH
cation formation is important and dominates the first fewutgs in the low tem-
perature case. However, ionization is far lefiicient in the 125 K ice while the
loss of the neutral parent PAH is equallffieient. It is concluded that reactions
with H,O photoproducts are the dominant channel at high tempesatur

. Spectra from 4000 to 500 chof the non-volatile room temperature residue that
builds up over the coarse of the experiments on each PAHespeonsidered here
are analyzed. These aromatic-rich residues contain OHaG®CH groups as ev-
idenced by absorptions in the OH stretching region (2}, CH stretching region
(8.3-3.4um) and in the GO, C-0, and aromatic CC region (5.6—1).

. The infrared data of the PAH photoproducts are compares-8&um ISO and
Spitzerspectra of a high- and low-mass protostar. It is shown thad:PAO ice
photoproducts are plausible candidates for the 6.2 tau&bsorption band asso-
ciated with interstellar ice and that these contribute tmeof the weak structure
between about 6.9 to Bm. The band strength of the 6.2 to ufh band of the
PAH:H,O0 ice photoproducts reported here is determined. From thisl@vive an
upper limit for interstellar abundance of PAHs and PABHice photoproducts
with respect to HO ice of 2—3%.
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