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A B S T R A C T

The matrix-isolated, mid-infrared spectra of seven acridine-based polycyclic aromatic nitrogen hetero-
cycles (PANHs) have been measured and compared to their non-nitrogen containing parent molecule.
The acridine species investigated include acridine, benz[a]acridine, benz[c]acridine, dibenz[a,j]acridine,
dibenz[c,h]acridine, dibenz[a,h]acridine and dibenz[a,c]acridine. The previously reported results for 1 and
2-azabenz[a]anthracenes are included for comparison. The experimentally determined band frequencies
and intensities are compared with their B3LYP/6–31G(d) values. The overall agreement between experi-
mental and theoretical values is good and in line with our previous investigations. Shifts, typically to the
blue, are noted for the C–H out-of-plane (CHoop) motions upon insertion of a nitrogen atom. The forma-
tion of a bay region upon addition of additional benzene rings to the anthracene/acridine structure splits
the solo hydrogen motions into a bay region solo and an external solo hydrogen, with the bay region solo
hydrogen coupling to the quartet hydrogen motions and the external solo hydrogen coupling with the duo
hydrogen motions resulting in an extreme decrease in intensity for the CHoop solo hydrogen band when
the external hydrogen is replaced by a nitrogen atom. The C–C and C–H in-plane region of this acridine
series exhibits the characteristic two fold increase in intensity, noted previously for PANHs. The strong
≈1400 cm−1 band, which was identified in the previous PANH study, is noted in several molecular species
as well as another strong PANH feature between 1480 and 1515 cm−1 for several molecules. The presence of
these strong bands appear to be primarily responsible for the two-fold increase in the C-H in-plane region’s
(1100–1600 cm−1) intensity. The C–H stretching region can be characterized by contributions from the
solo (bay or external), duo and quartet hydrogens, similar to what was observed in the dibenzopolyacene
compounds.

Published by Elsevier B.V.

1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are of interest in
terrestrial as well as extraterrestrial environments. In terrestrial
environments, PAHs are the by-product of natural (forest and prairie
fires, volcanoes) and anthropogenic (fossil fuel combustion, coking
plants, asphalt production, etc.) combustion processes. Given their
carcinogenic potential, the Environmental Protection Agency (EPA)
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has listed 16 specific PAHs as priority pollutants [1]. PAHs in extrater-
restrial environments form in the outflow of carbon stars and the
emission from large PAH molecules, carbon clusters, and carbon
nanograins dominates the infrared spectrum from the majority of
galatic and extragalatic objects, including regions of massive star
formation, the general interstellar medium (ISM), and star-forming
spiral galaxies [2,3]. By modulating radiation fields and influencing
charge balance in the diffuse ISM and circumstellar disks, PAHs often
take part in local extraterrestrial processes [4,5]. In dense molecular
clouds PAHs dominate cooling and promote H2-formation. Inside the
Solar System, specific small PAHs (less than 30 carbon atoms) have
been identified in particles from Comet Wild 2 [6], meteorites [7,8],
asteroids [9,10], interplanetary dust particles (IDPs), and tentatively
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identified in planetary satellites such as Iapetus and Phoebe [11].
PAHs have also been identified in meteorites both as smaller individ-
ual molecules, and as part of the insoluble organic material (IOM),
similar to kerogen material found in terrestrial coals [12,13].

The substitution of a nitrogen atom for a carbon or CH group in
a PAH creates a PANH (polycyclic aromatic nitrogen heterocycles)
and it has been suggested that these species are present in the
interstellar medium (ISM) and in planetary bodies [14–16]. In
addition, they have been identified in the carbonaceous component
of meteorites [17,18]. PANH have been predicted to be a com-
ponent of tholins on the surface and in the atmosphere of Titan
[19–23]. Tholins are also believed to give the reddish hue to the
objects of the outer solar system [24,25]. Clearly, there is ample
evidence that any comprehensive study of PAHs must also include
PANHs.

Given the importance of PAHs, we have undertaken a multi-decade
effort to understand the vibrational spectroscopy of these ubiquitous
molecules. As part of this continuing mission, we have determined
the infrared (IR) spectra of fourteen neutral PAH and PANH (poly-
cyclic aromatic nitrogen heterocycles) molecules using a joint density
functional theory-matrix-isolation experimental approach. Shown in
Fig. 1, starting with anthracene, we investigate the changes in their
vibrational spectral properties as the series grows by the addition of
one and two additional benzene rings, creating a benz[a]anthracene
and a dibenz[a,j], dibenz[a,h], and dibenz[a,c]anthracene series. We
also investigate the spectral changes induced by the presence and
position of the endoskeletal nitrogen atom, particularly as it relates to
its incorporation into the bay region of the PANH versus an external
location.

The remainder of the paper is divided into the following sections:
Methods 2 (Experimental and Theoretical), Results and Discussion 3,
followed by a Conclusion 4.

2. Methods

The molecules studied are shown Fig. 1 along with several
molecules that were studied in previous work, but are expanded
upon in this work to illustrate the trends. The molecules contain an
anthracene core with one or two benzene rings added to it, forming
the benz[a]anthracene, dibenz[a,j]anthracene, dibenz[c,h]anthracene
and dibenz[a,c]anthracene. For each molecular series, one CH group
is replaced in the parent molecules to form the nitrogen series.

2.1. Experimental Techniques

The matrix-isolation infrared (IR) techniques employed in these
studies have been described in detail elsewhere [26–28] and will
be briefly summarized here. All samples were isolated in an argon
matrix that was prepared by vapor co-deposition of the species
of interest with an over abundance of argon (Ar) onto a 15 K CsI
window suspended in a high-vacuum chamber (p < 10−7 Torr).
The PAH and PANH samples were vaporized from heated Pyrex
tubes while the argon was admitted through an adjacent length
of N2(l)- trapped copper tubing. The conditions were optimized
to produce an Ar/PAH or PANH ratio in excess of 1000:1. An IR
spectrum of the sample was recorded once a sufficient amount of
neutral material was accumulated, as indicated by the strength of the
weakest bands.

Experimental samples were obtained from either Chiron or
Resolution Systems, the U.S. supplier for Chiron. All of the PAH
and PANH samples were of 99% or greater purity. Spectra were
recorded on a Bio-Rad/Digilab Excalibur FTS-4000 IR spectrome-
ter, with each spectrum recorded as a co-addition of 500 scans at
a resolution of 0.5 cm−1. For presentation purposes, the reported
spectra have been baseline-corrected with several bands resulting

from impurities (such as water and purge air) either subtracted or
truncated using the Win-IR Pro 3.4 Software package and normal-
ized to 1×1016 molecules. All numerical values cited in this paper are
based on the band integrations of unaltered data.

The integrated intensities (
∫
tdv) for the neutral bands were deter-

mined using the Win-IR Pro 3.4 (DigiLab) software package. The
absolute intensities (A = (1/N)

∫
tdv), whereN is the column density

of absorbers (in molecules cm2), for the experimentally measured
PAHs and PANHs were determined using the theoretical values as fol-
lows. Integrated intensities for all bands between 1550 and 500 cm−1

were summed, obtaining the total absorption intensity for this region.
This range was chosen to exclude the contributions of the far-IR bands
(m < 500 cm−1) and the upper cutoff of m > 1550 cm−1 excludes the
CH stretching bands, which are substantially overestimated by quan-
tum calculations [3,30], any potential bands from matrix-isolated
water contamination, if present, and the overtone/combination bands
that are present in the experimental data and not included in the the-
ory, which is restricted to the harmonic approximation. These areas
are then put on an absolute footing using theoretically calculated
absolute band intensities as described by Hudgins and Sandford [28].
That is, the experimental relative intensities are scaled by the ratio
of the sum of the theoretically computed intensities between 1550
and 500 cm−1 over the sum of the experimental intensities over the
same range.

Aexp
i = Iexp

rel,i

∑1550
m=500 Athy

∑1550
m=500 Iexp

rel

. (1)

An advantage of this method is the fact that although there
may be some band-to-band variability in the accuracy of the cal-
culated intensity, the total intensity is generally accurate to within
10–20%, excluding theC–H stretching region. The IR spectra for
anthracene [26,28,29], acridine [29,30], benz[a]anthracene [28] (or
1,2 benzanthracene) as well as 1 and 2-azabenz[a]anthracene [27]
have been previously published but are updated and included here
for comparison purposes.

2.2. Theoretical Techniques

The structures have been fully optimized and the harmonic
frequencies computed using density functional theory (DFT). We
have used the hybrid [31] B3LYP [32] functional. Experience has
shown that the hybrid B3LYP functional in conjunction with the 4–
31G basis set [33] predicts reliable vibrational frequencies for closed-
shell neutral species [34,35], including those that contain nitrogen
atoms [26,27]. Despite this success, some preliminary calculations
for the ions of the molecules studied in this work suggested that
the larger 6–31G(d) basis set was superior for the ions. Therefore
the 6–31G(d) was also tested for the neutrals and the results using
the larger 6–31G(d) basis set were found to be in better agreement
with experiment. Note that all six components of the 3d functions
are used. Given the improvement when the size of the basis set
was increased, the even larger cc-pVTZ set of Dunning [36] was
tested. Excluding one band, discussed below, the 6–31G(d) and cc-
pVTZ basis sets gave very similar results and therefore the smaller
6–31G(d) basis set was used.

We previously developed [35] two scaling factors for a variety
of basis sets, but the results were disappointing for the larger
basis set. Subsequently it was realized that using the same fitting
approach, but using three scale factors significantly improved the
results. Therefore in this work, three scale factors are used for the
B3LYP/6–31G(d) approach. The range 0 to 1111.1̄ cm−1 is scaled
by 0.9821, 1111.1̄ to 2500.0 cm−1 is scaled by 0.9715, and finally
those frequencies greater than 2500.0 cm−1 are scaled by 0.9590.
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For naphthalene this yields an average and maximum error of 7.2
and 13.0 cm−1, respectively. While these errors are slightly larger
than the smaller basis set for naphthalene (4.5 and 12 cm−1, respec-
tively), the 6–31G(d) basis set agrees better with experiment for
these nitrogen containing species; this is probably a result of the
nitrogen atom in the current work. To compare the computed spectra
with experiment, we broaden the computed spectra using a Gaussian
function with a full width at half maximum (FWHM) of 5 cm−1.

For naphthalene there are both gas phase [37] and matrix
isolation [38,39] experimental spectra. The largest difference
between the gas phase [37] and matrix isolation experiment per-
formed at Ames [38] is 14 cm−1 for the C–H stretching modes and 5
cm−1 for the non-C–H stretching modes. The differences are larger
for the other experiment [39], 29 and 12 cm−1, respectively. There-
fore some of the differences between theory and experiment many
arise from matrix effects, but this should be sufficiently small that we
can use theory to identify and characterize the experimental bands.

All calculations have been performed using Gaussian 09 or earlier
versions of the same program system [40]. The interactive molecular

graphics program Jmol [41] has been used to aid the analysis of the
vibrational modes.

3. Results and Discussion

The acridine molecules and their parent PAH molecules that are
studied in this investigation are shown in Fig. 1. The study starts with
the simple anthracene (C14H10) structure with three rings, then adds
a fourth ring to form the benz[a]anthracene (C22H14) series and a fifth
ring, forming the dibenz[a,j], dibenz[a,h], and dibenz[a,c]anthracene
(C22H14) series. The acridine molecules in each of these series have
the nitrogen atom either in an internal bay region (benz[c]acridine
(C13H9N), dibenz[c,h]acridine (C21H13N), dibenz[a,h]acridine
(C21H13N), or dibenz[a,c]acridine(C21H13N)) or external position
(benz[a]acridine (C13H9N) or dibenz[a,j]acridine (C21H13N)). The
positions in the parent PAHs, anthracene, benz[a]anthracene and
dibenz [a,j], [a,h] and [a,c] anthracene molecules, are numbered to
help aid in the discussion, see molecules 1, 3, 8, 11, and 13 in Fig. 1.

Fig. 1. The molecules included in this investigation and the numbering scheme for the discussion of the vibrational spectra. The series consist of the anthracene, benz[a]anthracene
and [a,j], [a,h], and [a,c] dibenzanthracene series.
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Fig. 2. The 500–1000 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6-31G(d) and shown in black) spectra for anthracene and acridine. Experimental
spectra have been normalized to 1×1016 molecules.

The numbers will serve as reference points when discussing the
spectroscopy of the molecular series.

3.1. The C–H Out-of-Plane(CHoop) and Skeletal Region(450 to
1000 cm−1)

In this subsection, we discuss the 450 to 1000 cm−1 region of the
spectra. However, we were unable to obtain experimental spectra in
the 450 to 500 cm−1 region for all species. Therefore, only the 500 to

1000 cm−1 portion of the experimental and theoretical spectra are
shown in Figs. 2–5, but the bands between 450 and 500 cm−1 are
included in Tables 1–5. In this section, we focus on the experimental
data for position and intensity and use the corresponding theory to
identify the type of mode.

3.1.1. Addition of Benzene Rings
The theoretical and experimental infrared spectra for anthracene,

benz[a]anthracene, and dibenz[a,j], dibenz[a,h], and dibenz[a,c]

Fig. 3. The 500–1000 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6-31G(d) and shown in black) spectra for the species derived from
benz[a]anthracene. Experimental spectra have been normalized to 1×1016 molecules.
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Fig. 4. The 500–1000 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6-31G(d) and shown in black) spectra for the species derived from
dibenz[a,j]anthracene. Experimental spectra have been normalized to 1×1016 molecules.

anthracene are shown in Figs. 2–5 for the CH out-of-plane region.
The bands are tabulated in Tables 1–5. The band positions of
anthracene and benz[a]anthracene correspond well with those pre-
viously published [28]. The main feature in the anthracene spectrum
consists of molecular skeletal modes around 470 and 603 cm−1. The

470 cm−1 feature resembles a butterfly motion where the hydrogens
and carbon atoms along the long edge of the molecule (4, 5, 6 and
1, 10, 9 in Fig. 1 anthracene) are wagging out of the plane oppo-
site the non-hydrogen bearing carbon atoms. The 603 cm−1 band is
an anti-symmetric breathing motion of the two end aromatic rings

Fig. 5. The 500–1000 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) spectra for the species derived from
dibenz[a,h]anthracene and dibenz[a,c]anthracene. Experimental spectra have been normalized to 1×1016 molecules.
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Table 1
Summary of anthracene and acridine results. The intensities, A, are in km/mol
and the band positions are in cm−1. The theoretical results are taken from the
B3LYP/6–31G(d) approach.

a vb indicates a very broad band, while a * indicates the band is part of a complex.

(C–H groups 1, 2, 3, 4 and 6, 7, 8, 9 in Fig. 1 anthracene). The
bands at 727.6 and 878.3 cm−1 are normally attributed to the CH
out-of-plane (CHoop) modes for the quartet (aromatic ring with four
adjacent hydrogen atoms, i.e. the hydrogens at positions 1–4 and 6–9

in Fig. 1 anthracene) and solo hydrogen (aromatic ring with a single
hydrogen atom, see positions 5 and 10) modes of anthracene, respec-
tively. However, for anthracene, the quartet mode also involves the
solo hydrogens moving out-of-phase with the quartet’s CHoop. For
the 878.3 cm−1 mode, the solo hydrogens are coupled, in-phase,
to the sets of the hydrogen atoms on the ends of the anthracene
molecule (positions 2 and 3 and 7 and 8). The weak 908.7 cm−1

mode is caused by C–C–C and C–H in-plane rocking motions of the
anthracene skeleton, while the 957.2 cm−1 mode is a CHoop motion
where the hydrogens along the long axis of the molecule (4, 5, 6 and
1, 10, 9) are out-of-phase with the CHoop motion of the hydrogens on
the ends (2, 3 and 7, 8).

Several interesting things occur when a benzene ring is attached
to the 1, 2 position of anthracene to form benz[a]anthracene (See
Fig. 3). First, the skeletal region (≈450 to 700 cm−1) becomes
more active with new weak to moderate features appearing around
539.1, 565.3, 576.5, 621.2, 650.2, and 685.5 cm−1. The 539.1, 565.5,
576.3, and 685.5 cm−1 modes consist of C–C–C and C–H out-of-
plane motions, while C–C–C bending motions on the two, con-
secutive end rings (carbons 7 through 12, Fig. 1 molecule 3) of
the benz[a]anthracene skeleton are responsible for the 621.2 cm−1

mode. The 650.2 cm−1 mode consists of C–C–C rocking motions of
most of the PAH skeleton with the exception of the 7 and 8 groups on
the skeleton. The 747.2 cm−1 mode, normally ascribed to the quar-
tet hydrogens, is actually a mixture of the in-phase CHoop motion of
both quartet groups, which are out-of-phase with the CHoop motion
of the solo hydrogen (12) in the bay region and the duo hydrogen in
the 5 position (Fig. 1 molecule 3). The 782.7 cm−1 mode is the result
of C–C–C and C–H out-of-plane motions involving most, but not all,
of the atoms in the molecule. The 805.4 cm−1 mode, traditionally
called the “duo” hydrogen CHoop, consists of the duo hydrogen CHoop

coupled most strongly, in-phase, with the quartet hydrogens (posi-
tions 1, 2, and 3) on the additional benzene ring and strongly coupled,
out-of-phase, to the adjacent solo hydrogen (position 7). There is
only slight coupling to the other hydrogen motions. While the 882.8
cm−1 mode is primarily due to solo CHoop motion of both solo hydro-
gen atoms (7 and 12), they are slightly coupled, in-phase, to the duo
hydrogens (5 and 6) and moderately coupled to the quartet hydrogen
at position 10. The 944.3 cm−1 is primarily due to an anti-symmetric
CHoop motion of the quartet hydrogens (1, 2, 3, and 4), while the
951.9 cm−1 is a similar motion, but for the quartet hydrogens at
positions 8, 9, 10, and 11.

Upon addition of a second benzene ring, forming
dibenz[a,j]anthracene, the 450 to 725 cm−1 spectral region resem-
bles that of the benz[a]anthracene, although the bands are shifted
to different frequencies (see Fig. 4). The 493.1 cm−1 mode can best
be described as an in-plane rocking of the central aromatic ring
(carbon and hydrogen atoms) with corresponding distortions in the
surrounding rings. In this molecule the 556.2 and 709.6 cm−1 modes
consist of C–C–C and C–H out-of-plane bending motions, while the
591.9 and 648.8 cm−1 modes are in-plane C–C stretches.

The dibenz[a,j]anthracene shows one of the few serious disagree-
ments between theory and experiment. Theory has a strong band
at 847.9 cm−1 with an intensity of 29.3 km/mol that is solo H(14)
out-of-plane bend. Using the 4–31G or cc-pVTZ basis set does not
eliminate the problem, these basis sets simply shift to higher fre-
quency 872.3 and 871.4 cm−1, respectively. We note however, that
while the 4–31G has essentially the same intensity (27.6 km/mol) as
the 6–31G(d) basis set, the cc-pVTZ set has a smaller intensity (14.6
km/mol). There are weak bands in experiment at 861.6 and 879.8
cm−1. This suggests that this is either a very rare example of where
theory obtains a very poor intensity or the band intensity found in
our matrix experiment has a much smaller intensity that would be
seen in a gas-phase experiment.

It is interesting to note a gradual blue shift of the “solo” CHoop

mode with the addition of the benzene groups. The mode shifts
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from 878.3 cm−1 in anthracene, to 882.8 cm−1 in benz[a]anthracene
to 889.3 cm−1 in dibenz[a,j]anthracene. Similarly, the addition of
a benzene ring shifts the “quartet” mode to the blue as well, but

only with the first ring. The addition of the second benzene ring
splits the motion of the solo hydrogen atoms (positions 14 and 7
in Fig. 1 molecule 8, dibenz[a,j]anthracene), with the solo hydrogen

Table 2
Summary of benz[a]anthracene and 1- and 2-azabenz[a]anthracene results. The intensities, A, are in km/mol and the band positions
are in cm−1. The theoretical results are taken from the B3LYP/6–31G(d) approach. For 1- and 2-azabenz[a]anthracene these results
supersede our previous work.
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Table 2 (continued)

a b indicates a broad band, sh indicates a shoulder, while a * indicates the band is part of a complex.

in the bay region (14) being primarily responsible for the “solo”
mode, occurring at 889.3 cm−1. The “external” solo hydrogen at
position 7 coupled strongly out-of-phase for the “duo” hydrogen
mode. Although the “quartet” mode is somewhat coupled to most of
the other hydrogen atoms in the molecule, it is most strongly cou-
pled, in-phase, to the solo hydrogen atom in the bay region (position
14). Given the coupling of the quartet and solo hydrogens this may
explain the successive shifts to the blue of the “solo” modes as well
as the shift of the “quartet” modes. Although the “duo” hydrogens
are coupled to both the solo and quartet hydrogen motions, the addi-
tion of another benzene ring does not appear to impact the position
of the band.

Although the parent molecules dibenz[a,c]anthracene and
dibenz[a,h]anthracene were not included in the experimental
study, the theoretical data provides an interesting comparison.
Dibenz[a,h]anthracene and dibenz[a,j]anthracene have very sim-
ilar structures containing a bay solo, additional benzene rings
and duo hydrogens. The major difference is the non-bay solo
hydrogen in dibenz[a,j]anthracene. This is reflected in their spec-
tra where the “quartet” and “duo” bands are quite similar,
with the dibenz[a,h]anthracene “duo” modes shifted slightly to
the blue. However, the solo region for dibenz[a,j]anthracene is
much more complex, given the bay and non-bay solo hydrogens,
than the purely “solo” bay hydrogens of dibenz[a,h]anthracene.
Dibenz[a,c]anthracene is interesting in that it contains three sets of
“quartet” hydrogens, two of which are equivalent, only bay “solo”
hydrogens, and no “duo” hydrogens. The equivalent sets of “quar-
tet” hydrogens, which form the bay regions, occur at a higher fre-
quency than the “quartet” hydrogens on the anthracene structure.
For dibenz[a,c]anthracene using the 6–31G(d) basis set, the solo
hydrogens couple with the quartet hydrogens and split into two
bands with similar intensity, one at 842 and the other at 862 cm−1.
This strong coupling does not occur for the cc-pVTZ basis set and
only a single “solo” band is present at 876 cm−1. The solid phase

spectra on the NIST website appears more consistent with the cc-
pVTZ result of a weak peak near 865 cm−1 and very strong peak
near 888 cm−1. However, there is no strong coupling of the solo
and quartet hydrogens in dibenz[a,j]anthracene for any of the basis
sets, so the dibenz[a,c]anthracene results do not shed any light on
the difference between theory and experiment noted above for the
dibenz[a,j]anthracene.

3.1.2. Nitrogen’s Impact on the CHoop Region(450 to 1000 cm−1)
Although previous papers have reported the spectra of

anthracene and acridine [28–30], it is important to study the effect
of replacing one of the anthracene CH groups with a nitrogen atom
on the overall spectrum. Fig. 2 compares the anthracene and acri-
dine spectra for the 500 to 1000 cm−1 region of these molecules. It
is interesting to note that the bands visible at 469.7 and 601.6 cm−1

in acridine resemble the corresponding modes in anthracene. The
presence of the nitrogen atom seems to have very little, if any, influ-
ence on these skeletal motions. The weak 523.6 cm−1 band visible in
the spectrum of acridine resembles the rocking mode at 493.5 cm−1

of the central aromatic ring in dibenz[a,j]anthracene. The 618.1
cm−1 mode resembles the symmetric breathing modes of the two
end rings, out-of-phase, with the breathing mode of the central ring.
The 655.6 cm−1 mode is the result of CH–CH–CH in-plane rocking
motions. The “quartet” mode, visible as a split band centered around
737 cm−1, is identical to the motion in anthracene, although shifted
higher in frequency by ≈10 cm−1. Nitrogen’s presence and posi-
tion in acridine splits the “solo” mode. Shifting the “solo” motion
involving hydrogen (10) and hydrogens 1, 9 (out-of-phase) and 3, 4
and 7, 6 (in-phase) down to 854.4 cm−1 and the “solo” motion cou-
pled, in-phase, to hydrogens 2 and 8 and out-of-phase to hydrogens
6 and 4 (Fig. 1, molecule 1) up to 906.8 cm−1. The modes at 958.2
and 921.7 cm−1 are similar to those at 957.2 and 908.7 cm−1 in
anthracene. The new bands at 788.6 and 854.4 cm−1 arise from C–C
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and C–H out-of-plane motions, while the 815.1 cm−1 band is the
result of C–C stretches on both sides of the central ring. It appears
that the presence of a nitrogen atom increases the intensity of the

Table 3
Summary of benz[a] and benz[c]acridine results. The intensities, A, are in
km/mol and the band positions are in cm−1. The theoretical results are taken
from the B3LYP/6–31G(d) approach.

Table 3 (continued)

a vb indicates a very broad band, sh indicates a shoulder, while a * indicates
the band is part of a complex.
b May suffer from a water contaminant.

skeletal modes in this region in a fashion similar [27] to that for the
C–C and C–H in-plane region.

Fig. 3 displays the 500 to 1000 cm−1 spectra for the various nitro-
gen substituted benz[a]anthracene molecules. The theoretical and
experimental data for benz[a]acridine and benz[c]acridine can be
found in Table 3. The results for 1 and 2-azabenz[a]anthracene were
previously published [27]. The 450 to 700 cm−1 skeletal region is
intriguing given the similar pattern displayed by all 5 molecules.
Benz[a]anthracene along with benz[a] and benz[c]acridine all
contain a vibrational mode around 652±2 cm−1. 1- and 2-
azabenz[a]anthracene exhibit a band significantly shifted from this
position at 646.3 and 667.6 cm−1, respectively. This confirms what
we noted with theory earlier, that the additional benzene ring is
heavily involved in the 652 cm−1 mode. However benz[a]anthracene,
as well as 1- and 2-azabenz[a]anthracene all contain a mode around
621.8±0.8 cm−1, while this band falls at 618.1 and 614.3 cm−1 in
benz[a]acridine and benz[c]acridine, respectively. This indicates that
the mode is tied more closely to the anthracene skeleton than the
additional benzene ring. Indeed, theory confirms that this mode is
the result of C–C–C scissoring motion on the two end rings of the
anthracene moiety (positions 7–12, Fig. 1 benz[a]anthracene), with
very minimal nitrogen involvement. Finally, all the molecules in this
grouping have a band around 576.4±0.5 cm−1.

The infrared spectra of benz[a]anthracene, benz[a] and benz[c]
acridine all contain two inequivalent sets of “quartet” hydrogen
atoms (positions 1–4 and 8–11). The quartets on the pendent ben-
zene ring (positions 1–4) are broken up by a nitrogen atom for 1- and
2-azabenz[a]anthracene. As previously discussed, the “quartet” mode
at 747.2 cm−1 in benz[a]anthracene is a mixture of duo, solo, and
quartet hydrogen atom motions. This may help explain the observed
trends for this band. For benz[a] and benz[c] acridine the mode shifts
≈6 cm−1 higher in frequency. For 1-azabenz[a]anthracene the band
shifts ≈5 cm−1 lower in energy and its intensity is halved. The lower
intensity is not simply the result of halving the number of quartet
hydrogens in the molecule. Our calculations indicate that this mode,
although still primarily “quartet” in nature is now coupled, slightly,
in-phase with the duo hydrogens and coupled, slightly, out-of-phase
with the trio hydrogen group on the pendent benzene ring. While the
quartet hydrogens were coupled out-of-phase with the solo hydro-
gen atom in the bay region for the non-nitrogenated species, it is
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mostly coupled, out-of-phase, to the solo hydrogen external to the
bay region in 1-azabenz[a]anthracene (position 7, molecule 3, Fig. 1).
This is likely due to hydrogen bonding occurring between the bay
region solo hydrogen and the nitrogen atom. However, for the 2-
azabenz[a]anthracene, the position of the nitrogen atom creates a
second duo group, and a third solo hydrogen. In this instance the
original duo hydrogen group is coupled, in-phase, with the quartet
hydrogens, whereas the newly created duo and solo hydrogen atoms
exhibit little involvement in this motion. Both of the solo hydrogens

(positions 7 and 12, molecule 3, Fig. 1) on the anthracene structure
are coupled out-of-phase with the quartet hydrogen atoms.

The 750 to 900 cm−1 region of this subset of molecules appears to
present a very complex situation (see Fig. 3). However, some obser-
vations can still be made. All of the species have a band at about
750 cm−1 that arises from the symmetric out-of-plane bend of the
quartet hydrogens; for many of the species the solo hydrogens move
out-of-phase with the quartet hydrogens. The spectra differ in the
presence of a second band at higher frequency. The medium sized

Table 4
Summary of dibenz[a,j]anthracene, dibenz[a,j]acridine, and dibenz[c,h]acridine results. The intensities, A, are in km/mol and the band
positions are in cm−1. The theoretical results are taken from the B3LYP/6–31G(d) approach.

(continued on next page)
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Table 4 (continued)

a vb indicates a very broad band, sh indicates a shoulder, while a * indicates the band is part of a complex.

band around 782.7 cm−1 in benz[a]anthracene shifts to lower energy
and gains intensity in benz[c]acridine. This band also appears at
lower energy for 1- and 2-azabenz[a]anthracene, but is weaker than
for benz[c]acridine. It seems completely absent in benz[a]acridine.
The theoretical spectra show that for benz[a]anthracene this mode
is somewhat mixed in character; the largest motion is for hydro-
gens 3, 4, and 12 out-of-phase with hydrogen 1. The band in 1-
azabenz[a]anthracene is similar, involving the in-phase motion of
hydrogens 2, 3, and 4, which are out-of-phase with the motion
of hydrogens 5 and 6. In benz[c]anthracene the mode is the in-
phase motion of hydrogens 2, 3, 4, 8, and 9, which are out-
phase with hydrogen 11. We also note a significant motion of the
carbon(11) adjacent to the nitrogen. To our surprise the band in
2-azabenz[a]anthracene is totally different in character, being an in-
plane motion. An inspection of all the modes in this region for all
of the species shows several bands involving out-of-plane quartet
modes and some in-plane modes. It appears that the addition of
the nitrogen can enhance or suppress the intensity of bands in this
region.

The “duo” mode at 805.4 cm−1 in benz[a]anthracene shifts
slightly to the red (1–3 cm−1) in benz[c]acridine and 1-
azabenz[a]anthracene, but appears to shift significantly to
the blue (≈30 cm−1) and increases in intensity for the 2-
azabenz[a]anthracene and benz[a]acridine. In the unsubstituted
species (benz[a]anthracene), this “duo” CHoop motion is strongly
coupled out-of-phase with the adjacent solo hydrogen (position
7), moderately coupled, in-phase, to hydrogen positions 1, 2, and
3, and slightly coupled out-of-phase with the quartet hydrogens
4, 11, and 10. Given its strong out-of-phase coupling to the adja-
cent solo hydrogen, it is not surprising that replacement of the CH
solo with a nitrogen atom in benz[a]acridine causes such a drastic
shift in the “duo” band position. An inspection of the theoretical
2-azabenz[a]anthracene spectrum shows that the “duo” mode is
actually shifted about 7 cm−1 to the red and is weak, while the

bands observed at 838 and 845 cm−1 are modes that are composed
mostly of quartet and/or motions of hydrogens on the ring with the
nitrogen. We should note that these modes contain some motion of
the duo hydrogens, but not as much as the band near 800 cm−1.

The position and intensity of the “solo” hydrogen mode for 1-
and 2-azabenz[a]anthracene closely resembles that of their unsub-
stituted parent molecule (882.8 cm−1) although both are slightly
higher in frequency. However, this is decidedly different for benz[a]
and benz[c]acridine. In benz[c]acridine, the solo mode shifts ≈26
cm−1 higher in energy and has a smaller intensity. The intensity
reduction is consistent with one few solo hydrogen atoms than in the
parent. Although a similar shift is observed in benz[a]acridine, the
“solo” bands intensity is significantly diminished. The origin of this
larger reduction in intensity for benz[a]acridine is not obvious from
the modes. For both benz[a]acridine and benz[c]acridine, the mode
is mostly solo in origin, but some other motions also contribute, and
these contributions are different for the two positions of the nitrogen
atom. That is the nitrogen position affects the non-solo component of
the mode and thus affect the intensity much more than its position.

The dibenz series of molecules are shown in Figs. 4 and 5, with
the experimental and theoretical data provided in Tables 4 and 5. As
with the benz[a]anthracene series of molecules, the 450 to 725 cm−1

region contains the series of sharp, weak to medium strength bands
resulting from the skeletal motions described earlier. It is interest-
ing to note that dibenz[a,j]anthracene and dibenz[a,j]acridine exhibit
very similar bands around 557, 592, 646, and 707.5 cm−1, indicat-
ing the presence of nitrogen inside the bay region (position 14),
formed by the two additional benzene rings, does not inhibit these
skeletal motions. However, the bands occurring at 556.2, 648.8, and
709.6 cm−1 in dibenz[a,j]anthracene shift higher in energy to 568.1,
652.9, and 719.6 cm−1 for dibenz[c,h]acridine, while the 591.9 cm−1

appears essentially unchanged. We note that dibenz[c,h]acridine has
a band at 710.8 cm−1, which might indicate a much smaller shift, but
this band is different in character from the symmetric duo band in
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Table 5
Summary of dibenz[a,h]anthracene, dibenz[a,h]acridine, dibenz[a,c]anthracene, and dibenz[a,c]acridine results. The intensities, A, are in
km/mol and the band positions are in cm−1. The theoretical results are taken from the B3LYP/6–31G(d) approach.

(continued on next page)
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Table 5 (continued)

a sh indicates a shoulder, while a * indicates the band is part of a complex.

dibenz[a,j]anthracene at 709.6 cm−1 or the dibenz[c,h]acridine band
at 719.6 cm−1.

Although structurally different, dibenz[a,h]acridine exhibits a
band at 651.1 cm−1, similar to that observed in the three previously
discussed dibenz and benz[a]anthracene species. Indeed, our calcula-
tions reveal that this motion is the result C–C–C and C–N–C scissoring
motions (bending). Dibenz[a,c]acridine is unique in that most of its
bands in the 450 to 725 cm−1 region are shifted from those of the
other dibenz species.

The CHoop quartet region provides some interesting insight
into the dibenz molecular structure. Dibenz[a,j]anthracene,
dibenz[a,j]acridine, and dibenz[c,h]acridine exhibit identical struc-
tures with the exception of the presence and position of the nitrogen
atom. The presence of the nitrogen atom shifts the CHoop“ quartet”
mode (743.2 cm−1 in the parent) ≈6.5 cm−1 to the blue, but the
nitrogen’s position inside or outside (positions 7 or 14 in Fig. 1
dibenz[a,j]anthracene) the bay region does not seem to impact
the band position, but may result in a slight increase in inten-
sity for dibenz[a,j]acridine (see Table 4). The “quartet” mode in
dibenz[a,h]acridine, positioned at 747.1 cm−1, is similar to that of
dibenz[a] and [c] acridines. One may recall from the earlier discus-
sions that the “quartet” mode in the parent molecule is moderately
coupled, in-phase, to the solo hydrogen external to the bay region at
position 7 and out-of-phase with duo hydrogens at positions 5 and 9
(Fig. 1, molecule 8). Thus, nitrogen’s position in these three acridines
would not be expected to produce a drastic change in the “quartet”
CHoop modes.

Dibenz[a,c]acridine is interesting in that it contains three,
inequivalent, sets of “quartet” hydrogen atoms, no “duo” hydro-
gen atoms, and only a single “solo” hydrogen atom. This produces

three “quartet” bands at 722.6, 759.0, and 767.6 cm−1 (see Fig. 5).
The band at 722.6 cm−1 is very similar in character to the band
at 713 cm−1 (theory) in the parent, but the substitution of the
nitrogen removed the solo–quartet coupling, which shifts the band
to the blue. Since the solo motion was out-of-phase with the quartet
motion, its removal also increases the intensity. The nitrogen splits
symmetric band at 760 cm−1 (theory) in the parent into two bands,
by separating the motion of hydrogens 1, 2, 3, and 4 from hydrogens
5, 6, 7, and 8, Fig. 1, molecule 13.

The CHoop“ duo” modes provide insight into the effect of the posi-
tion of the nitrogen atom in the PANH structure on the IR spectra.
For dibenz[a,j]anthracene the duo mode occurs at 802.9 cm−1 and a
similar band is apparent at 800.6 cm−1 for dibenz[c,h]acridine. This
would seem to indicate that the nitrogen atoms replacement of the
CH solo group inside the bay region (position 14) has little influence
on the “duo” mode’s position, although the nitrogen does increase
the modes intensity. As discussed above, our calculations indicate the
“duo” hydrogens are coupled out-of-phase with the CHoop motion of
the external solo hydrogen (position 7, Fig. 1, molecule 8) with little,
if any, coupling with the solo hydrogen in the bay region (position
14). Thus, when the nitrogen atom replaces the external solo hydro-
gen between the duo hydrogens, it alters the “duo” motion, causing
an in-phase coupling of the duo hydrogens to the solo hydrogen in
the bay region, which results in the “duo” mode shifting ≈35 cm−1

to the blue as well as an increase in intensity.
Dibenz[a,h]acridine contains two duo hydrogen groups, one next

to the nitrogen atom and one on the opposite side of the PANH skele-
ton (molecule 12, Fig. 1). In the parent, there is one strong duo mode
at 808 cm−1 (theory), which involves both duo and solo hydro-
gen motion. Substituting nitrogen for CH leads to three bands in
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Fig. 6. The 1000–1650 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) spectra for anthracene and acridine. Experimental
spectra have been normalized to 1×1016 molecules.

this region. The two stronger bands are shifted by ≈10 and 30 cm−1

to higher frequency, with the duo adjacent to the nitrogen being
the higher of two. Nitrogen’s presence also activates a previously IR
inactive “duo” mode at 812.7 cm−1, where the CHoop“ duo” hydro-
gen modes are out-of-phase with each other, but this band is quite
weak.

Dibenz[a,j]anthracene exhibits its CHoop“ solo” motion around
889.3 cm−1, ≈5 cm−1 higher in energy than benz[a]anthracene, with
a small shoulder at 879.8 cm−1. Our calculations reveal that the

CHoop“ solo” mode is actually split for dibenz[a,j]anthracene. The
lower frequency mode being primarily the result of the bay solo
(position 14, Fig. 1, molecule 8) with very slight coupling, in-phase,
to hydrogens 3, 5 through 9, and 11. The higher frequency solo mode
is due to the solo hydrogen external to the bay region with mod-
erate in-phase coupling to hydrogens 5 and 9 and slightly coupled,
out-of-phase, to the solo hydrogen in the bay region. As noted for
the benz[a]anthracene series, placement of the nitrogen atom in the
external acridine position shifts the “solo” mode ≈20 cm−1 higher in

Fig. 7. The 1000–1650 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) spectra for the species derived from
benz[a]anthracene. Experimental spectra have been normalized to 1×1016 molecules.
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Fig. 8. The 1000–1650 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) spectra for the species derived from
dibenz[a,j]anthracene. Experimental spectra have been normalized to 1×1016 molecules.

frequency than the non-nitrogenated parent or if the nitrogen was
placed on a side ring.

It is interesting to note that for dibenz[a,j]acridine and
dibenz[a,c]acridine and, to a lesser extent dibenz[a,h]acridine the
intensity of the “solo” mode is weak to almost non-existent. This is
similar to what was observed for the benz[a]acridine “solo” mode.
As previously noted, the experimental results and the calculations

show significant in-phase coupling between the duo hydrogen atom
motions and of the external solo hydrogen atom (position 7). Replac-
ing the solo CH group by a nitrogen atom naturally eliminates the
one C–H solo stretch, but also seems to reduce the other solo band as
well. The only exception to this is dibenz[a,h]acridine, where there
are two solo–duo pairs so a solo–duo interaction remains even after
substitution of a nitrogen for a CH group.

Fig. 9. The 1000–1650 cm−1 region of the experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) spectra for the species derived from
dibenz[a,h]anthracene and dibenz[a,c]anthracene. Experimental spectra have been normalized to 1×1016 molecules.



A. Mattioda et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 181 (2017) 286–308 301

Some overall observations for this region of the spectra are: 1)
Duo hydrogens next to a nitrogen atom experience a significant blue
shift, while those further away show almost no effect. 2) For acridine,
the N in the central ring induces two bands with a solo contribution.
The addition of benzene rings hampers this coupling of the solo and
quartet modes which reduces the intensity of the solo bands. 3) The
quartet bands for benz[a]anthracene and benz[a]acridine are simi-
lar, but the addition of N to the pendent ring splits the quartet into
solo, duo, and trios that leads to new bands that can be either blue
or red shifted relative to original quartet bands depending on their
interaction with the N atom.

3.2. The C–H and C–C In-Plane Region (1000 to 1650 cm−1)

The C–C and C–H in-plane region for the anthracene,
benz[a]anthracene, and dibenzanthracene series of molecules are
shown in Figs. 6 through 9. These results confirm the results in
Mattioda et al. [27], which indicated that the presence of a single
nitrogen atom increases the intensity of bands in the 1000 to 1600
cm−1 region over the non-nitrogenated species. This factor of 2
increase is similar, though less intense, to what is observed upon
ionization of a PAH. The results of this investigation are provided in
Table 6 and contain experimental and theoretical results for com-
pleteness. It is interesting to note that, regardless of the number
of rings, the ratio of band intensities remain constant, that is the
PANH to PAH ratio for the CHoop regions is ≈1, the C–C and C–H
in-plane region ratio is ≈2 and the C–H stretching ratio is slightly
depressed ≈0.6 (experimental) and ≈0.8 (theoretical). However, in
this study, we note that this increase in intensity is primarily the
result of increased band intensity in a very narrow frequency range
1375 to 1600 cm−1(see Table 6). The intensity of bands in this region
exhibit a 2 to 6 fold increase (experimentally) and a 2 to 8 fold
increase (theoretically) in intensity over their parent PAH species,

with the position of the nitrogen atom impacting the increase in
intensity (see the benz[a]anthracene series in Table 6). This increase
in intensity over this limited spectroscopic region is also observed
in the molecules of our previous study, with the possible exception
of 2-azapyrene. The reason for this region’s increase in intensity is
discussed below.

The second item mentioned in Mattioda et al. [27] regard-
ing the 1000–1600 cm−1 region and the presence of nitrogen in
a PAH, is the appearance of an intense band around 1400 cm−1,
which was the result of a C–N–C rocking motion of the hydrogen
atom para to the nitrogen. Indeed, in this study dibenz[a,j]acridine,
dibenz[c,h]acridine, dibenz[a,h]acridine, and dibenz[a,c]acridine
(Figs. 8 and 9 and Table 3) exhibit an intense band between 1370
and 1400 cm−1, along with the 1-azabenz[a]anthracene discussed in
Mattioda et al. [27] However, it is interesting to note that acridine,
dibenz[a]acridine, and dibenz[c]acridine do not exhibit a similarly
intense band in this area (see Figs. 6 and 7 as well as Tables 1 and
2). However, the acridine spectrum has a strong band at 1518.9
cm−1 and there seems to be a similar feature, although not as
strong, in dibenz[a]acridine and dibenz[c]acridine. The other acri-
dine molecules contain a feature in this region as well, although it
is not as strong as in the previously mentioned species. An inspec-
tion of the mode shows that it is a C–N–C asymmetric stretch with a
para hydrogen in-plane wag; it falls between ≈1480 and 1515 cm−1.
For 2-azabenz[a]anthracene, which does not have a hydrogen para to
the nitrogen, there is a moderately strong band at 1451 cm−1 arising
from the C–N–C asymmetric stretch. A closer inspection of the data
reveals that some species have both bands, but one tends to be larger
than the other, see for example dibenz[a,h]acridine where there is a
strong band at 1403 cm−1 and a weaker band at about 1510 cm−1.

Previously [27], we noted that 1-azachrysene did not contain an
intense 1400 cm−1 feature found for other PANH molecules, how-
ever, it does contain an intense mode at 1478.6 cm−1. In addition,

Table 6
The intensities for a PANH and its PAH parent broken down by frequency ranges and the ratio of the PANH intensities to those of the parent. The theoretical results are taken from
the B3LYP/6–31G(d) approach.

Experiment Theory Experiment Theory

500–1100 1100–1600 2950–3150 500–1100 1100–1600 2950–3150 500–1375 1375–1600 500–1375 1375–1600

PAH (km/mol)
Anthracene 134 37 97 135 32 178 157 13 160 8
Benz[a]anthracene 163 65 169 171 62 211 204 22 200 29
Dibenz[a,j]anthracene 181 106 158 200 84 248 221 66 232 53
Dibenz[a,h]anthracene 207 83 242 238 52
Dibenz[a,c]anthracene 194 95 239 219 70

PANH (km/mol)
Acridine 132 103 72 148 91 139 154 81 172 67
1-azabenz[a]anthracene 197 166 132 162 156 170 241 122 201 116
2-azabenz[a]anthracene 213 113 86 164 99 177 280 46 207 55
Benz[a]acridine 177 113 71 178 129 168 215 76 220 88
Benz[c]acridine 189 135 69 186 154 185 218 107 221 120
Dibenz[a,j]acridine 211 160 94 209 179 199 242 129 241 148
Dibenz[c,h]acridine 224 173 124 219 200 232 255 143 258 161
Dibenz[a,h]acridine 218 203 213 280 141
Dibenz[a,c]acridine 205 223 210 256 172

Ratio PANH/PAH
Acridine 0.99 2.78 0.74 1.10 2.84 0.78 0.98 6.23 1.08 8.38
1-azabenz[a]anthracene 1.21 2.55 0.78 0.95 2.52 0.81 1.18 5.55 1.01 4.00
2-azabenz[a]anthracene 1.31 1.74 0.51 0.96 1.60 0.84 1.37 2.09 1.04 1.90
Benz[a]acridine 1.09 1.74 0.42 1.04 2.08 0.80 1.05 3.45 1.10 3.03
Benz[c]acridine 1.16 2.08 0.41 1.09 2.48 0.88 1.07 4.86 1.11 5.55
Dibenz[a,j]acridine 1.17 1.51 0.59 1.05 2.13 0.80 1.10 1.95 1.04 2.79
Dibenz[c,h]acridine 1.24 1.63 0.78 1.10 2.38 0.94 1.15 2.17 1.11 3.04
Dibenz[a,h]acridine 1.05 2.45 0.88 1.17 2.01
Dibenz[a,c]acridine 1.06 2.35 0.88 1.28 2.01
Average 1.16 2.00 0.61 1.04 2.29 0.83 1.13 3.76 1.10 3.64
Standard deviation 0.10 0.49 0.17 0.05 0.35 0.05 0.13 1.79 0.08 2.12
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Fig. 10. The experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) C–H stretching region for anthracene and acridine. Experimental spectra have
been normalized to 1×1016 molecules.

we note that for 2-azabenz[a]anthracene, which does not have a
hydrogen para to the nitrogen, there is a moderately strong band
at 1451 cm−1 arising from the C–N–C asymmetric stretch. Therefore
it appears that the nitrogen atom “lights up” at least one in-plane
vibrational mode, but that the position of the enhanced emission
can vary, usually between 1370 and 1400 cm−1 or between 1480
and 1515 cm−1 if there is a hydrogen para to the nitrogen, but as
demonstrated by 2-azabenz[a]anthracene, for the species without a
hydrogen para to the nitrogen it might fall between these two ranges.
More examples are required to confirm this last observation.

3.3. CH Stretching Region (3000 to 3150 cm−1)

Figs. 10–13 display the C–H stretching region for the experimen-
tal and computational spectra. While the experimental bands are
relatively broad, it is clear that they are composed of several overlap-
ping bands and that these bands vary in number and position with
the molecule. This is consistent with the notion that C–H stretching
of the solo, duo, trio, and quartet hydrogens tend to fall at slightly
different positions [42]. As has been shown previously, coupling of
adjacent groups can shift their positions and change their intensi-
ties. In addition, it is known that the steric interactions between
neighboring H atoms in bay regions blue shift the band positions.
In this work we find that the presence of nitrogen atoms introduces
more complexity into the bands in this region, with the effect of the
nitrogen depending on the relative positions of the nitrogen and the
neighboring CH groups. Because the experimental bands are broad,
we use the computed bands and their associated vibrational vectors
to demonstrate the effect of nitrogen on the C–H stretching spectra.

The computed and experimental spectra are shown in
Figs. 10–13. Selected C–H stretching vibrational modes are shown in
Fig. 14. The simplest molecule is anthracene and it has four infrared
allowed C–H stretching modes that are shown in Fig. 14. The lowest

frequency mode is mostly C–H solo stretching in character, while
the others are mostly C–H quartet stretches. These four allowed
modes overlap into a single broad band in the experimental spec-
trum, although a slight shoulder can be seen around 3050 cm−1.
The positions of these bands is quite typical of PAH molecules.

A comparison of anthracene and acridine shows some small
changes in position and intensity of the four bands observed in
anthracene and a new band at 3087 cm−1. This new band arises from
the stretches of the CH groups (4 and 6, molecule 1, Fig. 1) next to the
nitrogen atom, where the symmetric stretch is shown in the Fig. 14;
the asymmetric stretch is 0.5 cm−1 lower in energy. The origin of this
shift to higher frequency is not obvious. At the same level of theory
we find the frequency of CH+ is 75 cm−1 higher than for CH, and for
9-fluroanthracene (note this uses the IUPAC numbering scheme for
anthracene, this would be position 5 in Fig. 1) there is C–H stretch-
ing band at 3093 cm−1. Therefore, we attribute the shift to higher
frequency in acridine to charge withdrawal by the nitrogen atom.
However, the change in the Mulliken charge on the carbons at posi-
tions 4 and 6 is about 0.05 e−, so we cannot rule out other factors
contributing to the shift.

The remaining pairs of equivalent C–H stretches (3 + 7, 2 + 8,
and 1 + 9, see Fig. 1, molecule 1) also show the effect of the nitro-
gen substitution. These three pairs could be described as being trios
or three pairs of solo stretches with some coupling; namely the six
bands that arise from these hydrogens all show motion of all of the
hydrogens, but for each band one pair of hydrogens show greater
motion than the other two pairs of hydrogens. These motions give
rise to the bands at 3074, 3059, and 3048 cm−1. The solo band is at
3042 cm−1, thus the nitrogen has had very little effect on the stretch-
ing frequency of the solo C–H group para to the nitrogen compared
to the C–H stretch in anthracene. It appears that the two highest fre-
quency bands in the experimental spectra are shifted by about 10
cm−1 to the blue compared with the computed bands. In addition,
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Fig. 11. The experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) C–H stretching region for the species derived from benz[a]anthracene.
Experimental spectra have been normalized to 1×1016 molecules.

the intensities of the 3074 and 3059 cm−1 bands seem to be reversed
between the experimental and computed spectra. The experimen-
tal spectrum of anthracene, and most of the molecules in this study,
contain a weak but clearly visible band around 3020 cm−1. A recent
study by Mackie et al. [43] identifies this as a combination band in
benz[a]anthracene resulting from C–C stretches and C–H in-plane
bends.

The benz[a]anthracene spectra (see Fig. 11) looks like anthracene
with an extra band at 3087.5 cm−1. The high frequency band is
shown in Fig. 14 and is due to the symmetric stretch of the bay hydro-
gens (1 and 12, molecule 3, Fig. 1). Their stretch is shifted to higher
energy due to the repulsive interaction of the hydrogens. Thus while
both acridine and benz[a]anthracene have a high frequency band
when compared to anthracene, they are quite different in character.
The band 3075 cm−1 is composed of the C–H quartet stretches, while
the band at 3065 cm−1 is mostly symmetric C–H duo stretches in
character. The lowest frequency peak arises from bands with mixed
character, but would be best described as being mostly asymmetric
C–H duo stretching (the higher frequency component) and C–H solo
(the lower frequency component). That is, the solo, that is not part
of a bay, again falls at the lowest frequency. The experimental and
computed spectra are in very good agreement.

The spectrum of 1-azabenz[a]anthracene does not appear to have
the high frequency peak, but there is actually a very weak C–H(12)
solo adjacent to the N at 3085 cm−1. This is seen more clearly as a
shoulder in the experimental spectrum in Fig. 11. The broad peak
at about 3076 cm−1 is composed of a duo-like stretch of the C–H
groups meta and para (3 and 4) to the nitrogen and the quartet C–H
stretches. The band near 3064 cm−1 is derived from the quartet C–
H and symmetric duo stretches. The broad band between 3052 and
3042 m−1 is mixed in character involving quartet, asymmetric duo,
and finally solo C–H(7) stretches. The new band at 3035 cm−1 arises

from the C–H(2) group ortho to the nitrogen. The experimental and
computed spectra are in good agreement.

The spectra of 2-azabenz[a]anthracene does not show the C–H
bay stretch as found for benz[a]anthracene. The peak at 3078 cm−1

is composed of the quartet C–H stretch and the solo hydrogen (12)
ortho to the nitrogen, with essentially no contribution from the solo
bay hydrogen. The band at 3066 cm−1 is composed of the two
pairs of duo C–H stretches and C–H quartet stretches. The band at
3045 cm−1 is composed of the C–H(1) ortho to the nitrogen and C–
H(7) solo stretches. Thus, we see a very strong nitrogen ortho effect
on the C–H stretching frequencies. This ortho effect has been pre-
viously [44] observed for pyridine, where the C–H bond ortho to
the N is 7 kcal/mol lower in energy than the C–H bonds meta and
para to the N. The theoretical bands at 3078 and 3066 cm−1 are
shifted slightly to the blue of their experimental positions, with the
intensities of the bands being reversed.

The benz[c]acridine has two higher frequency peaks compared
with anthracene. These two peaks involve the stretching of the CH
groups adjacent to the nitrogen (1 and 11, Fig. 1, molecule 3) The
highest frequency peak is shown in Fig. 14 and is like a bay stretch,
but where the hydrogen (1) has a repulsive interaction with the
nitrogen lone pair instead of another hydrogen. The other C–H(11)
stretch is similar to that observed for acridine and, not surprisingly,
falls at essentially the same frequency as found for acridine. The band
at 3074 cm−1 is quartet C–H stretching in character, while the band
near 3064 cm−1 is composed of several bands arising from duo and
quartet C–H stretches. The lowest frequency peak is again mixed in
character, being composed of quartet, asymmetric duo, and solo C–
H stretches. The experimental and theoretical spectra are in good
agreement with the high frequency band shifted about 10 cm−1 to
the blue in the experimental spectrum and the intensity of the 3074
and 3066 cm−1 bands reversed.
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Fig. 12. The experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) C–H stretching region for species derived from dibenz[a,j]anthracene.
Experimental spectra have been normalized to 1×1016 molecules.

The computed spectra of benz[a]acridine has a very large high
frequency peak that is composed of three vibrational modes, the
symmetric and asymmetric stretches of the C–H groups next to the
nitrogen (6 and 8, Fig. 1, molecule 3) and the symmetric bay hydro-
gen (1 and 12) stretch. That is, this sizable peak is essentially the
superposition of the acridine and portions of the benz[a]anthracene
spectra. As found for the other species in this series, the band at
3074 cm−1 is composed of the quartet C–H stretch. The broad fea-
ture running from 3064 to 3047 cm−1 is composed of several bands
that involve asymmetric bay, the duo C–H(5) that is not adjacent to
the nitrogen, and quartet stretches. Note for this molecule, the low-
est frequency band is mostly quartet in character, unlike the others
species where it is the solo stretch. This arises for benz[a]acridine
since the only solo H has a bay interaction. The broad band, com-
posed of three bands, at about 3055 cm−1 in the computed spectrum
appears to be broken apart in the experimental spectrum.

The spectra of the dibenz species in Figs. 12 and 13 shows many
of the same features shown in the anthracene and benz[a]anthracene
derived species. The computed dibenz[a,j]anthracene spectra shows
a band at 3108 cm−1 that is the symmetric combination of the two
bay stretches, which is shown in Fig. 14. The internal C–C bond
lengths are slightly longer than edge C–C bond lengths, which pushes
the bay hydrogens closer together and shift their symmetric stretch
to slightly higher frequency than found for the benz[a]anthracene.
The band at 3081 cm−1 band is composed of the other two compo-
nents of the bay stretches, which are also shown in Fig. 14. These are
the very weak asymmetric C–H 1 and 13 stretches at 3084.3 cm−1

and strong combination of the symmetric stretch of C–H groups 1
and 13 with the out-of-phase stretch of the central C–H(14) stretch
at 3080.9 cm−1(Fig. 1, molecule 8). The strong band at 3073 cm−1

is a quartet stretch, while the strong band at 3065 cm−1 arises
from the symmetric duo stretches. The bands at lower frequency are

quartet, asymmetric duo, and finally solo in character. The experi-
mental spectrum, at first glance, appears to be somewhat different
from the computed spectrum. However, as discussed previously, the
3074 cm−1 mode, mostly quartet in character, tends to be shifted
by about 10 cm−1 to the blue in the experimental spectrum and the
intensities of the 3074 and 3065 cm−1 bands tend to be reversed. The
mixed mode bands between 3050 and 3040 cm−1 are more intense
than predicted by theory.

Changing the central C–H into an nitrogen to form
dibenz[c,h]acridine reduces the number of bay stretches from three
to two and these coalesce into a single band, because the nitrogen
lone pair is stationary. The remaining bands are very similar in posi-
tion and character as in the parent. There is excellent agreement
between the experimental and theoretical spectra.

Switching the location of the nitrogen from the top of the ring
to the bottom to form dibenz[a,j]acridine causes some significant
changes to the spectra. The totally symmetric bay stretch shifts
down in frequency to 3098 cm−1 because the C–N bonds are slightly
shorter than the C–C bonds which tilts the top two rings away from
each other and hence slightly reduces the bay H repulsive inter-
action. The band at 3088 cm−1 is composed of the symmetric and
asymmetric stretches of the CH(6 and 8) groups next to the nitro-
gen (see Fig. 1, molecule 8), i.e. the same bands as found at 3087
cm−1 in acridine. The band at 3079 cm−1 is composed of the other
two combinations of the bay hydrogens, which also falls at slightly
lower frequency than in dibenz[a,j]anthracene. Since the nitrogen
splits the duo stretch into effectively two solo stretches, the symmet-
ric duo stretch band is missing and only the lower frequency bands
appear in the spectra that are essentially solo H 5 and 9 stretches.
Note that since the only solo hydrogen is involved in a bay inter-
action, the band does not extend to as low a frequency as found
in dibenz[a,j]anthracene and dibenz[c,h]acridine. The experimental
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Fig. 13. The experimental (shown in red) and theoretical (B3LYP/6–31G(d) and shown in black) C–H stretching region for species derived from dibenz[a,h]anthracene and
dibenz[a,c]anthracene. Experimental spectra have been normalized to 1×1016 molecules.

and computed spectra are in good agreement with less than 10 cm−1

shifts in the lower frequency mixed mode.
In dibenz[a,h]anthracene (see Fig. 13), the two C–H bay bands

do not interact and therefore fall at 3086 cm−1, which is lower
than in dibenz[a,j]anthracene, but very similar to benz[a]anthracene.
The remaining bands have the expected character, namely quartet
stretch at 3074 cm−1, symmetric duo stretch at 3064 cm−1, fol-
lowed by the weaker bands composed of quartet and asymmetric
duo stretches. Substituting a nitrogen adds a band at 3099 cm−1,
which is N–C–H(8) bay-like stretch. The band at 3085 cm−1 is com-
posed of the normal C–H(1 and 14) symmetric bay stretch and the
C–H(6) stretch for the group adjacent to the N, as found in acridine
(see Fig. 1, molecule 11). The band at 3074 cm−1 is the typical quar-
tet stretch and the 3064 cm−1 is symmetric duo and asymmetry bay
stretches. The asymmetric duo and quartet stretches form the red
wing of this band. Since the only solo is part of bay interaction, there
is no low frequency solo component.

Dibenz[a,c]anthracene has bands at 3107, 3100, and 3099 cm−1

that arise from the three bays stretches. The highest frequency
band corresponds to the stretch of H 4 and 5 (Fig. 1, molecule 13).
Because internal C–C bond length (i.e. a bond between two car-
bons that are bonded to two other carbons and no hydrogens) is
slightly longer than an edge length, these bands fall near those of
dibenz[a,j]anthracene and higher than that in benz[a]anthracene.
The bands at 3077 and 3069 cm−1 are composed of quartet and
asymmetric bay stretches. The red shoulder on the 3069 cm−1 is
mostly quartet stretching in character and the remaining bands are
very weak.

The spectra of dibenz[a,c]acridine shows some significant
changes relative to its parent. The bands at 3105, 3102, 3091,
and 3087 cm−1 correspond to bay hydrogen 8-N interaction, bay

hydrogens 4 and 5, bay hydrogens 1 and 14, and the hydrogen (10)
next to the N (i.e. stretch noted for acridine), respectively. The broad
band that stretches from 3074 to 3060 cm−1 is composed of quartet
and asymmetric bay stretches. The lower frequency bands are weak
as found for the parent. The theoretical and experimental spectra are
in good agreement.

In this subsection, we have shown that the substitution of nitro-
gen for a CH group makes more significant changes in the C–H
stretching region than might have been expected. The nitrogen can
shift an adjacent C–H stretch to higher frequency as found for acri-
dine and several other species. However, we also found that nitrogen
can shift a hydrogen at the ortho position to lower frequency. For
example in 1-azabenz[a]anthracene where the nitrogen splits the
expected trio stretch into a solo-like and duo-like stretches, where
the solo at the ortho position falls at lower frequency that a typical
trio. A second example is 2-azabenz[a]anthracene where the nitro-
gen shifts the bay hydrogen ortho to the nitrogen to a frequency
lower than a typical bay stretch to a frequency only slightly higher
than in a typical quartet stretch. The nitrogen lone pair can interact
with a C–H stretch to create a bay-like stretch. Clearly nitrogen can
affect the C–H stretching region in many ways. A summary of the
positions for the various types of C–H stretches is shown in Fig. 15.

4. Conclusions

This work builds on the earlier investigations concerning PANHs,
namely nitrogen containing PAHs. As noted in previous work, the
presences of a nitrogen atom within the PAH skeleton disrupts the
electron distribution within the entire PANH molecule, resulting
in a two-fold increase in the band intensity visible in the 1000–
1600 cm−1 region. Likewise we note the presence of an intense band
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Fig. 14. Selected B3LYP/6–31G(d) vibrational modes.

around 1400 cm−1, due to the in-plane wagging motion of a hydro-
gen atom opposite that of a C–N–C rocking motions, similar to what
we observed in earlier studies. A feature, similar in intensity to the C–
N–C with in-plane hydrogen wagging, is noted around 1480 to 1515
cm−1 and is the result of an in-plane hydrogen wag in conjunction
with a C–N–C stretching motion. These C–N–C rocking and stretching
motions may serve as unique fingerprints for the PANH molecules.
The in-plane modes of the 1375–1600 cm−1 region are primarly

responsible for the observed increase in intensity observed for the
entire in-plane region (i.e. 1100–1600 cm−1). Thus, PANH molecules
may contribute to the variability observed in the astronomical 6.2 to
7.2 lm features.

The addition of benzene rings to the anthracene or acridine sub-
structure results in several interesting observations for the CHoop

region. First, for the benz[a]anthracene series, the addition of a ben-
zene ring almost doubles the number of skeletal modes visible in



A. Mattioda et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 181 (2017) 286–308 307

Fig. 15. Summary of the positions for the various type of C–H stretches.

the infrared spectrum between 450 and 700 cm−1. The insertion of
nitrogen into this series leads to the shifting of some of the bands in
this region but not to a drastic change in number. While the addition
of a second benzene ring, forming the dibenz[a,j]anthracene series,
increases the number of skeletal modes in this region, it is not to the
extent observed in the benz[a]anthracene series.

The insertion of nitrogen and the addition of benzene rings to the
anthracene structure result in a somewhat combined effect for the
solo, duo, and quartet regions. Insertion of nitrogen into the acri-
dine position (i.e. in the anthracene ring) shifts the quartet hydrogen
modes to the blue for the acridine series of molecules while inser-
tion into an adjacent benzene ring, 1- and 2-azabenz[a]anthracene,
shifts the quartet hydrogen mode to the red of the parent PAH. Addi-
tion of the first benzene ring shifts the quartet hydrogen mode to the
blue from anthracene, while the addition of a second benzene ring
shifts the quartet mode to the red, but not all the way back to the
position observed in anthracene’s spectrum. The duo and solo hydro-
gen modes seem to be more sensitive to the insertion and position of
nitrogen, with the addition of benzene rings building on this impact.
Addition of the first benzene ring creates a bay region in the PAH,
resulting in a bay region solo hydrogen and an external solo hydro-
gen. The bay region hydrogen seems to interact and couple with the
quartet hydrogen motions while the external hydrogen couples with
the duo hydrogen atoms adjacent to it in the PAH/PANH skeleton.
This results in progressive shifting to the blue of the solo hydrogen
motion with each addition of a benzene ring, while the position of the
duo hydrogen motion seems invariant to the addition benzene ring.
This interaction is exemplified by the replacement of the bay solo
hydrogen with a nitrogen atom. The duo hydrogen motions seem
unaffected by this change; whereas replacement of the external solo
hydrogen atom shifts the duo hydrogen motions to the blue. In all
instances of this investigation, replacement of a solo hydrogen from
the anthracene base, creating an acridine, shifts the solo hydrogen
motion to the blue. However, in the instances of dibenz[a,j]acridine,
dibenz[a,c]acridine, and benz[a]acridine the solo hydrogen mode is
extremely weak. We believe this is due to the external solo hydro-
gen being replaced by a nitrogen atom. Upon formation of a bay
region, separating the bay region solo hydrogen and the external

solo hydrogen motion, the external hydrogen seems to be primarily
responsible for the solo hydrogen mode visible in the infrared spec-
trum. Thus when this group is replaced by a nitrogen atom, the solo
hydrogen motion intensity drastically decreases.

The C–H stretching region appears to behave similar to what
we observed in our dibenzopolyacene investigation, with the solo
hydrogen motion, coupled to the duo hydrogens, being responsible
for the weak, low frequency features between 3000 and 3020 cm−1,
the quartet hydrogens providing the most intense C–H stretches
around 3065 cm−1 and the duo hydrogens coupling with the quartet
hydrogens and contributing to the features between 3025 and 3050
cm−1. The splitting of the bay region solo hydrogen from the external
solo hydrogen is also evident in the theoretical calculations, with the
external solo hydrogen combining with the duo hydrogens to form
the lowest frequency mode and the highest frequency modes due
to the coupling between the quartet hydrogens and the bay region
solo hydrogen. The consistent position of the quartet hydrogens C–
H stretching mode could potentially serve as a compact versus open
PAH structure diagnostic tool in higher resolution spectroscopic data
(astronomical or terrestrial). Likewise, the presence of the higher
frequency modes (>3095 cm−1) could serve as an indicator of nitro-
gen’s presence in the PAH structure or the presence of a bay region
in the PAH.

In summary, this work reveals that the creation of bay regions
in a PAH molecule splits the solo hydrogen motions, with the bay
solo hydrogen coupling with quartet hydrogens while the exter-
nal solo hydrogen couples with the adjacent duo hydrogen motions.
Nitrogen’s presence and position in the PAH skeleton impacts PAH
band positions and intensities, which could serve to help form an
identification protocol to distinguish between PAHs and PANHs.
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