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acquired and well-studied PAKEs.g., naphthalene, anthracene,
etc). In order to understand the inence of PAH structure on

the UIR bands, PAHs containingve-membered rings,
nitrogen atoms, and other structural features were investigated
along with the impact of ionization. Since the number of
potential PAH isomers grows rapidly with increasing PAH size
(i.e., number of carbon atojpstudies were limited to those

. ) __ . van Dishoeck2004 Draine & most thermodynamically stable. Similarly, as PAH sizes grow,
Li 2007 Tielens200§ Li 202Q and references thergimthe  y,qir ayajlability, both from an abundance and economic

features that comprise this apparently universal spectrunyanqnoint, diminishes. Later experimental studies focused on
contain a wealth of information about the astrophysical pay species that would build up the fundamental foundation
conditions in the emitting regions and the nature of their 5t paH spectroscopy to compare and constrain computations.

carriers(e.g., Joblin et al1994 Hony et al.200%, Li & Draine However, to test the PAH hypothesis in full, these data need
2001, Peeters et aR002 van Diedenhoven et 8004 Mulas o pe available to the larger astronomical community, along
et al. 2006 Bauschlicher et al2008 2009 Galliano et al.  wjth the tools necessary to search and utilize them. The

2008 Boersma et al2009 201Q Mattioda et al2009 2017 quantum_chemica”y calculated spectra spar20Q0 m
Ricca et al201Q Cruz-Diaz et al2019. However, exploita-  (5000-5 cm *; Bauschlicher et aR01Q 2018 Boersma et al.
tion of these features as astrophysical and astrochemical probe®14 and are included in the library of computed spectra,
has been slow because the IR properties of PAHs undekvhich is currently at version 3.20 and contains more than 4000
interstellar conditions were largely unknown for at least 20 spectra. The experimentally determined spectra sg2f 2n
years following their discovery. (5000-400 cm %) and are included in the library of laboratory-
From the early 1990s and onward, laboratory and computa-measured spectra, which is currently at version 3.00 and
tional data have been collected at NASA Ames Researchcontains 84 spectra. The computed and laboratory-measured
Center to test and ree the hypothesis that large PAH data provide complementary information. For example, the
molecules are responsible for the UIR bafids., the PAH experimental data allow reement and calibration of the
hypothesis Initially these studies focused on small, easily computations, while the computations can provide spectra for
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Figure 1. A typical setup for a matrix-isolation experime@#) sample deposition coguration,(B) UV photolysis conguration, andC) con guration for collecting
the IR spectrum.

PAH species that are not experimentally feasible assist in thdibrary of laboratory-measured spectra to interpret astronomical
assignment of bands, and identify experimental photoproductsobservations. This paper is concluded in Sechion
Furthermore, the laboratory-measured spectra contain informa-
tion on overtone and combination bands, anharmonic effects,
and electronic transitions in the mid-IR that are currently not ] _ _
included with the computed date.g., Mattioda et a2005a In Section 2.1 a detailed account of the experimental
2005h 2009. Laboratory experiments also offer opportunities Methods is given. This is followed in Sectién2 with a

for new discoveries. For example, the impact of nitrogenationdeScription of the physical units used and in Secidwith a

on the GC and GH in-plane vibrational modds.g., Mattioda narration of the data analysis. Sectﬁ)n describes and breaks
et al. 2003 2008 2017 and the identication of electronic down the contents of the library of laboratory-measured
transitions in the mid-IRWeisman et al2005 Mattioda et al. spectra.

2014 were the result of pushing the PAH experimental

envelope. 2.1. Experimental Methods

It would be remiss not to mention progress from other  ne sl PAH molecules were isolated in an argon matrix that
laboratory groups in the area of PAH IR spectroscopy. Studiesy s prepared by vapor codeposition of the PAH of interest with
of PAHSs isolated in noble gas matrices haye been cond_ucted b¥in overabundance of argqAr) onto a 15K Csl window
a large number of groups in the astrophysical community, €.9..syspended in a high-vacuum chamfgessure between 10
Vala et al.(1994, Garkusha et al(2012. PAHs in the gas  and 10°®Torr), as shown in the sample deposition cgara-
phase have been studied by, e.g., Joblin €18P9, Oomens  tjon (Figure 1(A)). The PAH molecules are vaporized from
et al.(2000, Kim et al.(2001), Cazaux et al(2019 and those heated deposition tubes, while argon is added via an adjacent
in encased in water ice by, e.g., Bouwman et (2011, Nx(l)-cooled gas inlefFigure 1(A)). The deposition process is
Hardegree-Uliman et a2014), Cook et al.(2015, de Barros monitored via IR spectroscopy at 2minute intervals
et al. (2017. Recently, the hypothesis that protonated PAHs (Figure 1(C)) and optimized to produce an Ar:PAH ratio in
contribute to the astronomical PAH bands was investigated byexcess of 1000:1. Anal IR spectrum of the PAH sample is
measuring the spectrum of protonated ovalene and coronene ifecorded once a sufient amount of PAH material is
para-hydrogeifp-H,) matrices at 3.2 K by Tsuge et §016, accumulated, which is determined by the strer{gttensit
and references therein. of the weakest band§.e., those in the 1464000cm -

This paper focuses on the library of IR spectra of PAHs 7—10um C-C, G-H in-plane regioh
in argon matrices collected in the NASA Ames PAH IR  The PAH samples, with a purity of at least of 99%, have
Spectroscopic DatabagPAHdb), currently at version 3.00, be_en obt_alned from_ a variety of sources. Spectra were recorded
and describes the means by which the data were acquired. THgSINg eéither a Bio-Rddigilab Excalibur FTS-4000 IR
data are accessible and downloadablevatv.astrochemistry. ~ SPectrometer that has been equipped with a MCT-B detector
org pahdis. The library of computed spectra have been KBr broadband beam §p||tter or a N_|COIet Analytical Instru-
described in detail in Bauschlicher et gR010, with ment, Model 740 Fourier transform infrar@eTIR) spectro-

. . : meter equipped with a MCT-B detedt&Br beam splitter
adjustments _and updates descrlb_ed in Boersma 2G4 combination. Spectra were recorded as the coaddition of
and Bauschlicher et a(2018. Online and ofine tools are

ilable for th K with th i d . 250-500 scans and at a resolution of 0.5¢mwith the Csl
available for the user to work with the spectroscopic data Inyingow rotated to the spectrum measurement goration

both libraries. Updates to the website, software tools a”d(Figurel(C)).

documentation made since the last reporting in Bauschlicher |onized PAH molecules are generatedimiaituvacuum UV
et al. (2018 are also discussed. _ _ photolysis of the matrix-isolated neutral PAFigure 1(B)).

This paper is outlined as follows: Secti@ndescribes the  The UV is produced by a microwave-poweredwing H,
experimental method used to derive the spectral information agjischarge lamp at a dynamic pressure of 150 mTorr, generating
well as (Section2.1) and presents the library of laboratory- emission at 120(Lya; 10.2e\j and 160nm(7.8e\). IR
measured spect(&ection2.4). Section3 describes web access spectra are collected after 2, 4, 8, and 16 minutes of UV
to this library and associated software tools. Secdon photolysis to aid in differentiating PAH ion bands from
demonstrates how th@oftwarg tools can be used with the spurious photoproducts during analysis. Thg discharge

2. The Library of Laboratory-measured Spectra
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lamps UV ux is 2.0+ 0.5x 10" photons cm?s ' (see Wavelength (um)

Cruz-Diaz et al.2019. Thus, during a 16 minute exposure 0.06 7 8 9 10
PAH samples receive a dose-02 x 10"’ UV photons. To be ' T ' ' " T PAH+UV
able to distinguish between bands arising from the PAH anion

and cation, a second set of experiments are conducted in which 0.05
the argon matrix is doped with an electron acceptor; either CCl

or NG; at a concentration of approximately 1:1200 relative to __ g4
the argon gas. The electron acceptor quenches the formation o
the PAH anion while enhancing that of the cation.
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2.2. Physical UnitsA-values

The library of laboratory-measured PAH spectra provides £ 0-02
band positions(in cm ) and their associated strenggim
kmmol%; designatedA-values here, which shouldot be 0.01
confused with EinsteirA coef cienty. The use ofA-values
allows for a direct comparison with the data in the library of
computed spectra and integration with tools developed for

those data. Getting from laboratory measuremenfswalues 1500 1400 1300 1200 -~ 1100 1000
and their relationship with other physical parameters is outlined Wavenumber (cm")
below. Figure 2. Comparison of prefblack and post{red photolysis PAH spectra

First, consider a medium Consisting of a uniform distribution and their difference spectrufgreer) representing the PAH ions. The dashed

— . lines indicate the strongest PAH ion bands, which are easily seen in the PAH
of absorbers. A spectrale IO( Q (W Hz ) passing throth UV spectrum (red. The spectra shown are from the PAB,4;5,6;7,8-

this medium will be attenuated hj/, proportional toly( Q. tribenzoperopyrendCasHic).
Second, the number of absorbers will be proportional to the
thicknessdl (cm) of the medium. Therefore one can write: with the result given in units of km mot or cm molecule™.
dl L) )di, O (1) Lastly, it can be convenient to transform laboratory-

. ) ) measuredA-values(km mol™) into cross sections integrated
absorption coeftient per unit volume. Integrating Equatidn following relationship:

over the thicknesd, of the (uniform) medium yields: . A value
m T ()d 1A VRUE o)
I( Q . . )lO (2) Qnt o ( ) NA (7)
(9 _ o
The absorption coetient per unit volume,x(v), is W:rf]f N]fm'; ﬁ]\;o?ealg:%snsnhqmbergnob (speed of light is
frequency dependent and encapsulates the nature and concef2M!Ng 1o elatonship ¢ &
. The ability to discern and measure the strength of a band
tration of the absorber. d d th itivi f the FTIR : ter. Initial
The laboratory experiments measure transmiskion epends on the sensitivity of the Spectrometer. Initia
studies were conducted using an older model spectrometer that

(9 limited the detection to bands of at least 5kmmholn
(9 I(Q andA( W 10go(T0)) . (3 strength. Tn the early 2000s a new FTIR spectrometer pushed

) ) this limit down to bands-2 km mol* in strength.
where in molecular spectroscopp(r) is denoted the
absorbance and is closely related to the optical defith O 2.3. Analysis
( ) A()/loQy(e) for a uniform mediun From the
laboratory data the strength of a PAH band 1is determined byin
integrating the measured absorbanée(cm ), over the  \pan necessary, ltered to remove fringing due to internal

i i —1y. . ; . "
feature in wavenumbery; in cm™): re ections in the sample window. Subsequently, additional
baseline corrections are performed to remove undulations due

Recorded spectra arest cleaned by removing contaminat-
g bands due to water, GQetc., baseline corrected, and,

A "Q A( 1) s o 4 to fringing caused by the thickness of the argon matrix. See

i , . . also Hudgins et al(1994), Mattioda et al(2003 2017, and
Since the absorption cross sectidgQ (cn? molecule™) references therein.

evaluates the absorption coeient () per unit volume, it is Upon UV irradiation only some 20% of the neutral PAHs are
related toA(v) through: converted into ions. Thus, a single photolyzed speciinauh
L)o A() O 2.303() o) spectrum in FigurQ) is_a mixture _of neutral, catiofpositive

r)o N Toga(e) N () ions), anion (negative ionsand miscellaneous photoproduct
0

bands(e.g., CQ, HAr,). Bands originating from the PAH ions
with n (cm°) the number of absorbers per unit volume &hd  are identied by comparing the prephotolysis neutral spectrum
(=nl) the column densitgem?). Then,A-values are equatedto 0 that measured after photolysis. Subtracting the neutral PAH

the integrated cross section via: spectrum from the photolyzed PAH spectrum produces a
spectrum of the ion band&reen spectrum in Figuré).
Avalue * T)O. 5303 6 Subsequently, bands are ideetl and their integrated
Q N absorbances plotted versus the UV photolysis time
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0.5 LN B B DL B B N NN B integrated absorbance of each band with the ratio of sums:
' Plateau lu .
~ WOV > . valugpy,
£ 020L i@ rise W /‘ | Avalueyp, A expg—c?‘ , (8)
oY ‘/‘ v expj
[}] / .
g 0151 g ° ¢ with j for1550 @ 50@m *. Equation(6) is then used to
-g ' /./ obtain the column densit{N) of the neutral PAH(see also
2 I ® | Hudgins et al1994 Hudgins & Sandford 9983.
XC . L
< 0.10} v a® - For the ions it is assumed that the neutral PAHs that
3 I v/g\g&e‘e 1 disappear during photolysis are all converted into ions. The
[ &2 - relative loss in absorbance of all the neutral bgRigure 2)
5 0. 1254cm™ (x2) | .~ i X .
g 0.05 1y /i g~ oo™ b4 b &1%) multiplied with the column density determined for the neutral
£ I 07 —@— 1584cm” (x1) | | then yields the column density of the produced ions. Ahe
0.00{@ Neutral PAH —¥—2345cm (x20)| values for the ions are then simply calculated using
Ly . Equation (6). A 50-50 split between anions and cations is
0 2 4 6 8 10 12 14 16 18 made when there are bands that can be attributed to anions,
Photolysis Time (min.) which typically is only the case for larger PAHs. A-50 split

isr nabl he electron from the PAH ion will h
Figure 3. Evolution of three band®lack, red, and oranyef a given PAH ion S reasonable as the elecro om the catio attac

photoproductat 1254, 1564, and 1584 ct) compared to that of C{(green 'tse_lf t(_) the moleculeatom with the _IarQESt electron m_ty'
at 2345 cm?) as a function of photolysis time. The PAH ion bands follow a Which is generally the neutral PAH in a PAdfgon matrix.
distinct growth pattern characterized by a sharp increase followed by a plateau In certain cases, determining thesalues for ionized PAHs
or slight decrease due to photobleaching, whereas thé&t@ grows I_in‘e_arly. from spectra that have both cation and anion bands is
The bands have been scaled by a factor of 2, 10, and 20 for legibility. complicated by their overlap, i.e., a mixed ion band. In those

) . ... cases, theA-values for the cation are derived from the
(Figure3). In such a plot PAH ions generally show an initial  argor NO, matrix data. The argdO, A-values also serve
growth ( rst 28 minuteg before plateauing off or slightly  as73 check on the-values derived for the cation from the argon
decreasing due to photobleaching of the i¢Hsidgins &  matrix data. TheA-values for the anion of a mixed band are
Allamandola 1997 Hudgins & Sandford19983. Whereas,  derived by taking theA-value of the mixed ion band and
bands from other photoproducts show a different pattern, as isubtracting theA-value for the cation determined from the
demonstrated in Figuré for CO,. This CG desorbs off the  argord NO, data.
stainless steel walls of the vacuum chamber during UV  For isolated bands, band pasits are determined by locating
photolysis freezing out on the sample window. Other potentialits apex, i.e., highest point or peak. Easily discernible individual
photoproducts includeHAr,, with bands near 904 cm bands in band complexes are integrated separately, whereas
(11.0pm) and 1589 cm* (6.293um); CO, and CO desorbing  complexes with no discernible individual bands are integrated in
from the stainless steel walls with bands near 2345cm their entirety. The latter isften the case for bands in thet@
(4.264um), 667 cm* (14.99um) and 2148 cm® (4.65um); stretching region(3000-3100 cm*; 3.33-3.22um), but occa-
and HO, with bands near 1388cm (7.204um) and sionally also for other regions dfe spectrum, especially for large,
1104 cm* (9.058;m; Hudgins & Allamandold 9953. For a irregular PAHSs. In those cases, given the broad, overlapping
band to be ultimately assigned to the PAH cation it must alsobands, only a single band position adalue is reported, with
grow in the presence of the electron acceptor and do so in dhe largest intensity peak fiiien being assigned as the idesti.

xed proportion to the other bands attributed to the cation.  Thus, the reader is advised to solt the experimental spectrum

To calculateA-values Equation(6) is used. However, the andor the original publication when comparing diting the
column densityN cannot be independently determined from experimental €H stretching region to ashomical observations.
experiments. Therefore, it is obtained by scaling the sum ofThis issue will be remedied in a future update of the database. The
integrated absorbancéBquation(4); Aexp;) determined for the ~ reader is referred to the original publicati(see Table3 in
neutral to the sum of computddvalues for its counterpart in ~ AppendixA) for details pertaining a particular species. It should
the library of computed specifa valuen,; Equation(8)). The be noted that.putl)llcathn.s of experlment.al data prior to 2000 only
advantage of using this approach is that while there can be somgeported relative intensities ftbre absorption bands insteadfef
band-to-band variability in the comput&evalues for individual ~ values. A-values for these species were calculated after their
bands, their sum is generally accurate to within 329%6 pybhcauon in the literature, usitige original data and prgawous]y
(Hudgins & Sandfordl998a Mattioda et al.2003. For these discussed methods. As such, the_nsmlue_s are only available in
sums, only bands faling between 1550 and 500tm the database and not in the published literature.
(6.452-20.0um) are taken. The 500 cm lower limit is chosen .
to exclude contributions from far-IR ban@® 500cm 3. 2.4. Contents of the Library of Laboratory-measured Spectra
Whereas, the 1550 crh upper limit is chosen to exclude the The A-values from 84 spectra from a large variety of
C—H stretching region, which can be overestimated at the levelPAHs are available in the current versiprersion 3.0 of
of theory used for the computed spe¢d., Langhoffl999; to PAHdB s library of laboratory-measured PAH spectra. T&ble
exclude potential contamination from bands due to matrix- (Appendix A) provides a list of the corresponding PAHs
isolated water near 1580700 cm* (5.88-6.33:m); and to currently available in the database as well as their individual
exclude overtorieombination bands between 168800 cm* references.
(56 um) that are present in the measured spectra but not in The earlier versions 1.00 and 2.00 contained the spectra of 60
those computed. Thenal A-values are obtained by scaling the and 75 PAH species, respectively. For most PAdéalues are
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Table 1 50[
Breakdown of the Molecules in Version 3.00 of the Library of Laboratory- F
measured Spectra by Charge, Composition and Size F
40 M nitrogen
Number of Carbon Atoms ” g | ‘pure’
1-10 1320 2330 3340 4150  Total e r
2 30
Charge All molecules D E
o £
all 1(0) 43(3) 16(6) 14(0) 10(0) 84(9) @ F
neutral 10) 23(3) 10(5) 8(0) 8(0) 50(8) £ 200
anion — 0(0) 1(0) 2(1) 3(0) 0(0) 6(1) 2 E
cation+ 0(0) 19(0) 4(0) 3(0) 2(0) 28(0) 10 £
PAHSs with only carbon and hydrogen g
all 1(0) 2300) 12(2) 14(0) 10(0) 60(2) oF
neutral 10) 12(0) 6(1) 8(0) 8(0) 35(1) 10 20 30 40 >40
anion — 0(0) 0(0) 2(1) 3(0) 0(0) 5(1) number of carbon atoms max=50
cation °© 110 40) 30 20 200) Figure 4. Breakdown of the PAHs in the library of laboratory-measured
PAHs with nitrogen spectra by composition and number of carbon atdfaré PAHs contain
only carbon and hydrogen; nitrogen refers to PAHs containing nitrogen as well.
all 0(0) 20(3) 4(4) 0(0) 0(0) 24(7) The cross-hatched areas indicate the additions between versions 2.00 and 3.00.
neutral @0) 11(3) 4(4) 0(0) 0(0) 157)
anion — 0(0) 1(0) 0(0) 0(0) 0(0) 1(0)
caion+  0(0) 8(0) 0(0) 0(0) 0(0) 8(0) 50
I cation +

Note. The difference in the number of entries between versions 2.00 and 3.00 is 40

. . anion -
given in parentheses.

W neutral

W
o

available for both the neutrals and cations, with a smaller number
for anion species. This smaller number is primarily due the fact
that the smaller PAHs that domieathe library of laboratory-
measured spectra have a relatively lower electromitafwhen
compared to larger PAHs and, as such, do not form anion bands
during experiments. Version 3.00 corrects an issue where the data 10
for the anion data for some molecules were inadvertently
replicated in place of the cation data. This impacts the species

n
o

number of species

with UIDs (unique identierg 540 and 541, 542 and 543, 546 and 10 20 30 40 ~40
547, and 549 and 550. In addition, the missing anion data of number of carbon atoms max=50
dlbenZ([)fg,si]pentacene was add(aldID 813)' Figure 5. Breakdown of the PAHSs in the library of laboratory-measured

While “puré PAHs comprised of only carbon and hydrogen spectra by charge and number of carbon atoms. The cross-hatched areas
dominate the library, PAHs containing nitrogen are also indicate the additions between versions 2.00 and 3.00.
available. Tablel shows the distribution of molecules in the
library of laboratory-measured spectra, broken down by size,
charge, and composition. In addition, the table indicates the
changes between the prior vers{@m00 of the library and the
latest(3.00, and shows that seven of the nine newly added
species are PAHs containing nitrog@attioda et al.2017).
The information in Tablé is presented graphically in Figurs
and 5, which show the size breakdown by composition and
charge, respectively. Figuessummarizes the charge and PAH  cation__
type distribution of PAHSs in two pie charts. s
The species in version 3.00 of the library span a large size range AN e
(6-50 carbon atomswith most falling in the 1420 carbon atom %
range. The malorily of species are naural while anons compris€{0re 5 D lr AL Serse ane ompeion e 2 00 o e
!ess than 10%. However, thettéx number _'S ant|C|patec_i to conta)i/ning one or{wo nitrogen Fzzltoms in[;he hexagonal frameworlparel
increase when spectra from larger PAHs, which more readily formyefers to PAHs comprised solely of carbon and hydrogen.
anions, are added. The librangalholds, for a select number of
species, the laboratory-measured absorbance qgeetfigure).
Given the complexities with overlapping arfioation bands, N© photolyzed argdNO, matrix spectrunti.e., cations only where
bands in the laboratory-measured absorbance spectra for thise neutral features have been removed via subtraction. This allows
cations, etc(see Sectio.3), a pure laboratory anion spectrum is for the direct comparison of the laboratory-measured photolyzed
not feasible. Therefore, the library holds the laboratory-measuredrgon matrix spectrum with that of the photolyzed arty@y
UV photolyzed argon matrix absorbance spectrum and the UVmatrix spectrum.

Charge Composition

nitrogen
neutral 29%

60%

5
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I, Browse Selection Download Tools Results — Help

PAH jléysxpvl’(‘h‘lll Database & koronene

Ames Rescarcl Centes

Search
(e.g., C<=20 N=2 neutral) Advanced
Theory | Experiment — Versions

CogH12 200

uid 18

150

100

50

integrated cross-section [km/mol]

falls
0 i
4000 3500 3000 2500 2000 1500 1000 500 O
frequency [wavenumbers]

i |
. resetzoom level

This species has a counterpart in the theoretical database

A Compare!
Details Transitions Download
Details
Properties Reference(s) Comment(s) History
Number of atoms 36 e Hudgins, D.M., Sandford, S.A., "Infrared e Coronene ® 12.00 Nov 13, 2013:
Solo hydrogens 0 Spectroscopy of Matrix-lsolated - transitions updated
Duo hydrogens 12 Polycyclic Arto.matlc Hydrocarpons 2. - comment updated
- PAHs Containing 5 or More Rings", ® v1.00 Oct 27, 2009:
Trio hydrogens i 1998, J. Phys. Chem. A, 102, 344 - added
Quartet hydrogens 0 doi:10.1021/jp983482y
Quintet hydrogens 0
CH; 0
CHy 0

Figure 7. Screenshot illustrating the available information in the library of laboratory-measured spectra for neutral coronene, illustrating taeccpresatgation
at the website.

To allow comparison between the various neutral and ion Website Features and Toel#\s an illustration of the type
spectra, the laboratory-measured absorbance spectra auof information available for each species, Figangresents a
normalized to Ix 10" molecules using the number of screenshot of the database website showing the information in
absorbers determined from Equatiofd). This normalization  the library of laboratory-measured spectra on neutral coronene
also corrects for any variations in total photarx experienced  (C,4H10). The presentation of spectroscopic data is illustrated
during the generation of PAH ions. in Figure8, which shows a table with the band positions and
integrated cross sectiof&-values; see Equatior€) and (7))
obtained from the absorbance spectrum shown on the right. A
number of tools are available to work with these data, with the

The laboratory-measured spectra can be perused and dowrecent addition of the option to use Drude line pes to
loaded at the PAHdb website, which also offers online tools synthesize spectra. Drude line ples are, for example,
that allow users to compdmontrast the data as well as convert employed by Smith et a(2007) to model the dust features
the laboratory-measured absorption spectra into emissionn their PAHFIT spectral analyses tool. The tool that allows
spectra. Software tools to work d@fie with the downloaded tting imported astronomical spectra is currently only available
library are available on GitHub and are actively developed.when the library of computed spectfarheory) is used.
What follows, in turn, is a description of the website, software Lastly, each laboratory species has been linked to its computed
tools, and documentation; focusing on their connection with thecounterpart. One can easily switch between the (see
library of laboratory-measured spectra and upfatgsove- Figure7) and they can be directly compared, as is demonstrated
ments made since those reported in Bauschlicher @l8. in Figure9.

3. Website, Tools, and Documentation
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Details Transitions Download

Transitions Laboratory Spectrum
Frequency Wavelength Integrated cross-
[wavenumbers] [microns] section

[km/mol] 0.045
3067 3.261 192.6
1923 5.2 7.224 0.040
1910 5.235 9.03
1896 5.274 9.03 LUt
1808 5.531 3.492

0.030
1799 5.56 1.746 =
1784 5.606 5.237 é' 0.025
1768 5.657 1.746 o
1719 5.818 7.224 = 0.020
1696 5.898 7.224 g
1621 6.17 7.224 £ 0015
1579 6.332 1.746 §
1530 6.534 3.492 .
1505 6.643 5.237 61608
1498 6.676 1.746
1317 7.591 55.99 0.000 ‘ ~ L U
1137 8.795 19.26 4000 3500 3000 2500 2000 1500 1000 500 0
’ ' frequency [wavenumbers]

857 11.67 174.6 -0.005

This spectrum was measured using the matrix isolation technique. Samples are prepared by co-deposition of the PAH in the gaseous state with an
overabundance of argon onto a cold Csl window suspended in a high vacuum chamber (p ~ 10-8 mtorr). The Csl window temperature is held between 10
and 15 K for the duration of the experiment. The infrared spectrum of the cold Csl window is recorded prior to (lg) and immediately after sample
deposition (I,). The absorbance spectrum for a neutral, matrix isolated PAH is log(l/1p).

Figure 8. Screenshot of the website demonstrating“thensitions window for the PAH coronene. See Sectidhand4 for details.

Software Tools-Three software toolopposed to website  development of software tools has moved to Python. The
toolg are under active development at GitHub. Thst, and AmesPAHdbPythonStiltis set to offer the same features as the
most mature, is thdmesPAHdbIDLSuifeand is described in  IDL suite using the same application programming interface.
Boersma et al.(2014. The most recent version of the  In the advent of JWST, the PAHdb Team is developing the
AmesPAHdbIDLSuitis dated 2020 April 15, which constitutes PyPAHdB Python package as part of the Early Release Science
a signi cant update. program’Radiative Feedback from Massive Stars as Traced by

Figure 10 demonstrates how the laboratory-measured Multiband Imaging and Spectroscopic Mosai¢tD 1288;
absorptiondata for neutral coronene is synthesized into an Peeters et al018. The pyPAHdb has been described in detail
emissionspectrum(code in Lst. 1 in AppendixB), which ~ in Shannon & Boersmg018. .
subsequently can be used for comparison with astronomical Documentatioa-Signi cant strides have been made in

observations. The employed emission model uses the coolingiréamlining and improving PAHtb documentation. Com-
law described by Bakes et 2007 and parameters given in plete and accurate documentation is necessary for users to take
their Tables3 and 4 for PAH neutrals and cations, respectively. full advantage of the data and tools that are offered. The online

The heat capacity needed for the calculations is computed usingOcumentatlon describing the website has been updated to

o e ect recent changes and the website tour was brought online
wgrlgergugu?dgyvgwipkprgf %T(%g%tégggaomst rve\:lgjirfg;ﬂlﬁ; to re ect recent updates to the website. A cookbook with

) X recipes for data analysis is being put together as well as videos
laboratory-measured data; see also the appendix of BaUSChlEovering PAH-related subjects, website usage, and data

cher et al.(201Q. The reader is informed that in most ,ha\yses with the software tools. The documentation can be

astronomical applications a & * redshift is applied 0  found via the newly set up PAHdb Documentation Pdftal.
account for some of the effects associated with emission.

However, recent work by Mackie et 42018 has put some _ o

doubt on the need of such a correction in emission. Figjlire 4. Astronomical Application

shows the absorbance spectrum measured for neutral coronene. Astronomical PAHs are typically observed in emission from
With the rise of the use of Python in astronomical researchyy/-rich environment€lyas= 10°-10°K; e.g., Peeters et 002

and notably the STScl embracing it for their Analysis Toolkit

to be used with the James Webb Space Teled@gT), the 8 github.com PAHdE AmesPAHdbPythonSuite

9 hitpst/ github.cont PAHdE pyPAHdb

github.cont PAHdE AmesPAHdbIDLSuite 10 hitpst/ PAHdD.github.io
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Comparing Experiment with Theory
Comparing experimental and theoretical spectra.
Species (1): CoaH12

200 (x10") €]

1.5F .

. Theory §

00—+ . L. | -+ JL

T

I ) ]
201 (x109) 1

integrated cross-section [x10 cm/mol]

: Experiment |

05 1

0.0- L L L L 1 L L L " 4. il b 1 ,| 1 AI .‘
4000 3000 2000 1000
frequency [cm ]

remove collapse/expand download PostScript download data as ASCII

Figure 9. Screenshot of the website demonstrating“tiesults window comparing the laboratory-measured and computed spectrum from theory for the PAH
coronene. See SectioBsand4 for details.

van Diedenhoven et 8004 Tielens2008. However, toward a To demonstrate this approach, the Infrared Space Obsefvatory
few young stellar objec® SOs; Tyas~10? K) the 3.3um band Short Wavelength Spectromefiessler et al1996 Leech et al.

has been observed iabsorption (e.g., Sellgren et al1994 2003 spectrum toward the ematdded protostar W33§Gibb et al.
Brooke et al1996 1999 Bregman et aR00Q Keane et al001). 2000, which is presented in Figurg2, is brie y explored.
Observations toward embedded YS@gas~ 10K) reveal The gure shows that the spectrum has strong absorption features,
multiple varying absorption cqmonents contributing to the dominated by those from water ice and silicates. These features
PAH regions of the spectru(Bchutte et all996a 1996h Keane are subsequently removed faliog the procedures outlined in

et al.200% Boogert et al2004 2008, some of which could be  Boogert et al.(2008 2011). The resulting residual spectrum
explained by PAHSs that are very likely encased in water ice.shows two strong absorption features positioned at 6.0 and
While the example given in Sectidh4 (Figure 10; code in 6.85um, together with some smalldssmrption bands. While ice
AppendixB) focused on synthesizing a PAgtnissionspectrum species contributing to the features have been idest,

from the laboratory data for comparison with astronomical they are unable to fully explain thefe.g., Boogert et aR015.
observations, when comparing to spectra toward such embeddethis is especially true for the 6.88n feature, for which
sources, no emission model is needed. Arguably, the rawsalts, organic residuelH, and PAHs have been suggested as
laboratory-measured spectra themselves could directly be usegpotential contributorge.g., Keane et al2001 Boogert et al.
however, many of them can contain a mixture of charge states an@008 2015. Despite the PAHSs, encased in water ice, showing
artifacts due to contamitian from other specigsee Sectiog.3). band positions that are shifted6lcm * and an overalk-15%
Furthermore, using the derived band positions Anhlues decrease in intensity when coanpd to matrix-isolated PAHs
instead of raw spectra allows for taking advantage of existing(see de Barros et aR017, argon matrix-isolated PAH data
tools developed for the library of computed spectra. provide a good rst estimate and can be used to assess the
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Table 3
(Continued
Structure Formula Name Charge uiD References
Cy7/HiN 1-azaberalanthracene Ot 285, 286 Mattioda et a(2003
Cy7/HiN 2-azabenfga)anthracene Ot 287, 288 Mattioda et a(2003
Ci7H1N BenZa]acridine 0 831 Mattioda et &2017)
Ci7H11N BenZc]acridine 0 830 Mattioda et &2017)
CooH12 Benzde]pyrene 0+ 343, 367 Hudgins & Sandford 9989, Hudgins
& Allamandola(19953

CooH12 Benzdj] uoranthene Ot 395, 396 Hudgins & Sandfor( 9981,
Hudgins et al(2000

CooH12 Benzdk] uoranthene O+ 393, 394 Hudgins & Sandfor@ 9981,
Hudgins et al(2000

CooH12 Benzdb] uoranthene Ot 391, 392 Hudgins & Sandfor@9981),
Hudgins et al(2000

CooH12 Benzda] uoranthene Ot 389, 390 Hudgins & Sandfor@ 9981,
Hudgins et al(2000

CooHig Pentacene O 307, 308 Hudgins & Allamandolél995h,
Hudgins & Sandford1998H
CooHin Benzdg,h,iperylene 0 284 Hudgins & Sandfoft998¢, Hudgins
& Allamandola(19953

CooH1a DibenZa,janthracene 0 305 Mattioda et €2017)
Cy1H1aN DibenZc,hacridine 0 309 Mattioda et &2017)
CoiH1sN DibenZa,jacridine 0 311 Mattioda et g2017)
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Table 3
(Continued
Structure Formula Name Charge uiD References
CyiHiaN DibenZa,Hacridine 0 303 Mattioda et a2017)
Cy1H1aN DibenZa,dacridine 0 833 Mattioda et g2017)
CosH1o Coronene (0] 18, 19 Hudgins & Sandfor9989, Hudgins
& Allamandola(19953
CoHia Dibenzopyrene O+, — 538, Mattioda et al(20149
549, 550
CogHis Benzo-naptho-pyrene 8, — 537, Mattioda et al(2014
548, 813
CsoHis Dinapthopyrene O+, — 536, Mattioda et al(2014
546, 547
CasHis 3,4;5,6;7,8-tribenzoperopyrene 0 125 A. L. Mattioda e(24120, in
preparatioh
CzgH2o Naptho-anthraceno-pyrene 0, — 534, Mattioda et al(2014
542, 543
CaeH1g 3,4;5,6;7,8;12,13-tetrabenzoperopyrene 0 128 A. L. Mattioda €Q#0, in
preparatioh
CseHi6 3,4;5,6;10,11;12,13-tetrabenzoperopyrene 0 154 A. L. Mattioda @020, in
preparatioh
CaoH2o Dianthraceno-pyrene a,, 533, Mattioda et al(2014
540, 541
CyoH1g Dipyreno{1,3;10,2, (1 ,3 ,5,7)-pyrene 0 555 A. L. Mattioda et a2020, in

preparatioh
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Table 3
(Continued
Structure Formula Name Charge uiD References
CuoH1s 12,13-0-phenylene-3,4;5,6;7, 0 131 A. L. Mattioda et al(2020, in
8-tribenzoperopyrene preparatioh
CyoH1g Hexabenzocoronene A 0, 105, 106 Hudgins & Sandfor(l 9989
CuoH1g 1,14-benzodinapth(t ,7 ;2,4), 0 134 A. L. Mattioda et al(2020, in
(7 ,1;11,13-bisanthene preparatioh
CaoHoo 2,3;12,13;15,16-tribenzoterrylene 137 A. L. Mattioda ef24120, in
preparatioh
Ca4Hoo 1,2;3,4,5,6;7,8;9,10;12, 0 140 A. L. Mattioda et al(2020, in
13-hexabenzoperopyrene preparatioh
CagH2o Dicoronylene 07+ 100, 101 Hudgins & Sandfor19989
C4gH20 Di uoranthen3,5;4,6), (4 ,6 ;9,11)- 0 146 A. L. Mattioda et al(2020, in
coronene preparatioh
CagHoo 12,13-0-phenylene-1,2;3,4;5,6;7,8;9, 0 143 A. L. Mattioda et al(2020, in
10-pentabenzoperopyrene preparatioh
CsoHao 1,14-benzodiphenanthreiid-,9 ;2,4), 0 149 A. L. Mattioda et al(2020, in

(9,1 ;11,13-bisanthene

preparatioh

Note. PAH ions that have data available in the literature and will be uploaded to PAHdb in a future update have been indicated by a

Appendix B

AmesPAHdbIDLSuite Code
Listing 1 provides theAmesPAHdbIDLSuiteode used to

create Figured0 and11in Section3.

(Continued

transitions= pahdb> GetTransitionsByUIQL8)

Listing 1. AmesPAHdbIDLSuiteode used to create Figuré8 and11.
; read-in a library of laboratory-measured spectra from a downloaded

; XML- le
xml_ le = ‘pahdb-complete-experimental-v3.00.xml

pahdb= OBJ_NEW'AmesPAHdbIDLSuitg Filename xml_ le)

; get the transitions for neutral corone@gID = 18)

; plot the stick spectrum of neutral coroned&g. 10, top
transitions> Plot

; calculate the emission spectrum of neutral coronene after it
; absorbs 7 eV using the approach set ouBakes et al(2001)
transitions> Cascade,7BL.602D-12,/ Approximate

; plot the resulting stick spectrum of neutral coronene after it
; absorbed 7 eV and following the entire emission case&ig 10,

; middle

transitions> Plot
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