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Abstract

The singly deprotonated anion derivatives of nitrogenated polycyclic aromatic
hydrocarbons (PANHs) are investigated for their electronically excited state prop-
erties. These include single deprotonation of the two unique arrangements of
quinoline producing fourteen different isomers. This same procedure is also under-
taken for single deprotonation of the three nitrogenation isomers of acridine and
the three of pyrenidine. It is shown quantum chemically that the quinoline-class of
PANH anion derivatives can only produce a candidate dipole-bound excited state
each, a state defined as the interaction of an extra electron with the dipole mo-
ment of the corresponding neutral. However, the acridine- and pyrenidine-classes
possess valence excited states as well as the possible dipole-bound excited states
where the latter is only possible if the dipole moment is sufficiently large to re-
tain the extra electron; the valence excitation is independent of the radical dipolar
strength. As a result, the theoretical vertically computed electronic spectra of de-
protonated PANH anion derivatives is fairly rich in the 1.5 eV to 2.5 eV range
significantly opening the possibilities for these molecules to be applied to longer

wavelength studies of visible and near-IR spectroscopy. Lastly, the study of these
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systems is also enhanced by the inclusion of informed orbital arrangements in a
simply constructed basis set that is shown to be more complete and efficient than

standard atom-centered functions.

1 Introduction

Polycyclic aromatic hydrocarbon (PAH) molecules, are the subjects of study for a
large variety of disciplines, spanning from environmental studies to molecular physics
through biology and chemistry. In particular, they are one of the major thrusts of re-
search in modern astrochemistry.! They are almost universally accepted as carriers
of the Unidentified Infrared Bands (UIBs) or, equivalently, Aromatic Infrared Bands
(AIBs), a family of interstellar emission features dominating the infrared spectrum of
many diverse astronomical sources.” PAH molecules are also invoked in the explana-
tion of other interstellar spectroscopic features such as the 220 nm bump in the interstel-
lar extinction curve, the anomalous microwave emission, and the Diffuse Interstellar
Bands (DIBs).?~ The DIBs - the ‘longest standing problem in molecular astrophysics’
- are some hundreds of absorption features observed across a broad spectrum stretch-
ing from the near-ultraviolet to near-IR wavelength range.® Neutral PAHs, as well as
cations, have been proposed as possible carriers of many DIB features because their
electronic transitions fall in this spectral range,”® but, so far, not a single chemical
carrier has been unambiguously identified within the DIBs.%!? More recently, PAHs
are reasoned to explain the presence of large anions detected in Titan’s atmosphere, !!
further cementing their relevance to the field.

The vibrational spectroscopy of PAH molecules has been studied in detail both
experimentally and theoretically. !> Because they are very regular systems, their spectra
remain fairly consistent, even across isomers, with the caveat that certain features may
often stand out.'3-1® Inclusion of a nitrogen atom into a PAH molecule (creating a
so-called PANH) can sufficiently alter the infrared spectra, with some features being
noticeably shifted. 7! Removal of hydrogens further alter the spectra of PAHs and

PANHs creating new and different IR features. %2 Additionally, PAH/PANH anions
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can easily form due to the distribution of the electrons over the surface, especially
in the 7 cloud. As a result, PAH/PANH anions are also relatively stable2!22 with
different spectroscopic trends.2>2* This has led to a recent interest in the role that PAH
and PANH anions may play in the chemistry and physics of the interstellar medium
(ISM). 242

It is believed that many anions form in the ISM through electron capture via what
is called a dipole-bound excited state.?%>% Dipole-bound states are closely related to
Rydberg states where an electron exists in a diffuse orbital such that the remaining
positively-charged core of the molecule functions like a proton, and the electron exists
in a hydrogen-atom-like orbital. In dipole-bound excited states of anions, removal of
the electron to such a diffuse molecular perimeter would produce a neutral molecular
core, but it is the dipole moment of the corresponding radical that retains the extra
electron. The absolute minimum dipole moment required to perform such a retention
is 1.625 D,?° but this has been refined with modern techniques to at least 2.0 D and
potentially closer to 2.5 D.303% A second dipole-bound state of singly charged an-
ion requires a dipole moment of at least 9.0 D, limiting reasonable expectations of
dipole-bound states to one per molecule.

If the ground state of an anion is actually valence in nature, a dipole-bound state
may function as an excited state producing electronic absorption or emission features
for anions. 3¢ This is most easily constructed for closed-shell anions and corresponding
neutral radicals. Dipole-bound electronic excitation in anions is known experimentally

37-40

for a few small anions, prompting well-reasoned speculation that one of these,

CH,CN~, could be the carrier of a DIB.*!#2 The excitation to this state takes place
right at the electron binding energy (eBE) since dipole-bound states are weakly bound
by definition.>*> However, it has recently been shown through theoretical methods

27,44-47

that small anions may even possess valence excited states corroborating a sim-

ilar result for larger systems*8-°

indicating that anionic electronic spectroscopy may
not be as irrelevant as previously believed. Additionally, most electronic excitations
of anions, whether valence or dipole-bound, appear toward the red-end of the elec-

tromagnetic spectrum if not into the near-IR making them ideal candidates for DIB
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carriers. 414751

In the present work, we are bridging many of the above themes into one body. The
structures, stabilities, eBEs, and electronically excited states of closed-shell, singly-

deprotonated PANH anions, like previous deprotonated PAH studies, 2*2°

are explored
quantum chemically in a manner building upon that utilized previously for small an-
ions. #4731 PANHS are chosen since even dehydrogenated PAHs will have small dipole
moments, but presence of the nitrogen heteroatom will increase the likelihood of the

aromatic system possessing a significant dipole moment.>>>3 Thus, whether valence

excited states are present or not, dipole-bound excited states are possible.

2 Computational Details

Geometry optimizations of the neutral radicals and their corresponding anions of the
various PANH isomers of the included quinoline, acridine, and pyrenidine molecular
classes are computed using the Gaussian 09 program>* with the B3LYP>> density
functional and the 6-31+G** basis set>’ previously shown to work quite well for PAHs
of this size.?* The relative anionic and radical energies, as well as the radical dipole
moments, are determined from these optimized geometries. For the sake of this study,
the minimum dipole moment of the neutral radical necessary for a state in a correspond-
ing anion to be classified as dipole-bound is chosen to be 2.0 D in order to ensure that
no possible dipole-bound excited states of these systems are left unexplored. Again,
there is no minimum dipole moment required for a valence excited state to be present
in any anion since it exists independently of the electric dipole.

Vertical excitation computations of the closed-shell anions are based on the B3LYP/6-
31+G** optimized geometries of the ground 1 'A’ /1 1A, states of each isomer. They
require use of spin-restricted Hartree-Fock (RHF) wave functions.® The excited states
of the different isomers of the three classes are computed vertically through equation-
of-motion coupled cluster theory at the singles and doubles level (EOM-CCSD)>%%0
within the PSI4 suite of quantum chemistry programs.®' The cc-pVDZ, aug-cc-pVDZ,
d-aug-cc-pVDZ, t-aug-cc-pVDZ basis sets 203 (abbreviated as pVDZ, apVDZ, dapVDZ,
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and tapVDZ, respectively) showcase either a decrease or consistency in excitation en-
ergy for a given state across the diffuseness range for the selected basis sets. This
provides for determination of an anion’s excited state to be dipole-bound or valence,
respectively, as has been demonstrated on many occasions previously. #4471

Additionally, highly diffuse s-type orbitals are constructed in an even-tempered
fashion building upon those already employed to describe Rydberg states of smaller
molecules.* These specific basis sets are formulated and implemented in the hopes
of bypassing the need to use the very large localized or atom-centered atomic orbital
basis functions usually necessary to reach an adequate degree of diffuseness in the
molecular orbitals mirroring previous work on dipole-bound ground state anions. %
Recent work®® has analyzed the exact basis scheme utilized in the present study and
has shown that four of these s-type functions are adequate for the description of dipole-
bound excited states in small anions for the level of computational accuracy included
in this study (0.01 eV). Additionally, the recent work shows that vertical excitation
energies are nearly invariant with respect to the centering of these diffuse orbitals. In
other words, placement of the extra diffuse orbitals at the center-of-mass, the center-of-
charge, or elsewhere does not affect the vertical excitation energy within computational
accuracy. % These orbitals are so large that the difference between the center-of-charge
and the center-of-mass, or even one extreme side of the molecule versus the other side,
are insignificant by comparison. Since most quantum chemistry programs reorient the
molecular origin to the center-of-mass, we are choosing to center these four s-type
orbitals at the molecular center-of-mass for simplicity and consistency.

The use of these additional diffuse functions only adds four functions to the existing
basis set of choice thus minimizing computational cost. In order to determine if these
four additional s-type functions (notated as “+4s”) are adequate for the larger PANH™
systems as compared to small anions, the quinoline anion derivatives are tested for their
behavior with the standard set of n-aug-cc-pVDZ basis sets as well as the apVDZ+4s
and dapVDZ+4s basis sets. The larger acridine and pyrenidine computations with the
tapVDZ basis set are significant computations of more than 400 basis functions and

are very expensive for EOM-CCSD. As such, the vertical excitation energy computa-
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tions for the conformational isomers of the acridine anion derivatives make use of the
pVDZ, apVDZ, dapVDZ, and apVDZ+4s basis sets. Computations for the isomers of
pyrenidine anions only utilize the pVDZ, apVDZ, apVDZ+4s bases.

Electron binding energies for all molecules are computed using the CFOUR com-

putational chemistry package %7 with the equation-of-motion ionization potential (EOMIP)

formalism at the CCSD level of theory. The EOMIP wave function is modified to have
one less creation operator than the standard EOM model providing for electron re-
moval.% Since high levels of diffuseness are not present in the corresponding radical’s
structure, only the apVDZ basis set is required for EOMIP-CCSD computations pro-
ducing the eBEs. The 1.523 eV EOMIP/apVDZ vertical eBE of CH,CN™ is within
0.02 eV of the experimental 1.543 eV eBE indicating some level of reliability for these

computations, 30:37:42:44,66

3 Results and Discussion

3.1 Geometries and Relative Energies

The quinoline and isoquinoline species are the smallest of the PANHs studied and are
labeled for simplicity as “N1” and “N2,” respectively. The nitrogenation of anthracene
creates three distinct isomeric species: acridine (“N1”), 1-aza-anthracene (“N2”), and
2-aza-anthracene (“N3”). Like acridine, replacement of a methyine group with a nitro-
gen atom in pyrene produces, again, three distinct isomers: pyrenidine, 1-aza-pyrene
and 2-aza-pyrene labeled as “N1”, “N2”, and “N3” once more. The quinoline-class
produces 14 unique isomeric derivatives with the removal of a hydrogen atom from
the two nitrogenated isomers. Both the acridine and pyrenidine-classes have 23 depro-
tonated isomers. The nomenclature for the deprotonation is sequential based on the
numbering of the adjacent carbon atom from which the proton is removed. The num-
bering of the carbon atoms from “1” begins at the atom adjacent to the nitrogen and
continues around the molecule, as listed in Figures 1, 2, and 3. Acridine and pyreni-
dine, themselves, are actually Cy, molecules and not C; reducing the standard number

of deprotonated derivates from nine to five in each case.
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Data for relative energies of both the derivative anions and radicals as well as the
radical dipole moments for the quinoline-class are given in Table 1, arranged from the
lowest relative energy of the anions to the highest for each class (quinoline and iso-
quinoline derivatives). Of the 14 possible isomers, 10 possess a dipole moment whose
strength is chosen for this study to warrant exploration of a dipole-bound excited state
(>2.0D). The N1H3 isomer has the lowest relative anionic energy, but the correspond-
ing radical has a dipole moment at 1.20 D, considerably lower than what is required
to possess a dipole-bound excited state. The N1H2 radical has a large enough dipole
moment (2.01 D) to retain an electron in a dipole-bound state, and its corresponding
anion is the lowest energy quinoline-class anion considered. The N2H7 isomer has
the lowest relative energy among the radicals, but the corresponding anion is 0.433 eV
above the N1H2 anion. The radicals all fall within 0.34 eV of one another except for
the N1H1 isomer which is more unstable due to the overlap between the lone pair on
the nitrogen and the radical electron on the adjacent carbon.

Of the 23 unique acridine-class isomers, 16 anions are candidates to possess a
dipole-bound excited state since the corresponding radicals have dipole moments of
> 2.0 D, as shown in Table 2. The N1HS isomer is the lowest energy deprotonated
acridine anion derivative, but the corresponding radical’s dipole moment is only com-
puted to be 1.06 D, too small for a dipole-bound excited state. The N1H2 anion isomer
is 0.469 eV higher in energy and has a corresponding radical dipole moment, 2.76 D,
strong enough to support a dipole-bound state. A direct pathway between the 2 an-
ion isomers would require 3 H-shifts making it is unlikely to take place prospectively
isolating each system within its potential well. The N2H3 anion is the lowest energy 1-
aza-anthracene derivative, but its corresponding radical shows a dipole moment of only
1.35 D. For the N2’s, it is needed to go as high as 0.320 eV in order to find an anionic
isomer with a corresponding radical dipole moment greater than 2 D. The N3HS iso-
mer is 0.175 eV higher in energy than N1HS and has a 3.36 D radical dipole moment,
large enough to support a dipole-bound excited state. The N3HS5 radical is the lowest
energy neutral in the acridine-class, but the corresponding anion is 0.458 eV above the

N1HS5 minimum. Within each class of acridine derivatives, the highest energy isomers
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are within ~0.6 eV of lowest. The radicals exhibit two exceptionally low energies
for the N3HS and N3H6 isomers. The N2H1 isomer is the next most stable radical at
1.236 eV above N3HS5, but N2H9, the least stable radical, is only 1.641 eV above the
minimum. Hence, the radicals appear to fall into two subgroups, the significantly more
stable N3H5 and N3HG6 isomers and the rest. One could argue that N3HS5 and N3H6
will represent the vast majority of the acridine PANH anions since formation through
a dipole-bound state is likely to require the neutral radical, and these are far and away
the two most stable neutral radical isomers. 2627

Twenty-three distinctive deprotonated isomers of the pyrenidine-class are possible
with 17 of the corresponding neutral radicals possessing a dipole moment larger than
2.0 D; these are given in Table 3. N1HS is the lowest energy anion, and its correspond-
ing radical has a has a large dipole moment at 2.82 D. N2HS is the lowest energy isomer
of the 1-aza-pyrene derivatives, but its radical dipole moment cannot sustain a dipole
bound state. The next most stable, and virtually isoenergetic, anion isomer is N2H2
with a 2.90 D dipole moment for the corresponding radical. N3H4 is the most stable
of the 2-aza-pyrene derivatives, and it has a strong dipole moment (2.47 D). N1H9,
N2H1, and N3H1 are the most stable radicals. For each class of pyrenidine derivatives,
the remaining isomers are within ~0.3 eV of the most stable. Hence, the relative ener-
gies of the isomers is much less for this set of larger PANH derivatives indicating that
the isomeric energy differences may begin to level out for larger and larger PANH and
PAH deprotonated derivatives.

Exploration as to possible links between the relative energies of the radicals, rel-
ative energies of the anions, and the dipole moments was undertaken as a part of this
project. However, no correlation could be established between the relative energies or
dipole moments and: 1) each other; 2) the position of the carbene carbon and the nitro-
gen in the anion; and 3) the radical carbon and the nitrogen. Hence, from the current
sample set, explicit computations appear necessary to establish the relative energies
and dipole moments reported in Tables 1, 2, and 3. Inclusion of more PANH anions
may alter this conclusion, but the current data do not show any strong relationships as

outlined.
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3.2 Vertical Excitation Energies
3.2.1 Quinoline Derivatives

As seen in Table 4, all 10 isomers of the quinoline-class with a dipole moment > 2.0
D show a steady decrease in energy with an increase in diffuseness of the basis set
for the 2 'A’ state. The wave function character for the transition of this state in each
isomer is dominated by the @ HOMO into the ' LUMO, lending further credence to
the conclusion that if these excited states exist, they are dipole-bound. Full conclusion
of this hypothesis is from the apVDZ+4s and dapVDZ+4s excitation energies which
are, without exception, identical to one another and are actually slightly lower in en-
ergy than the tapVDZ results. This highlights that the four additional s-type orbitals
actually describe dipole-bound excitation better than the linear combination of atomic
orbitals approach in the more traditional, even-tempered tapVDZ basis set. Addition-
ally, the excitation energy for the most diffuse basis set (tapVDZ) is quite close to the
eBE, but the apVDZ+4s and dapVDZ+4s energies are either perfectly coincident with
the vertical eBEs or are higher by no more than 0.01 eV, the present expected level of
computational accuracy. Hence, no further gain is attained in the description of the ex-
citation with the utilization of basis sets larger than the apVDZ+4s including dapVDZ,
tapVDZ, and dapVDZ+4s. This decreases the number of basis functions necessary to
describe these quinoline-class dipole-bound excited states from 512 in tapVDZ to 288
in apVDZ+4s significantly reducing the computational cost for determining whether
excited states of anions are valence, dipole-bound, or if they exist at all.

The oscillator strengths (f) for the dapVDZ and apVDZ+4s basis sets are also
given in Table 4. The comparison between these two values for each isomer further
supports the designation of the 2 'A’ states as dipole-bound. Since the diffuseness of
the basis set increases for the apVDZ+4s values and f subsequently decreases, the
oscillator strength for the less diffuse basis sets cannot be trusted. The energetic results
show that the choice of basis for the present “+4s” diffuse functions is adequate for
indicating that dipole-bound excited states of larger anions may exist in addition to

similar claims for smaller species. ®
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Energies of the potential 1 'A” states are also given herein. These states are formed
with excitations from the @ HOMO once more but this time into a higher energy a”
virtual orbital. In theory, the virtual orbital of interest is actually the n = 6 orbital for
the 7 particle-in-a-box (PIB), particle-on-a-ring, particle-on-a-figure-eight, etc. sim-
ple quantum chemical model. There is little transformation of energy as the basis set
becomes more diffuse beyond the apVDZ level, which would indicate the presence of
a valence excited state. However, the energies of these states become higher than the
corresponding eBEs and dapVDZ dipole-bound state excitation energies showing that
valence states are not accessible in the quinoline-class of anions.

The UV-Vis spectra for the quinoline-class of PANH anions are all closely associ-
ated but are distinct enough for them to be distinguished. The converged, apVDZ+4s
dipole-bound excitation energies range from 1.59 eV for N2H7 to 2.08 eV for N2H6.
All of these vertical excitations are toward the red end of the electronic spectrum. Adia-
batic computations are computationally expensive and beyond the scope of the present
work, but, even so, the geometries should not change dramatically upon electronic
excitation. The dipole-bound excited state geometries should, in theory, be closely
related to the neutral radicals. The differences in the two geometries computed here
are less than 0.01 A for the bond lengths and 4.0° for most of the bond angles of these
molecules. The largest bond angle discrepancies come at the carbene carbon and can be
as much as 8.0° between the neutral-radical and the ground state anion. The anion car-
bene C—C—C angles (and those adjacent) are smaller than their neutral-radical coun-
terparts due to more electron pair repulsion in the anion’s double occupation of the a’
orbital. As a result, the adiabatic excitation energies for these PANH anion derivatives
will be slightly red-shifted since geometrical response to the change in wave function
excitation is not conserved in the present vertical computations, but the vertical values

presented here should correspond to experimentally measured absorption spectra.

3.2.2 Acridine Derivatives

Like the quinoline derivatives, it is shown in Table 5 that the 2 1A’ states of the acridine

anion derivatives are dipole-bound. These HOMO-LUMO, «’ to diffuse s-type orbital

10
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transitions showcase a clear decrease in the excitation energy when moving from the
pVDZ to the apVDZ+4s bases. The dapVDZ excitation energies demonstrate a fur-
ther intermediacy, but the near-perfectly coincident nature of the vertical eBEs to the
apVDZ+4s excitation energies further corroborates that the 2 'A’ states may exist in
these larger PANH anion derivatives in these energy regimes.

However, unlike the quinoline PANH anion derivatives, the energy of the 1 'A”
states are found to be lower than that of the eBE and the 2 ' A excitation energy for each
isomer. In other words, the acridine anion derivatives all possess valence excited states
since the excitation energy remains largely consistent over basis sets from apVDZ to
dapVDZ to apVDZ+4s. The valence excited states are the result of @’ HOMO exci-
tations into the n = 8 w PIB-like valence, virtual orbitals. Both of these orbitals are
visually depicted for the N1HS isomer in Figure 4 clearly showing the isolated nature
of the HOMO on the carbene carbon and the distinctly different & PIB-like “LUMO”
accepting virtual orbital, LUMO in the sense of the PIB model and not the molecular
system as a whole. Additionally, the f values indicate that the 1 'A” states are valence
since they do not change between the apVDZ and apVDZ+4s levels, but the 2 'A’ state
f values decrease by orders of magnitude upon inclusion of the diffuse functions. It is
interesting to note that the pVDZ energies for the 1 'A” excited state are lower than the
larger basis sets.

With the possibility of valence excited state formation, it is no longer required
to have a dipole moment greater than 2.0 D, 2.5 D, or any strength in order to form
an excited state in one of these PANH anions. Thus, the seven isomers with lower
dipole moments are also tested (Table 6) and give clear indication of possessing valence
excited states even though dipole-bound states are not possible. The lowest energy
excitation present in these vertical computations is the valence 1 'A” <— 1 1A’ 1.47 eV
transition in N2H1. The valence excitations can have excitation energies as high as 2.31
eV for N3HS. The dipole-bound excited state energies range from 1.71 eV in N2H1 to
2.49 eV for N1HS. It is interesting to note that the highest energy excitations of either
type (valence or dipole-bound) typically correspond to the most stable anions, while

excitation of the lowest energy correspond to the least stable anions. Additionally, the
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dipole-bound vertical excitations of the acridine-class are also higher in energy than
their quinoline counterparts in most cases. However, they all still fall within the same 1
eV range between 1.5 eV and 2.5 eV. The f values for the valence excited states of the
acridine derivatives are also usually orders of magnitude larger than the dipole-bound
states within a given isomer. N1H5, N2H3, N2H1, N2H2, and N3HS all have oscillator
strengths on the order of 2 x 1073, By contrast the brightest dipole-bound states are for

N3HS5 and N3H6 with f =7 x 1075,

3.2.3 Pyrenidine Derivatives

The data in Table 7 indicate the pyrenidine derivatives with dipole moments > 2.0 D
all posses 2 'A’ excited states with dipole-bound behavior for HOMO-LUMO d' to
s-type transitions. Additionally, the valence excited 1 'A” states are also accessible
by most in this set with excitations out of the @ HOMO into the n = 9 7 PIB-like
a” higher energy virtual orbital. Hence, the remaining small-dipole isomer excitation
energies and eBEs are given in Table 8. The orbitals involved in a valence excitation
are shown in Figure 5 for the N1H8 isomer. Once more, the @ HOMO is largely
isolated to the lone pair on the carbene carbon with the virtual valence orbital of the &
PIB-like system. The valence excited states, again, have lower energies than the dipole-
bound excited states within given isomers, and the apVDZ+4s dipole-bound excitation
energies are coincident with the vertical eBEs that could be produced. The EOMIP
wave function becomes unstable for many of the desired isomers. As a result, the
apVDZ+4s dipole-bound excited state energies are understood here also to represent
the eBEs, and this trend is observed in the quinoline and acridine-classes corroborating
such a conclusion. The apVDZ+4s excitation energy-interpreted eBEs are marked in
Tables 7 and 8 with asterisks (*).

Since the acridine anion derivatives are larger than the quinoline anion derivatives,
it is understandable that the valence excitation energy is lowered from a PIB perspec-
tive. This should progress to the even larger pyrenidine anion derivatives, as well.
However, the N3H4, N3H2, and N3H3 anion isomers actually have valence excited

states higher in energy than the dipole-bound excited states and above the vertical eBEs

12
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where the latter are computed explicitly (N3H3). The N3H1 isomer appears to possess
a valence excited state, but this excitation energy is within 0.01 eV of the dipole-bound
state. The N3HS5 isomer has a larger (0.16 eV) splitting between the two excited states
with the valence state lower, but the dipole moment of the corresponding neutral rad-
ical is too small to support a dipole-bound state. Since this isomer is actually Cy,,
symmetry dictates the hard zero oscillator strength. The reason for the aversion to va-
lence excited states for the “N3” (2-aza-pyrene) isomers comes from the excitations
themselves. They are once more out of the a'/a; HOMO but into the n = 10 7 PIB-like
orbital and not the » = 9. Hence, the orbitals or the higher pseudo-symmetry of the
anion (or both) disfavors the PIB LUMO for the PIB LUMO+1, and the formation of
valence excited states is not preferred over the dipole-bound excitations in the “N3”
pyrenidine anion derivatives. Additionally, the N1H1 valence excited state is 0.01 eV
higher than the dipole-bound state at 2.05 eV. However, the excitation for the valence
excited state is of the standard type (¢’ HOMO into the n = 9 7 PIB-like valence virtual
orbital) indicating that the valence excited state may yet be possible in this anion.
Fascinatingly, the vertical excitation energies for the pyrenidine-class of anion deriva-

tives still fall within the 1.5 to 2.5 eV range, the same for the smaller quinoline and
acridine-classes. The f values are also of similar magnitude. As a result, the electronic
excitation peaks of deprotonated PANH anion derivatives, whether valence or poten-

tially dipole-bound, all cluster at the red end of the visible portion of the spectrum.

4 Astrophysical Implications

The relevance of PAH anions in astrophysical environments has been modeled by sev-
eral authors. %! This previous work has shown that the presence of these species is
primarily influenced by the balance between the strength of the radiation field and the
electron density, even though molecular size also plays a role. Models predict PAH
anions readily form through radiative electron attachment in dense clouds; they can
even become the dominant anionic species if the local abundance of PAH molecules is

high.”?> Modeling has also shown that PAH anions can deeply affect the chemistry of
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the cloud, increasing the abundance of small C-bearing molecules.”!

However, in the above models, only PAH radical anions are considered, which can
easily be neutralized due to their low eBEs. Differently, closed-shell PAH anions as
well as the PANH anions studied here exhibit higher eBEs?*? possibly increasing
their abundance relative to radical PAH/PANH anions in dense clouds.”? Interestingly
enough, the anions so far detected in the interstellar medium are all carbon-bearing,
deprotonated molecules: C4H™, C¢H™, CgH™, CN~, C3N~, and CsN~.748! Most of
these molecules are proposed to form through radiative attachment of an electron to
a neutral species (X) producing an electronically excited anion (X~ *). The electron-
ically excited anion will then relax to its ground state.?732-85 Dipole-bound states
can act as the required excited states in this process, and are likely to be such due to
their large reaction cross-sections. Most of the PANH anions examined in this study
possess dipole-bound states, making radiative attachment an attractive mechanism for
their interstellar formation.

Since nitrogen is one of the most abundant elements in space, the possibility of
N-substituted PAHs in space has been extensively studied, especially in relation to the
AIBs. 338688 Experimental studies3>°° show that small N-heterocycles are quite sus-
ceptible to UV irradiation, but in the low irradiated environment of a dense cloud, they
would be able to survive the average lifetime of the cloud.?® All of these individual
pieces of evidence further support the closed-shell nitrogen-substituted PAH molecules
studied here as strong candidates for additions to the inferred PAH anion populations
present in dense clouds. Additionally, the dehydrogenated PANH neutral radicals pos-
sess large electric dipole moments, mostly due to the presence of the nitrogen atoms. In
principle, this could allow detection of these species through microwave spectroscopy
in cold clouds,>>°! but the detection can be compromised by small rotational constants,
high partition functions, and unknown size/population distribution.

Finally, from a spectroscopic point of view, the existence of valence excited states,
especially, for the deprotonated PANH anion derivatives in the 1.5-2.5 eV (or 495-826
nm) range for vertical computations makes these molecules fascinating candidates as

carriers of the DIBs. In particular, given the low oscillator strength of these states and
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the inferred total abundance of PAH in the ISM, PANH anion derivatives possibly could
be responsible for the less strong DIBs. In this regard, it is interesting to note that the
same PAH structure can give rise to different isomers and, hence, to different, unique
spectra helping to account for the large number of absorption peaks without exceeding

the measured carbon budget.

5 Conclusions

In all, several take-home messages are provided by this work. First, the “+4s” functions
are better alternatives to linear combination approaches for the modeling of highly-
diffuse orbitals for dipole-bound excited states of anions. They save tremendous amounts
of computational time making EOM-CCSD computations of PANHs possible and ac-
tually perform better than the t-aug-cc-pVDZ basis set corroborating similar results for
small anions. % Second, as the size of the PANHs increase, the relative isomeric energy
range for the different deprotonated or dehydrogenated forms contracts with the excep-
tion of the extreme radical outliers: N1H1 quinoline and N3H5/N3H6 acridine. This
makes them likely to be produced together in some astronomical objects but not likely
to be created spontaneously in the temperatures of the ISM. Interstellar detection of
these systems would, consequently, provide some astrophysical insights into the region
of their potential creation.

Third, the smaller PANH anions (the quinoline-class) do not support valence ex-
cited states, but the larger PANH anions (the acridine and pyrenidine-classes) do. This
paves the road to search for dipole-bound and valance excited states on even larger
PA(N)H anions. Interestingly, the 2-aza-pyrene (“N3” pyrenidine derivative) anion
derivatives do not possess valence excited states since these excitations prefer to ac-
cess the PIB 7 system’s LUMO+1 orbital instead of the PIB LUMO. Fourth, the range
of the excitations, regardless of the anion, all fall within the 1.5 to 2.5 eV excitation
energy range, which is remarkable for molecules of such different sizes. Fifth, the va-
lence excitation oscillator strengths are fairly small but still detectable for the possible

abundances of these types of systems. Sixth and finally, these candidate dipole-bound
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excited states will certainly enhance the possibility for the formation of the anions in
the first place, and the presence of the brighter valence excited states are promising
candidates for future analysis as carriers of DIBs or other unresolved spectra falling in

or just shy of the near-IR region of the electromagnetic spectrum.
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Table 1: Relative anionic and radical energies (in eV) and neutral radical dipole mo-
ments (D) for the quinoline and isoquinoline derivatives.

Physical Chemistry Chemical Physics

Molecule | Relative Anionic Energy  Relative Radical Energy = Dipole Moment
N1H3 0.000 0.213 1.20
N1H2 0.133 0.272 2.01
N1H4 0.179 0.235 1.24
NI1H5 0.302 0.262 1.78
N1H6 0.348 0.249 2.76
N1H1 0.473 0.669 3.02
NI1H7 0.477 0.339 3.08
N2H6 0.151 0.322 2.99
N2H3 0.171 0.324 233
N2H2 0.176 0.316 2.76
N2H4 0.218 0.304 1.73
N2H5 0.251 0.315 225
N2H7 0.433 0.000 3.19
N2H1 0.619 0.123 3.47
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Figure 1: “N1” Quinoline (a) and “N2” isoquinoline (b) with the carbons numbered for
deprotonation or dehydrogenation.
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Figure 2: “N1” Acridine (a), and “N2” 1-aza-anthracene (b), and “N3” 2-aza-
anthracene (c) with the carbons numbered for deprotonation or dehydrogenation.
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Figure 3: “N1” Pyrenidine (a), and “N2” 1-aza-pyrene (b), and “N3” 2-aza-pyrene (c)
with the carbons numbered for deprotonation or dehydrogenation.




Physical Chemistry Chemical Physics

Figure 4: The acridine N1HS anion ' HOMO (a) and the a” n = 8 PIB # LUMO
valence virtual orbital (b).

a)
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Figure 5: The pyrenidine N1H8 anion ' HOMO (a) and the ¢” n =9 PIB x LUMO
valence virtual orbital (b).

a)
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Table 2: Relative anionic and radical energies (in eV) and neutral radical dipole mo-

Physical Chemistry Chemical Physics

ments (D) for the acridine derivatives.

Molecule | Relative Anionic Energy  Relative Radical Energy  Dipole Moment
NI1HS5 0.000 1.450 1.06
N1H4 0.302 1.465 1.21
N1H3 0.429 1.496 1.77
N1H2 0.469 1.475 2.76
N1HI 0.616 1.570 291
N2H3 0.183 1.505 1.35
N2H4 0.229 1.536 1.32
N2H2 0.320 1.569 2.12
N2H5 0.445 1.548 1.31
N2H8 0.511 1.559 2.96
N2H9 0.521 1.641 2.99
N2H6 0.524 1.551 1.68
N2H7 0.537 1.550 2.73
N2HI 0.649 1.236 3.18
N3H8 0.175 1.620 3.36
N3H3 0.243 1.624 2.92
N3H7 0.385 1.608 3.09
N3H2 0.394 1.609 3.29
N3H4 0.403 1.609 2.56
N3H5 0.458 0.000 2.00
N3H6 0.470 0.015 2.46
N3H9 0.602 1.274 3.50
N3H1 0.833 1.440 391
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Table 3: Relative anionic and radical energies (in eV) and neutral radical dipole mo-
ments (D) for the pyrenidine derivatives.

Molecule | Relative Anionic Energy  Relative Radical Energy =~ Dipole Moment
NIHS8 0.000 0.383 2.82
NIH6 0.018 0.364 1.50
NIH3 0.147 0.375 2.31
NIH5 0.150 0.356 1.49
NIH7 0.157 0.356 2.06
NI1H4 0.167 0.348 1.90
NIH2 0.319 0.349 3.20
NI1H9 0.320 0.000 3.16
NIHI 0.373 0.449 3.37
N2H5 0.015 0.350 1.84
N2H2 0.019 0.367 2.90
N2H4 0.041 0.326 1.94
N2H7 0.042 0.352 2.92
N2H3 0.069 0.349 248
N2H6 0.159 0.339 2.06
N2HS8 0.190 0.325 3.29
N2H9 0.405 0.417 3.69
N2H1 0.498 0.085 3.83
N3H4 0.109 0.432 2.47
N3H2 0.162 0.423 3.38
N3H3 0.181 0.408 2.82
N3H5 0.216 0.406 1.78
N3H1 0.384 0.161 3.54

Table 4: Vertical excitation energies (in eV), eBEs (in eV), and oscillator strengths (f)
for the quinoline and isoquinoline derivative anions.

Molecule State | pVDZ apVDZ dapVDZ tapVDZ apVDZ+4s dapVDZ+4s dapVDZ f apVDZ+4s f eBE

N1H2 2747 | 565 2.94 2.26 2.06 2.03 2.03 6x 1072 3% 1073 2.03
1147 | 226 231 2.30 - - - - -

N1H6 214" | 539 2.66 2.04 1.84 1.82 1.82 6x1073 3% 107 1.82
11a” | 220 2.25 2.23 - - - - -

N1H1 214" | 5.04 2.14 1.64 1.54 1.52 1.52 7 %1073 3% 1073 1.52
11a” | 288 1.91 1.90 - - - - -

N1H7 214" | 519 2.50 1.91 1.74 1.72 1.72 2x1072 9% 107 1.71
11a” | 229 2.28 2.18 - - - - -

N2H6 2147 | 431 2.65 2.18 2.09 2.08 2.08 4x1072 2x1073 2.08
11a” | 2.66 2.67 2.67 - - - - -

N2H3 214 | 556 2.62 2.25 2.05 2.04 2.04 5% 1072 2x1073 2.03
11a” | 3.06 2.62 248 - - - - -

N2H2 214" | 428 2.66 2.13 2.02 1.99 1.99 5x1072 9x 107 1.98
11a” | 256 2.60 2.59 - - - - -

N2H5 2147 | 558 2.56 2.18 1.98 1.96 1.96 6x 1072 4%1073 1.96
11a” | 223 2.30 2.30 - - - - -

N2H7 214" | 519 224 1.72 1.62 1.59 1.59 2x107! 8x 1070 1.59
11a” | 261 222 2.04 - - - - -

N2H1 2147 | 522 2.25 1.74 1.64 1.61 1.61 2x1073 1x1073 1.61
11a” | 197 2.05 2.02 - - - - -
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Table 5: Vertical excitation energies (in eV), eBEs (in eV), and oscillator strengths (f)
for the acridine derivative anions with dipole moments > 2.0 D.

Molecule State | pVDZ apVDZ dapVDZ apVDZ+4s apVDZ f apVDZ+4s f eBE
N1H2 2747 [ 559 2.60 2.13 2.05 2x 1072 4%x107° 2.04
11a” | 1.62 1.72 1.72 1.72 1x1073 1x1073
N1H1 214" | 535 2.46 1.99 1.91 5x1073 1x1075 1.90
114”7 | 158 1.65 1.65 1.65 7x1074 8x 1074
N2H2 214" | 582 2.84 2.34 2.24 2x 1072 4%x1073 2.24
1a” | 179 1.89 1.89 1.89 2x 1073 2x1073
N2HS8 214" | 550 2.57 2.09 2.01 1x1073 1x1073 2.01
11a” | 183 1.89 1.89 1.89 6x10~* 6x107*

N2H9 214" | 568 2.68 2.18 2.07 9x 1074 1x 1078 2.07
11a” | 197 1.98 1.97 1.98 1x1073 1x1073

N2H7 214" | 558 2.58 2.09 2.01 2% 1072 4%x107° 2.00
A" | 172 1.82 1.81 1.82 1x1073 1x1073

N2H1 214" | 5.14 2.25 1.80 1.71 2% 1072 3% 1079 1.71
11a” | 135 147 1.47 1.47 2% 1073 2x1073

N3H8 214" | 6.08 3.06 2.57 247 8x 1074 3x107° 247
1147 | 226 231 2.30 231 1x1073 1x1073

N3H3 214" | >5.81 2.97 2.47 2.36 2x 1073 6x107° 2.36
11a” | 218 2.23 2.22 2.23 1x1073 1x1073

N3H7 214" | 5.62 2.71 227 221 8x 1073 3% 1073 221
11a” | 1.92 2.01 2.00 2.01 9x 107 9x10~*

N3H2 214" | 5.82 2.79 227 2.14 1x1073 1x1073 2.14
1147 | 186 1.97 1.96 1.97 1x1073 1x1073

N3H4 214" | 558 2.67 2.23 2.17 9% 1073 3x1073 2.17
1147 | 1.90 1.98 1.98 1.98 7x1074 7% 1074

N3H5 214" | 565 2.68 2.22 2.16 3% 1072 7 %1073 2.16
11a” | 178 1.89 1.89 1.89 2% 1073 2x1073

N3H6 214" | 5.62 2.64 2.18 2.12 2% 1072 7 %1073 2.12
11a” | 170 1.82 1.81 1.82 9x 107 9x 10~

N3H9 2147 | 539 241 1.91 1.79 4%1073 6x 1076 1.79
11a” | 150 1.62 1.62 1.62 1x1073 1x1073

N3H1 214 | 537 2.45 1.95 1.82 6x1073 2x 1073 1.82
1147 — 1.58 1.58 1.58 2x107% 2x 107
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Table 6: Vertical excitation energies (in eV), eBEs (in eV), and oscillator strengths (f)
for the acridine derivative anions with dipole moments < 2.0 D.

Molecule  State | pVDZ apVDZ apVDZ+4s apVDZ f apVDZ+4sf eBE

N1H5 274, | 622 3.23 2.49 4%x1073 7x107° 2.49
1'B; | 225 2.28 2.28 2x1073 2x1073

N1H4 2147 | 5.80 2.77 2.15 2x1072 2% 1079 2.15
1147 | 179 1.87 1.87 5% 1074 5% 1074

N1H3 214" | 5.69 2.68 2.07 2x 1072 3% 107 2.07
114” | 1.61 1.71 1.71 1x1073 1x1073

N2H3 214" | 620 2.94 2.35 2% 1072 2x 107 2.34
11a” | 210 2.16 2.16 2x1073 2x 1073

N2H4 214" | 6.04 2.96 2.31 3% 1072 9x10° 2.31
1a” | 215 2.18 2.18 9x10~* 9% 1074

N2H5 214" | 5.64 2.67 2.08 1x1072 2x107° 2.08
1147 | 1.89 1.95 1.95 7x 1074 7% 1074

N2H6 214" | 5.63 2.61 2.00 2x1072 3%1073 2.00
1147 | 171 1.80 1.80 1x1073 1x1073
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Table 7: Vertical excitation energies (in eV), eBEs (in eV), and oscillator strengths (f)
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for the pyrenidine derivative anions with dipole moments > 2.0 D.

Molecule State | pVDZ apVDZ apVDZ+4s apVDZ f apVDZ+4sf  eBE
N1HS8 27147 | 5.90 2.93 2.44 2x 1072 5%1073 2.44*
11a” | 226 2.33 2.33 2x1073 1x1077
N1H3 214" | 595 2.87 2.23 3% 1072 3% 107 2.23
11a” | 213 221 221 2x1073 2x 1073
N1H7 214" | 572 2.77 222 3% 1072 5%x1073 2.22%
114”7 | 173 1.86 1.86 3% 1077 3% 1077
N1H2 214 | 561 2.63 2.03 1x1072 3%x1073 2.03*
11a” | 1.69 1.83 1.83 5% 1076 5% 107°
N1H9 214" | 531 2.38 1.78 7x1073 2% 1073 1.78*
11a” | 1.61 1.73 1.73 9x10~* 9x 107
N1HI1 214" | 559 2.62 2.05 1x1072 2% 1079 2.05
1147 | 1.98 2.06 2.06 2x1073 2% 1073
N2H2 214 | 5.99 2.97 2.34 2x1072 3%1073 2.34*
114”7 | 2.08 2.16 2.16 2x1073 2x1073
N2H7 214" | 578 2.84 2.36 2% 1072 6x1073 2.36*
11a” | 211 2.19 2.19 2x1073 2x 1073
N2H3 214" | 575 2.83 2.26 1x1072 4x1073 2.25
11a” | 1.96 2.06 2.06 4%x1074 4x107*

N2H6 214" | 565 2.72 2.18 2x 1072 6x1073 2.18*
11a” | 3.09 1.79 1.79 4x107° 4x107°

N2H8 214" | 568 2.74 2.15 8x 1073 2x 107 2.15
11a” | 1.89 2.00 2.00 5% 107 5% 1074

N2H9 214" | 547 2.55 1.97 5% 1073 2x 1073 1.97*
11a” | 1.69 1.79 1.79 6x107* 6x107%

N2H1 214" | 556 2.35 1.75 1x1072 2% 1073 1.75*
11A” | 134 1.49 1.49 5%x107% 5x107%

N3H4 214" | 579 2.82 2.32 2% 1072 1x1073 2.32*
11a” | 228 2.37 2.37 2x1073 2% 1073

N3H2 214 | 575 2.81 2.25 8§x 1073 3%x1073 2.25*
11a” | 217 2.29 2.29 8 x 1074 8x 10~*

N3H3 214" | 573 2.78 2.19 1x1072 3% 107 2.19
11a” | 210 222 222 5% 1074 5x1074

N3HI 214" | 557 2.61 1.99 3% 1073 1x1073 1.99*
11a” | 187 1.98 1.98 1x1073 1x1073

“ The eBE is computed to be 1.69 eV, but there exist questions about the stability of the Hartree-

Fock equations for this computation.

*See Section 3.2.3 for eBE determination for the pyridine derivatives.
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Table 8: Vertical excitation energies (in eV), eBEs (in eV), and oscillator strengths (f)
for the pyrenidine derivative anions with dipole moments < 2.0 D.

Molecule tate VDZ apVDZ apVDZ+4s apVDZ apVDZ+4s eBE
lecule S p p p 4 p S ap ds f
N1H6 2747 | 593 2.93 241 3x 1072 6x 107 241%
11a” | 225 2.33 2.33 3% 1073 3% 1073
N1H5 214" | 575 2.78 2.18 2% 1072 4x1073 2.18
11a” | 2.01 2.11 2.11 4%x1074 4x107%
N1H4 214" | 5.68 2.73 2.15 1x1072 3% 1079 2.15
11a” | 2.01 2.11 2.11 7x1074 7x1074
N2H5 214" | 5.87 2.89 2.38 3% 1072 7% 1073 2.38*
1147 | 214 222 222 2x1073 2x1073
N2H4 214" | 585 2.89 2.30 2% 1072 4x1073 2.30
11a” | 206 2.15 2.15 9x 10~ 9x 1074
N3H5 2'A; | 587 2.73 2.19 3x 1072 7% 1073 2.19*
1'B, | 214 2.03 2.03 0 0

*See Section 3.2.3 for eBE determination for the pyridine derivatives.
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