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Infrared Spectra of Substituted Polycyclic Aromatic Hydrocarbons

1. Introduction

Because of the tremendous stabilization affordedrisfec-
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Calculations are carried out using density functional theory (DFT) to determine the harmonic frequencies
and intensities of 1-methylanthracene, 9-methylanthracene, 9-cyanoanthracene, 2-aminoanthracene, acridine,
and their positive ions. The theoretical data are compared with matrix-isolation spectra for these species also
reported in this work. The theoretical and experimental frequencies and relative intensities for the neutral
species are in generally good agreement, whereas the positive ion spectra are only in qualitative agreement.
Relative to anthracene, we find that substitution of a methyl or CN for a hydrogen does not significantly
affect the spectrum other than to add the characteristic methjd @d G=N stretches near 2900 and 2200

cm1, respectively. However, addition of Nidramatically affects the spectrum of the neutral. Not only are

the NH, modes themselves strong, but this electron-withdrawing group induces sufficient partial charge on
the ring to give the neutral molecule spectra characteristics of the anthracene cation. The sum of the absolute
intensities is about four times larger for 2-aminoanthracene than those for 9-cyanoanthracene. Substituting
nitrogen in the ring at the nine position (acridine) does not greatly alter the spectrum compared with anthracene.

the tumorigenicity of a PAH depending on its locatién.
Similar effects are seen for side groups containing oxyged
nitrogen!® Studies have also indicated that PAHs with side

ggenu?)?l?J(i:t?nllIJZsaitrIIO:l;rpezo\i)el:r:yggc ga?rrgﬁrt:gig ygl rolggrr te):igfn(Fl)? Tr?g groups are of ast_rophysical importa_mce_ as well. A major fractiqn
q yaay gs. P&, €Y ¢ organic material in most meteorites is in the form of aromatic

are the dominant component of coals and coal-derived liquids
and are important byproducts of petroleum manufactufdey

also constitute a major part of the soot formed in combustion
processésand, as such, given their well-documented biological
activity,® represent important environmental pollutants. In
addition to their terrestrial importance, PAHs are also one of
the major classes of molecular species found in the interstellar
medium (ISM)45

materials'® at least some of which have an interstellar heritage
as evidenced by their large deuterium exced$eBAHs have
also been detected in interplanetary dust particles (IDPs) thought
to come from asteroids and comét$? PAHs from both
sources frequently carry functional groups. Methyl side groups
are the most common, but ethyl, biphenyl, isobutyl, isopropyl,
hydroxyl, and N-bearing functionalities are also s&&#. PAHs

with side groups may also be the carriers responsible for certain

Because of their relative importance for both terrestrial and gnjgmatic emission bands seen in the infrared spectra of nebulae
astrophysical concerns, the spectral behavior of PAHs and PAH-ip, {he interstellar mediurh2* Recent ab initio calculations have

related species has received extensive theoretical and experighawris that some of these side groups, such as MRt CN

mental attention in recent years. Ab initio calculations are now

are more strongly bound to anthracene and anthracene cation

available for the vibrational frequencies and intensities of a {han the methy! side groups.

substantial number of neutral and ionized PAH%,and
extensive laboratory work has been carried out on both PAHs
in the gas phade!! and in matrix isolatiod?13 The majority
of this work has concentrated on simple, unfunctionalized PAHs
(i.e., PAHSs that contain only carbon and hydrogen arranged in
fused benzenoid rings). Only recently has some theoretical and
laboratory work begun to appear on the spectral properties of
PAHSs containing peripheral chemical side grotfss:1* None-
theless, PAHs with side groups are of great interest for both

Given the potential importance of PAHs with side groups,
and the relative paucity of relevant theoretical and laboratory
data, we have undertaken a study of the mid-infrared spectra
of a number of these species. In this paper we compare the
results of ab initio calculations with laboratory matrix-isolation
spectra for the PAHs 9-cyanoanthracene (9-anthracenecarbo-
nitrile), 2-aminoanthracene, acridine, 1-methylanthracene, and
9-methylanthracene. These molecules are shown in Figure 1.

terrestrial and astrophysical issues. This paper is organized as follows. The computational details

It has been shown that PAHSs in the terrestrial atmosphere
can gain chemical side groups through a variety of procé8ses.
The presence of side groups can substantially effect the
biological activity of these molecules. For example, the

are given in section 2, and the experimental details of our studies
are briefly discussed in section 3. The laboratory spectra and
computational results are compared in section 4. Our results
are summarized in section 5.

presence of methyl side groups can either increase or decrease

2. Computational Methods

T Computational Chemistry Branch, Mail Stop 230-3. . .
* Space Technology Division, Mail Stop 230-3. We follow the approach used in our earlier stéidyf

8 Astrophysics Branch, Mail Stop 245-6. unsubstituted PAHs in that we compute the harmonic frequen-
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=N (10 K) infrared transparent window (Csl) along with a large
A overabundance of argon to a thickness appropriate for measure-
ment of their infrared spectra. The window was suspended
inside an ultrahigh vacuum chamber4P10-8 mTorr), cooled
OOO N by a closed-cycle helium refrigerator, and mounted so that the
infrared window can be rotated to face a number of different
ports without breaking vacuum.

The PAHSs used in this investigation were 9-cyanoanthracene
Q (9-anthracenecarbonitrile; Aldrich, 97% purity), 2-aminoan-
thracene (Aldrich, 96% purity), acridine (Aldrich, 97% purity),
1-methylanthracene (Aldrich, 99% purity), and 9-methylan-
thracene (Aldrich, 98% purity). All samples were used without
further purification. Matheson prepurified argon (99.998% min)

s was used in these studies. The argon deposition line was liquid
E OOO nitrogen trapped to further minimize contamination.
These PAHs have insufficient vapor pressure at room

Figure 1. The molecules considered in this work: (A) 9-cyanoan- temperature to permit their preparation as a gaseous mixture
thracene, (B) 2-aminoanthracene, (C) acridine, (D) 1-methylanthracene,with argon and thus have to be thermally vaporized before
and (E) 9-methylanthracene. codeposition with larger amounts of argon. The PAHs were
thermally vaporized by placing them in resistively heated Pyrex
tubes mounted on the sample chamber. Sample temperatures
were monitored using a chromel/alumel type K thermocouple
mounted on the exterior of the tube. During PAH volatilization,
argon was admitted through an adjacent inlet port in such a
way that the two “streams” coalesced and froze together on the
surface of the cold window.

Sample quality was found to be optimal for PAH deposition
vapor pressures in the range from 10 to 30 mTorr. Optimum
tube temperatures for the PAHs discussed here were: 9-cy-
anoanthracene, heated to 85, 2-aminoanthracene, heated to
105°C, acridine, maintained at room temperature, 1-methylan-

cies using the density functional theory (DFT) approach. We
use the B3LYR® hybric?” functional which includes some
rigorous Hartree Fock exchange as well as including both a
gradient correction for exchange and correlation. The B3LYP
calculations were performed using the Gaussian 94 computer
coded® on the Computational Chemistry IBM RISC System/
6000 computers. The geometries can be obtained at http://
ccf.arc.nasa.gow/ chbauschl/astro.geometry.

We have used the 4-31G basis?8¢tiroughout. Calibration
calculations®® which have been carried out for selected unsub-
stituted systems, show that a single scale factor of 0.958 brings
the BSLYP harmonic frequencies computed using the 4-31G thracene, heated to 3%, and 9-methylanthracene, heated to

basis set into excellent agreement with the experimental 35°C. The optimal argon flow rate was estimated to be between

fundamentals; for example, in naphthalene the average absolut% 5 aﬁd 1.0 mmol/h. On the basis of our argon flow rates and

?trcreogfoérl.sa(;]mbearneddgz:icrjns)“mgrne]aesrirr?r Itshelzb.gs?j]s::/h”reovi de Othe PAH deposition rates estimated from measured band areas

the C-H stretches are sca)lled e ara%el the BSLY,PF;4-3lG using the theoretical intrinsic band strengths presented later in
>, P y, Ihe -~ this paper, we estimate the Ar/PAH ratios for our samples were

results are of sufficient accuracy to allow a critical evaluation all in excess of 2000/1. Thus. all of our PAH samples were

of experiment. In addition, this basis set facilitates a comparison . . ' ' P

. . ; well-isolated in argon.
with our earlier work for the hydro_genate_d species and can be After sample deposition, the cold head was rotated to face
used to study larger systems. While scaling the 4-31G harmon-the beam of an infrared spectrometer and a spectrum was

ics yields very reliable frequencies, the calibration calculations recorded and ratioed against a “blank” spectrum taken prior to

also show that the computed BSLYP/4-31G intensities are sample deposition. The sample chamber was equipped with
accurate except for €H stretches, which on the average are . .
Csl vacuum windows and suspended in the sample compartment

about a factor of 2 larger than those determined in the matrix f icol vtical del

studies®* While the gas-phase data are very limited, it appears oran FTI.R spectrometer (Nicolet Analytical Instruments, Mode
’ . o . ’ . 740). Mid-infrared spectra (7086600 cnt!) were collected

that the gas-phase intensities tend to lie between the matrix and

B3LYP values. We also observe that when two bands of the USNd @n MCT-B detector/KBr beam splitter combination. All

8 ) R ... spectra reported here were measured at 0.5'amsolution.
same symmetry are close in energy, their relative mtensmess ectra were typically generated through co-addition of 5 blocks
are sensitive to the level of theory, but that the sum of their P picaly 9 9

. o . of 200 scans, a number which optimized both the signal-to-
intensities is very reliable.

As discussed previousy, many of the methyl PAHs are noise ratio and time requirements of each experiment.
found to have lower symmetry than expected, due to a slight 4. Results and Discussion
rqtation of the methy| about. the-€&C bond. .Relat_ivg to the A. Overview. Since the theoretical data spans the full
higher symmetry results, this methyl rotation eliminates the gnera) range, we use simulated spectra based on the computed
imaginary frequency, but has negligible effect on the other \aqts to provide an overview and to demonstrate the overall
vibrational pands. Since we beh_eye that this ef_fect is caused good agreement between theory and experiment. In Figure 2,
by a numerlcgl proplem, we avoid it by performlng all (?f the e compare simulated spectra for neutral anthracene and methyl-
calculations involving the methyl-substituted PAHS in no g pgtityted anthracene. Adding a methyl side group in either

symmetry, even though the true symmetry mayCe the 1 or 9 position has little impact on the spectra apart from
3 E . tal Method introducing the characteristic methyHEl stretching bands in
- EXperimental Methods the 3006-2850 cnt! range. The EC stretch and €H

The experimental apparatus and methodology used for thesebending regions (40861600 cnT!) become a little more complex
matrix-isolation studies have been described in detail previ- for the substituted system, because the lower symmetry mixes
ously’13:32 Briefly, the PAHs were codeposited onto a cold the bands that were allowed with those that were forbidden in
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Figure 2. The theoretical IR spectra of anthracene, 1-methylanthracene, Figure 3. The theoretical IR spectra of anthracene, 9-cyanoanthracene,
and 9_methy|anthracene_ The B3LYP frequencies are Sca|ed by 0.958.2‘amin0anthracene, and aCr|d|ne The B3LYP/4-31G are fl’equenCieS
Note that for all plots in this manuscript one tick on thaxis represents ~ scaled by 0.958.

a constant unit of intensity and the full width at half-maximum (fwhm)
is assumed to be 20 crh

Acridine

Relative Intensity
Relative Intensity

o

the higher symmetry anthracene. In Figure 3, we compare the 9-methylanthracene+
spectrum of neutral anthracene with 2-amino- and 9-cyano-
substituted anthracene and with acridine (nitrogen substitution
in the ring at the 9 position). As observed with methyl
substitution, the spectra of anthracene and acridine are very
similar, except that the lower symmetry in acridine splits bands M A " h
in the C—-C stretching and €H bending region of the spectrum.
Replacing a ring H with CN also has little effect on the
spectrum, other than introducing thes® stretch and splitting
the C-C stretching and €H bending regions. On-the-other-
hand, replacing a hydrogen with Niramatically affects the
spectrum. In addition to splitting the bands in the-C
stretching and €H bending regions, Nksubstitution increases
the intensity of these bands greatly, in analogy with that
observed upon ionizatich.However, the addition of Njidoes
not reduce the €H stretch intensity as dramatically as
ionization. Anthracene+
In Figures 4 and 5 we show the analogous simulated spectra
for the positive ions, as was shown for the neutrals in Figures

1—methylanthracene+

Relative Intensity

i,V .

2 and 3, respectively. Relative to the neutrals there is a dramatic

decrease in the intensities of the-8 and G=N stretches and L J

a dramatic increase in the intensity of the-C stretches and R A A
C—H in-plane bends. Note that the intensity scale is signifi- 3600 3000 2400 1800 1200 600 °
cantly larger for the ions than the neutrals. Due to the larger Frequency, cm™

intensity scale, the small differences between anthracene andrigure 4. The theoretical IR spectra of the cations of anthracene,
the substituted systems, excluding 2-aminoanthracene, in thel-methylanthracene, and 9-methylanthracene. The B3LYP frequencies
C—C stretching and €H bending regions are less apparent are scaled by 0.958.

for the ions than the neutrals. The spectrum for 2-aminoan- higher frequency region, the-N\H stretch is not decreased in
thracene cation is still quite distinct. For the-C stretching intensity upon ionization as is the-& and G=N stretches.

and C-H bending regions, there are more bands with sizable Before comparing the theoretical and experimental data and
intensity and they cover a larger spectral range. Also in the making band assignments for several substituted anthracenes,
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Figure 5. The theoretical IR spectra of the cations of anthracene, Figure 6. A plot of the theoretical and experimental data for neutral

9-cyanoanthracene, 2-aminoanthracene, and acridine. The B3LYP/4-9-cyanoanthracene and 2-aminoanthracene, using the data from the

31G frequencies are scaled by 0.958. tables and assuming bandwidths of 20~érfor both. Note that no
experimental data is available below 500 dm

it is useful to compare the theoretical data for neutral anthracene

and 9-cyanoanthracene. We choose these systems because @fe mode at 2203.7 cri is clearly due to the &N stretch.

the high symmetry of the molecules and the perturbation of the gjnce one of the €H bonds is replaced by a-@CN bond,

CN group is sufficiently small that it is relatively unambiguous there is one less symmetric-Gi stretch mode in the substituted

to make a one-to-one correspondence between the hafmoni%ystem. Overall the presence of the CN group in the nine

frequencies. In Table 1 we compare the frequencies and sition lowers the symmetry and spreads out the intensity into

intensities of the harmonics of these two systems. The mre hands. This is particularly noticeable for the “solo” out-

anthracene molecule h&s, symmetry, whereas the 9-cyanoan- ot njane bend modes, which in the unsubstituted case is

thracene ha€, symmetry. We do not include thadand a concentrated in thesp mode at 885.3 cnt, while in the CN

modes of anthracene, which correspond to tlblemad.es of substituted anthracene, the one solo hydrogen band mixes with

9-cyanoanthracene, because thqy have Z€ro '”te”S't)’ by SYManother band, causing the intensity to be distributed into two

metry. We can make the folloyvmg approximate designation nearly equally intense bands at 860.6 and 912.4'cnThe

of the harmonics: 9?00 ent (ring deformation and-C—N overall intensity of this band is reduced as there is now only

bend), 408-1000 cnm” (C—H out-of-plane bend), 10661300 one solo hydrogen and the band that it mixes with is forbidden

cm™! (C—H in-plane bend), 13081620 cnt! (C—C stretch), . : I .
1 (e 1 in anthracene. While there are significant differences, the
2200 cm* (C=N stretch), and 30363100 cn* (C—H stretch). spectra are qualitatively similar in appearance and overall

The sums of the integrated intensities for anthracene and CN-. . .
substituted anthracene are very comparable. In other Words,mtensny—see .F|gure 3. )
the small increase in intensity for the ring deformation; B. Comparison of Neutral Spectra. We should first note
in plane bend, and €C stretch modes plus the addition of the  that there is good overall agreement between the DFT and
relatively intense &N stretch mode in 9-cyanoanthracene experimental band positions and relative intensities, with the
nearly cancels the reduction in-G stretch intensity compared ~ ©ne exception that the theoreticat-€& stretching intensities
with anthracene. The approximately 37% reduction iaHC are about a factor of 2 too large. The agreement between theory
stretch intensity is clearly not entirely due to having one fewer is illustrated in Figure 6 where we plot the theoretical and the
C—H bond. Instead the CN group withdraws some charge from e€xperimental data using the same full width at half-maximum
the anthracene giving it a small positive charge. Recall that for two representative systems. The good agreement in both
the C—H stretch intensities for the anthracene cation have much the position and intensities gives us confidence that we can
reduced G-H intensities and much enhanceet8 in-plane and assign most of the experimental bands, although there are cases
C—C stretch intensities. noted below where the assignment is ambiguous. We should
It is generally possible to make an unambiguous comparison also note that the experimental bands corresponding-tél C
of the modes of anthracene and 9-cyanoanthracene. There arestretching modes are sufficiently overlapping and the theoretical
of course, some additional modes due to the CN group (e.g.,bands too close in energy to make symmetry assignments of
the h mode at 110.3 cmi and the b mode at 128.9 cmt are the bands. Thus, we compare only the total experimental and
due to CN out-of-plane and in-plane bends, respectively. Also theoretical relative intensities for these bands.
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TABLE 1: Comparison of the Theoretical Infrared Frequencies and Intensities for Neutral Anthracene and 9-Cyanoanthracene

anthracene 9-cyanoanthracene
irreducible representation frequericy intensity? irreducible representation frequency intensity?
bsy 91.0 1.03(0.01) b 79.4 2.21(0.03)
by 110.3 0.37(0.01)
b, 128.9 4.62(0.06)
b1 232.3 1.29(0.02) a 227.8 3.03(0.04)
bog 267.1 c by 270.6 0.28€0.01)
bsu 379.8 0.05€0.01) h 364.5 0.92(0.01)
ay 390.2 a 386.4 0.17€0.01)
bsg 390.9 b 391.3 0.19€0.01)
bsy 471.3 17.29(0.23) b 446.5 13.56(0.18)
a 459.7 0.00(0.00)
bag 530.5 c} 469.5 0.04€0.01)
bog 584.4 h 562.1 2.29(0.03)
bay 612.7 7.53(0.10) b 594.0 4.08(0.06)
b, 631.4 6.15(0.08)
by 642.0 9.93(0.13)
ay 637.9 a 648.1 1.47(0.02)
b1 651.6 0.62(0.01) A 683.9 0.41(0.01)
bsy 730.2 76.42(1.00) b 743.8 73.87(1.00)
& 742.9
bg 767.1 h 796.0 13.39(0.18)
bou 795.9 0.01€0.01) b 849.8 0.13€0.01)
b 908.0 1.67(0.02) A 855.3 0.80(0.01)
bog 836.3
bsy 885.3 63.92(0.84) b 860.6 17.45(0.24)
bog 909.9 h 912.4 18.54(0.25)
bsg 918.3 b 931.9 0.00(0.00)
bau 962.0 8.64(0.11) b 968.9 5.76(0.08)
bzg 990.6 h 999.5 0.04€0.01)
ay 1005.4 a 1011.4 0.70(0.01)
b2y 1000.7 3.20(0.04) o] 1013.7 2.88(0.04)
a 1024.6 0.82(0.01)
bag 1100.4 b 1105.1 0.54(0.01)
boy 1157.7 3.37(0.04) po] 1167.9 4.73(0.06)
b1y 1156.2 4.70(0.06) a 1168.4 4.39(0.06)
ay 1181.2 a 1188.1 0.20€0.01)
boy 1169.3 0.98(0.01) po] 1190.7 1.94(0.03)
bsg 1202.0 ] 1239.7 0.96(0.01)
a 1265.9 a 1266.8 10.84(0.15)
b, 1274.6 10.19(0.13) a 1293.5 3.24(0.04)
bag 1282.1
b 1311.2 1.96(0.03) a 1328.3 1.80(0.02)
bou 1342.6 4.15(0.05) Po] 1319.4 0.20€0.01)
boy 1383.2 0.07€0.01) b 1372.9 3.70(0.05)
ay 1385.2 a 1392.7 0.28€0.01)
bsg 1397.1 ] 1397.9 0.58(0.01)
boy 1455.3 3.59(0.05) Po] 1450.8 9.10(0.12)
b1y 1456.1 2.05(0.03) @a 1453.8 6.32(0.09)
ay 1481.9 a 1483.7 0.79(0.01)
bou 1533.7 4.95(0.06) D 1513.4 8.92(0.12)
ay 1541.0 a 1541.6 5.31(0.07)
bag 1578.0 ] 1565.8 0.14€0.01)
bsg 1617.2 b 1608.8 6.75(0.09)
b1 1620.0 7.88(0.10) a 1619.3 4.83(0.07)
a 2203.7 48.97(0.66)
b1 3039.0 10.68(0.14) a 3046.1 3.59(0.05)
3 3041.1
bag 3043.4 b 3051.7 0.05¢€0.01)
by 3044.1 18.69(0.24) a 3052.5 5.41(0.07)
boy 3047.5 0.01€0.01) b 3062.2 1.24(0.02)
&y 3049.0 a 3062.4 17.80(0.24)
bag 3062.9 b 3075.2 8.98(0.12)
b 3063.2 81.34(1.06) a 3075.4 31.13(0.42)
bou 3077.8 95.47(1.25) Fs) 3086.0 62.04(0.84)
& 3078.4 a 3086.5 0.00(0.00)

2 Theoretical frequencies are scaled by 0.958 (im9n? The absolute values (in km/mol) are given first with relative values in parentheses.

¢ For anthracene the “g” modes are forbidden, but become allowed with substitution.

The original measured laboratory infrared spectra of all of  In the comparisons of the theoretical and experimental spectra
the species discussed in this paper can be found in Figures 7%that follow, the reader will note that theory frequently predicts
and 8. All the compounds were isolated in argon at TO K. bands that are not observed in the laboratory data. However,
Bands due to contaminant,8 are labeled with dots%). in the vast majority of these cases the bands are predicted to be
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Figure 7. Experimentally measured infrared spectra through the
aromatic C-H stretching region for the matrix-isolated, neutral forms
of the five compounds discussed in this paper. Absorbance values ar
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observed will be noted as we proceed. In addition, the
laboratory data contain a substantial number of bands not
predicted by theory, especially in the 1950600 cnT? region.

As for the case of unfunctionalized PAHs, we believe that these
higher frequency bands are overtones and combinations of lower
frequency fundamentafd. These bands are included in the
tables and simulated spectra, but not discussed in detail. All
experimental bands having intensities of 1% or greater than that
of the strongest €H out-of-plane bending mode are reported
in the Tables.

The theoretical and matrix isolation bands of 9-cyanoan-
thracene are compared in Table 2. The experimental frequencies
are in ascending order except for the bands observed at 847.5
and 857.1 cm?, which we have switched based on comparison
with the theoretical relative intensities. Overall the agreement
between theory and experiment is excellent both in band position

<and relative intensity. The largest differences are that experi-

normalized to the most intense feature in the region. In all cases the mentally the relative intensity of the=eN stretch mode is a

Ar/PAH ratio is in excess of 2000/1.

—TTTT
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little more than a factor of 2 less intense than theory and the
experimental GH stretch intensity is much less than theory.
For neutral anthracene, the sum of the DFT relative intensities
for C—H stretch was about a factor of 3.4 larger than those in
matrix isolation. Up to about a factor of 2 error was ascribed
to theory and the remaining error to an underestimation-efiC
stretch in the matrix. For CNsubstituted anthracene the sum
of the DFT intensities is a factor of 5.2 larger than experiment,
even though we obtain an overall 37% reduction in absolute
magnitude relative to anthracene. If this difference is meaning-
ful, it may indicate that we are underestimating the electron
withdrawing power of the CN group. If the DFT approach has
underestimated the CN electron withdrawing, the true spectra
will have weaker G-H stretches, but stronger—<€C stretches
and C-H bends than predicted by theory. As noted above, a
complete assignment is not possible, for example, the band at
638.1 or the one at 643.2 cthcould be assigned as @with

the computed result being at 648.1 ¢t It is also possible
that these two experimental bands correspond with a small

site splitting, but one fundamental and an overtone or combina-
tion band cannot be ruled out. Similarly, a definitive assignment
of the experimental bands at 1347.5 and 1348.7'ci® not
possible; we have scaled theoretical harmonics at 1328.3 and
1372.9 cml. In this case it is possible that the experimental
band is a superposition of the two DFT bands, one of which is
too low in frequency and one of which is too high. It is also
clear from the results presented in the table that several overtones
and/or combination bands are observed in experiment. How-
ever, despite these few ambiguities, theory is capable of

Figure 8. Experimentally measured infrared spectra in the 260800 assigning most of the experimental bands.

cm ! region for the matrix-isolated, neutral forms of the five compounds The IR bands obtained from the DFT calculations and from
discussed in this paper. Absorbance values are normalized to the mos

intense feature in the aromatie-El out-of-plane bending region (960 Ithe matrix-isolation spectra for_l-methylanthracene and 9-me-
700 cnt?). The strongest band(s) in each spectrum have been truncatedthylanthracene are compared in Tables 3 and 4. The methyl
at the 75% level to enhance the appearance of weaker features in thegroup, apart from reducing the symmetry and spreading the
spectra. In all cases the Ar/PAH ratio is in excess of 2000/1@A * intensity into more bands, does not significantly change the
Lﬁg";";‘iﬁ;he position of bands which arise frogOrontaminantin - jnensity distribution in anthracene. For example, the “quartet”
' out-of-plane-bend band at 730.2 chfrelative intensity= 1.00)
data due to insufficient signa|_t0_noisel We should note that relative intensities of 0.026/0.864/0.192 in 1-methy|anthracene.
we have not reported theoretical bands that are weaker thanThe solo out-of-plane-bend band in anthracene at 885:3 cm
0.1% of the strongest band, because it is highly unlikely that (relative intensity= 0.84) is split into two bands at 883.0/891.4
such bands will be observed. Also note that due to limitations cm~! with relative intensities of 0.962/0.177 in 1-methylan-
in the experimental apparatus, no bands below 500cane thracene. Not surprisingly, introducing a methyl in the 1-posi-
observed. Cases where stronger bands are predicted and ndton reduces the quartet out-of-plane-bend significantly, making
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TABLE 2: Infrared Frequencies and Relative Intensities for

Neutral 9-Cyanoanthracene

theory experiment
irreducible relative relative
representation frequenty intensity frequency intensity
b, 79.4 0.030
b, 110.3 0.005
b, 128.9 0.063
a 227.8 0.041
b, 270.6 0.004
by 364.5 0.013
a 386.4 0.002
b, 391.3 0.003
by 446.5 0.184
b, 469.5 0.001
by 562.1 0.031 552.5 0.056
b, 594.0 0.055 584.2 0.075
b, 631.4 0.083 618.1 0.100
b; 642.0 0.134 625.8 0.064
& 648.1 0.020 638.1 0.016
643.2 0.017
& 683.9 0.006
by 743.8 1.000 738.5 1.000
by 796.0 0.181 784.8 0.150
b, 849.8 0.002
a 855.3 0.011 857.1 0.010
by 860.6 0.236 847.5 0.170
by 912.4 0.251 894.9 0.260
by 968.9 0.078 959.2 0.045
by 999.5 0.001
a 1011.4 0.009
b, 1013.7 0.039 1008.8 0.041
a 1024.6 0.011 1014.3/1018.3 0.026
b, 1105.1 0.007
1144.3 0.031
b, 1167.9 0.064 1160.4/1163.4 0.064
a 1168.4 0.059 1179.6 0.013
a 1188.1 0.003
b, 1190.7 0.026 1182.7/1184.3 0.027
b, 1239.7 0.013 1226.8/1231.8 0.021
a 1266.8 0.147 1268.2/1269.0 0.072
a 1293.5 0.044
b, 1319.4 0.003
a 1328.3 0.024 1347.5/1348.7 0.048
b, 1372.9 0.050
a 1392.7 0.004 1392.8 0.017
b, 1397.9 0.008
b, 1450.8 0.123 1448.0/1448.8 0.120
& 1453.8 0.086 1459.4 0.052
& 1483.7 0.011
b, 1513.4 0.121 1524.2 0.018
a 1541.6 0.072 1529.6/1531.5 0.059
b, 1565.8 0.002 1566.5 0.016
b, 1608.8 0.091
a 1619.3 0.065 1630.2 0.054
1694.6 0.011
1718.2 0.041
1740.9/1743% 0.012
1779.3 0.045
a 2203.7 0.663 2224.3/2226.2 0.260
a 3046.1 0.049 3037.5 0.045
b, 3051.7 0.001
a 3052.5 0.073
b, 3062.2 0.017
a 3062.4 0.241 3067.4 0.240
b, 3075.2 0.122
& 3075.4 0.421
b, 3086.0 0.840 3101.6 0.053

aTheoretical frequencies (in cj are scaled by 0.958.The

absolute intensities (in km/mol) can be obtained by multiplying by the

factor of 73.87£ These are likely overtone or combination bands.

Langhoff et al.

the assignment of a few bands is uncertain; for example, in
1-methylanthracene, the experimental band at 1069:3 cmay

be assigned to either the theoretical band at 1058.6 or 1073.4
cml. The same uncertainty applies to assignment of the
experimental band at 1442.7 cfand the bands at 1444.7 and
1561.6 cntin 9-methylanthracene. Also, as noted above, the
experimental spectrum contains a significant number of overtone
and combination bands observed between 1650 and 1950 cm
These bands will likely become even more intense as the
vibrational temperature increases. The relative intensities in the
theoretical and experimental spectra generally agree well (better
than a factor of 2) especially in the CH out-of-plane bend
regions. The spectra in the~C stretch and €H in-plane
bend regions are weaker and more complex resulting in
somewhat greater differences. Nevertheless, the agreement
overall is very satisfactory.

The theoretical and matrix isolation spectra of 2-aminoan-
thracene are compared in Table 5. Due to the cutoff in the
spectrometer band-pass, the lowest frequency band observed
experimentally is at 581.7 cm, which we correlate to our
scaled harmonic at 586.5 cta As can be seen from Table 5,
the strongest harmonic is at 329.5 ¢in The band at 1644.5
cm~1 is the strongest band observed experimentally. This is
the second strongest band in theory and has a relative intensity
of 0.99. As a result of the two band having nearly equal
intensity, no significant complications arise from theory and
experiment being normalized using different bands. In addition
to the strong band at 329.5 ci there are several other strong
harmonics between about 320 and 400-&mThis is markedly
different from the spectra of anthracene, 1-methylanthracene,
9-methylanthracene, and 9-cyanoanthracene, where only weak
bands are observed below 400 ¢m We attribute these bands
to out-of-plane bending motions of the MNigroup. Experi-
mentally, there are two moderately strong bands at 697.9 and
1076.6/1082.1 cmt for which no theoretical harmonic cor-
relates. We believe that these may be combination bands, for
example, the band at 697.9 cimay be a combination of the
strong theoretical’abands calculated at 329.5 and 376.7&m
and similarly the 1076.6/1082.1 cthbands may be due to a
combination of the 329.5 and 741.8 harmonics. We have
correlated the experimental bands at 1128.2, 1136.8, and 1153.7
cm~1 with the & harmonics at 1159.5, 1163.1, and 1174.9&m
although the discrepancies in the frequencies are larger than
we would expect. In this regard we should note that the 1076.6/
1082.1 cnt! band could correlate with the DFT scaled harmonic
at 1049.6 cm!. While the difference between theory and
experiment is larger than expected, this is the region of the
spectrum where theory and experiment seem to differ most. The
experimental band at 1494.2 may be a site splitting of the
relatively intense band at 1489.3 chnalthough this is a large
matrix shift.

The sum of the €&H stretch intensities for 2-aminoanthracene
are comparable to that of unsubstituted anthracene, even though
there is one less€H bond. The sum of the theoretical relative
intensities is about twice that of experiment, which can be
accounted for on the basis of the expected overestimation at
this level of theory. The two NH stretch modes are also quite
intense, and theory and experiment are in relatively good

it less than the solo band. Conversely, introducing the methyl agreement on their relative intensity. The errors in the theoreti-
at the solo position (9 position) greatly reduces the solo band cal frequencies are larger than for the other modes. Part of

intensity.

this difference arises from the larger anharmonicity irH\

The theoretical and experimental spectra for 1-methyl and compared with €&H bonds and part from the greater basis set
9-methylanthracene are in excellent agreement. In most casesequirements for accurately describing the NH stretch compared
there is a clear correspondence of theory and experiment, butwith the CH stretch. Hence, the DFT/4-31G frequencies scaled
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TABLE 3: Infrared Frequencies and Relative Intensities for Neutral 1-Methylanthracene

theory experiment theory experiment
relative relative relative relative
mode frequency  intensity frequency intensity mode frequenéy  intensity frequency intensity
1 89.0 0.018 42 1287.1 0.031 13155 0.073
2 178.8 0.022 43 1307.3 0.064 1324.4/1321.0 0.023
3 196.2 0.012 44 1342.7 0.090 1344.9/1348.0 0.068
4 197.8 0.006 45 1377.0 0.007
5 242.8 0.007 46 1385.5 0.017 1377.2 0.017
6 282.5 0.013 47 1391.4 0.072 1382.5 0.077
7 316.7 0.016 48 1406.7 0.041
8 386.6 0.001 49 1431.2 0.033 1426.8 0.025
9 394.7 0.018 50 1457.3 0.046
10 443.3 0.007 51 1473.4 0.156 1442.7 0.083
11 471.4 0.206 52 1475.7 0.078
12 516.0 0.051 53 1485.3 0.206 1463.8 complx 0.317
13 547.8 0.016 54 1536.6 0.050 1547.5 0.055
14 585.6 0.001 55 1549.2 0.034 1566.2 0.037
15 626.0 0.074 615.9 0.080 56 1579.2 0.002
16 647.6 0.015 647.1 0.013 57 1613.5 0.062 1599.7 0.014
17 712.1 0.026 719.8 0.029 58 1618.4 0.150 1629.8 0.060
18 733.9 0.864 731.2/737.5 0.980 1657.4 0.039
19 748.1 0.192 745.4 0.139 1684.6 0.019
20 762.3 0.001 1714.2 0.019
21 777.4 0.007 761.0 0.011 1753.1 conplx  0.026
22 784.2 0.107 781.8 0.077 1779.4 0.015
23 844.5 0.001 1803.4/1808.% 0.038
24 845.2 0.016 853.9 0.021 1829.4 0.012
25 883.0 0.962 877.5complx  1.000 1856.7/185991 0.014
26 891.4 0.177 896.5 0.025 1919.6/1924.6 0.052
27 910.6 0.027 1938.1/1943.8 0.034
28 915.0 0.005 2864 0.104
29 958.0 0.073 951.9/955.3 0.043 59 2900.1 0.551 2907 0.094
30 976.1 0.029 961.3/965.9 0.019 60 2948.6 0.454 2932 ©.192
31 1003.1 0.031 1007.3/1011.8 0.062 61 2989.6 0.427 2976/2983.8 0.142
32 1034.5 0.010 1035.8 complx 0.037 62 3039.1 0.136
33 1058.6 0.070 63 3043.0 0.115
34 1073.4 0.057 1069.3 0.059 64 3044.4 0.028
35 1134.8 0.030 1134.2/1138.1 0.066 65 3047.4 0.009
36 1165.4 0.035 1143.3/1144.3 0.013 66 3052.2 0.569
37 1170.0 0.091 1166.8 complx 0.085 67 3062.8 0.586
38 1182.5 0.017 68 3067.2 0.345
39 1202.9 0.021 1197.0 0.032 69 3073.4 1.000 3069 e1.23
40 1263.4 0.013 1261.3 0.015 70 3078.2 0.797
41 1268.4 0.078 1275.4 0.030

aTheoretical frequencies (in crf) are scaled by 0.958.The absolute intensities (in km/mol) can be obtained by multiplying by the factor of
53.918.¢ Signifies a complex (complx) absorption feature that is composed of multiple overlapping, incompletely resolved bands whose strengths
cannot be measured individual§These are likely overtone or combination barfdsitegrated intensity for 2956 (w/2932), 3019 (w/3069), 3040
(w/3069) 3058 (W/3069), and 3063 (wW/3069).

by 0.958 are not as accurate as the other modes. Howeverthe CN group is attached in 9-cyanoanthracene has a partial
their frequencies are sufficiently distinct that their identification positive charge of less than 0.01 electrons and hence the CN
is unambiguous. spectrum looks more like anthracene than 2-aminoanthracene.
One unique aspect of the 2-aminoanthracene neutral spectrum The theoretical and matrix-isolation spectra of acridine
is the great strength of the modes between 1300 and 1658 cm (nitrogen substitution in anthracene at the nine positieee
This is due to two factors. First, the in-plane bending motions Figure 1) are compared in Table 6. Comparing first the
of the NH, group, which appear in the theoretical spectrum theoretical acridine spectrum with the anthracene spectrum in
between 1610 and 1640 ch are very intense. The experi- Table 1 we can make the following observations. The strong
mental spectrum agrees reasonably well with the theoretical oneout-of-plane C-H bend mode derived from the quartet hydro-
in this spectral region, although the relative intensity is about a gens, which in anthracene is at 730.2¢ris shifted to 742.8
factor of 2 less in the matrix isolation spectrum. Second, the cm™ and is increased in intensity by about 30%. The out-of-
NH, group is very electron withdrawing and induces a partial plane C-H bend due to the solo hydrogens, which in anthracene
positive charge on the ring carbons that enhances th€ C  appears as a strong band at 885.3 Emappears as two nearly
stretch modes, reminiscent of the cation spettiehe sum of equally intense peaks in acridine at 866.6 and 921.1'cm
the absolute theoretical intensities for 2-aminoanthracene is 17480verall, the sum of the out-of-plane bending modes are about
km/mol compared with 432 km/mol for anthracene itself. This equal for anthracene and acridine. The l& in-plane bend
enhancement by a factor of 4 in total intensity is not only due modes between about 1000 and 1300 tare comparable and
to the NH, motions, but also to the larger charge localization relatively weak in both systems. However, the region between
on the ring atoms. The Mulliken populations indicate a partial 1300 and 1620 cri is significantly enhanced in acridine, with
positive charge of 0.31 electrons on the ring carbon to which a new, relatively intense band appearing at 1507.1cnThe
the NH, group is attached. In contrast, the carbon to which larger intensity results from a larger change in dipole moment
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TABLE 4: Infrared Frequencies (cm~1) and Relative Intensities for Neutral 9-Methylanthracene

theory experiment theory experiment
relative relative relative relative
mode frequency  intensity frequency intensity mode frequenéy  intensity frequency intensity
1 36.9 0.004 44 1261.8 0.003 1239.5 0.010
2 101.8 0.002 45 1290.0 0.044
3 111.0 0.001 46 1320.0 0.038
4 143.5 0.024 47 1333.7 0.191 1352.1/1354.0 0.154
5 245.0 0.017 48 1368.8 0.023 1378.4/1380.7 0.046
6 294.4 0.012 49 1391.3 0.075 1387.4 corfiplx  0.079
7 339.9 0.006 50 1397.2 0.016 1409.5/1414.5 0.064
8 390.0 0.002 51 1408.5 0.014 1424.7 0.012
9 396.6 0.048 52 1450.4 0.098 1444.7 0.082
10 418.6 0.003 53 1452.8 0.051
11 474.0 0.001 54 1474.1 0.035 1451.9 0.029
12 518.3 0.013 55 1479.9 0.100 1492.9 0.011
13 533.4 0.142 530.8 0.214 56 1495.0 0.061
14 556.7 0.010 57 1522.9 0.100 1532.5 0.065
15 593.6 0.013 587.0 0.020 58 1543.1 0.012 1561.6 0.026
16 612.4 0.076 603.4 0.079 59 1573.3 0.014
17 647.3 0.012 60 1610.5 0.001
18 685.5 0.003 61 1619.2 0.121 1628.3/1630.5 0.063
19 732.4 1.000 728.9/730.1 1.000 1678.3 0.048
20 740.6 0.030 738.8/739.8 0.011 1702.6 0.020
21 756.1 0.003 1758.3/1757.8 0.011
22 778.0 0.240 777.2/779.8 0.180 1785.1 0.013
23 806.3 0.019 816.0 0.011 1792.5 0.014
24 840.9 0.150 833.3 0.165 1802.4 0.028
25 851.9 0.009 1812.2 0.030
26 857.6 0.035 862.6 0.029 1833.0 0.054
27 894.5 0.365 879.9/883.7 0.319 1854.5/1857.9 0.050
28 906.0 0.011 906.4 0.009 1904.0 0.015
29 952.5 0.006 1917.6 0.023
30 957.5 0.045 952.5/954.8 0.025 1937.5/1940.0 0.062
31 987.1 0.002 62 2908.8 0.401 2932 0400
32 989.1 0.002 63 2954.3 0.303
33 1001.3 0.099 996.8/998.0 0.193 64 3034.8 0.223
34 1015.7 0.003 65 3040.6 0.041
35 1025.1 0.024 66 3044.4 0.001
36 1041.5 0.017 67 3045.8 0.126
37 1062.5 0.009 1086.2 0.013 68 3055.2 0.190
38 1103.2 0.005 1090.6/1092.3 0.036 69 3055.6 0.281
39 1167.2 0.023 1140.5/1136.9 0.050 70 3073.5 0.669 3035 ©1.13
40 1169.4 0.033 1160.2/1162.9 0.056 71 3074.4 0.583
41 1189.9 0.001 72 3091.0 0.405
42 1194.5 0.039 1186.5/1188.7 0.035 73 3095.6 0.476
43 1234.9 0.010 1226.0 0.011

aTheoretical frequencies (in crit) are scaled by 0.958.The absolute intensities (in km/mol) can be obtained by multiplying by the factor of
70.691.¢ Signifies a complex (complx) absorption feature that is composed of multiple overlapping, incompletely resolved bands whose strengths
cannot be measured individualyThese are likely overtone or combination barfdsitegrated intensity for 2956(w/2932), 3018(w/3035), 3065(w/
3035), 3071(w/3035), 3089(w/3035), and 3099(w/3035).

as the ring is stretched. The Mulliken population on the ring For example, the mapping of the theoretical bands at 801.0 and
nitrogen is-0.54 electrons for acridine. Finally, the sum of the 802.1 cnt?! onto the three experimental bands between 783.4
C—H stretch intensities in acridine are reduced by about 20% and 815.0 cm! and similarly the mapping of the computed
compared with anthracene. bands at 1605.0 and 1623.6 cthonto the three experimental
The theoretical and experimental spectra agree very well for bands between 1601.4 and 1631.37éns not unambiguous.
acridine. In the out-of-plane bend region, the experimental Finally, we note that theory predicts bands at 1296.3 and 1360.0
frequencies are from 5 to 15 crhless than the scaled DFT  cm™! that are not observed in experiment, despite having an
values, but the relative intensities agree very well. The weak intensity larger than many of the observed bands. Despite any
band observed in the matrix at 745.6 This probably due to uncertainty in some of the assignments, overall the theoretical
site splitting in the matrix. The experimental spectrum is and matrix isolation spectra are in good accord.
consistent with theory in finding a relatively strong band (at ~C. Comparison of Cation Spectra. Whereas the theoretical
1518.7 compared with 1507.1 c@) due to stretching motions  and experimental neutral spectra agree very well, we find much
of the backbone, which must be ascribed to the presence ofless satisfactory agreement for the cation spectra. This is best
nitrogen in the ring due to its absence in unsubstituted illustrated by a plot of the data (see Figures 9 and 10). While
anthracene. The experimentat-@ stretch intensities are about  the agreement is worse than that found for the neutrals, it is
a factor of 2 less than theory in acridine, which as has been sufficiently good to convince oneself that theory and experiment
mentioned before can be attributed to an overestimation of theseare studying the same molecule. There may be several reasons
intensities at the 4-31G/DFT level of theory. We should note for this poorer agrement. The DFT calculations may be less
that, as in other cases, some alternative assignments are possiblaccurate for the cation species than the neutrals for the relative
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TABLE 5: Infrared Frequencies (cm~1) and Relative
Intensities for Neutral 2-Aminoanthracene

J. Phys. Chem. A, Vol. 102, No. 9, 1998641

TABLE 6: Infrared Frequencies and Relative Intensities for
Neutral Acridine

theory experiment
irreducible relative relative
representation  frequenty intensity frequency intensity
a’' 71.6 0.012
a’' 183.4 0.008
a 195.8 0.014
a' 249.3 0.005
a’ 322.2 0.104
a’' 329.5 1.000
a 368.2 0.001
a’' 376.7 0.553
a' 401.2 0.256
a 438.8 0.004
a' 462.7 0.015
a’' 470.7 0.046
a 508.1 0.016
a’' 539.8 0.001
a 586.5 0.048 581.7 0.048
613.9 0.053
a’' 623.2 0.002 622.2 0.008
a 632.2 0.005
a 658.5 0.001
697.9 0.028
a' 731.5 0.007
a’' 7415 0.244 738.1 0.320
a’' 760.5 0.001
a 767.6 0.010
a’' 799.9 0.076 799.6/801.5 0.064
a’' 825.7 0.029
a 833.3 0.014
a’' 846.1 0.003 841.1 0.011
a’ 884.8 0.490 879.4 0.470
a’' 900.1 0.003
a 911.3 0.005
a 944.0 0.007
a’' 952.6 0.013
a’' 957.0 0.014 951.7/954.5 0.042
972.5 0.009
a 1003.5 0.009 1005.5 0.017
a 1049.6 0.013
1076.6/1082.1 0.058
a 1114.7 0.002 1110.3 0.010
a 1159.5 0.012 1128.2 0.100
a 1163.1 0.082 1136.8 0.021
a 1174.9 0.011 1153.7 0.019
a 1198.1 0.242 1181.2 0.140
a 1228.7 0.321 1221.8 0.270
a 1274.1 0.052 1266.2 0.022
a 1281.1 0.004 1277.0 0.018
a 1285.5 0.067 1284.9 0.069
a 1322.1 0.156 1318.2 0.110
a 1344.5 0.053 1346.1 0.031
a 1381.2 0.017 1375.8 0.022
a 1385.1 0.028 1399.4 0.010
a 1398.7 0.242 1412.0/1424.0 0.130
a 1447.8 0.057 1449.4 0.075
a 1465.8 0.179 1465.2 0.190
a 1487.2 0.283 1489.3 0.240
1494.2 0.017
a 1531.7 0.002 1533.0 0.008
a 1539.7 0.049 1547.3 0.033
1562.3/1565.4 0.011
a 1584.2 0.019 1589.1 0.022
a 1613.3 0.476 1598.7/1602.1 0.009
a 1628.4 0.914 1611.7/1613.6 0.220
1638.1 0.022
a 1639.8 0.990 1644.5/1650.7 1.000
a 3035.1 0.064
a 3036.8 0.003
a 3038.9 0.049
a 3040.0 0.014
a 3041.1 0.247 3027.3/3068.4 0.500
a 3044.9 0.004
a 3059.9 0.211
a 3060.8 0.234
a 3075.5 0.278
a 3474.8 0.461 3410.0/3420.6 0.310
a 3591.8 0.102 3498.6/3512.8 0.160

aTheoretical frequencies (in cj are scaled by 0.958.The

absolute intensities (in km/mol) can be obtained by multiplying by the

factor of 195.10.

theory experiment
irreducible relative relative
representation frequenty intensity frequency  intensity
by 93.2 0.020
a 235.8 0.028
by 273.8 0.020
by 390.3 0.023
b, 414.0 0.004
by 477.5 0.050
b, 530.2 0.020
b, 610.5 0.082 601.5 0.110
a 626.8 0.035 618.1 0.031
a 652.6 0.029 655.5 0.030
a 730.7 0.003
by 742.8 1.000 736.0 1.000
745.6 0.012
by 801.0 0.079 783.4 0.020
b 802.1 0.036 788.5 0.096
813.3/815.0 0.040
by 866.6 0.192 854.3 0.170
a 899.8 0.001
by 921.1 0.190 906.7 0.180
b, 922.5 0.010 921.5 0.011
by 970.7 0.083 958.0 0.054
b, 995.5 0.049 998.7/1000.2  0.050
by 1000.4 0.001
b, 1108.7 0.006 1110.1/11115 0.020
a 1144.0 0.098 1123.4 0.030
b, 1150.2 0.017 1141.4/1142.7 0.081
b, 1178.3 0.004 1169.8 0.025
b, 1218.4 0.012
a 1253.0 0.010
a 1281.0 0.018
b, 1296.3 0.071
b, 1360.0 0.046
a 1377.1 0.068 1375.4 0.020
b 1396.8 0.007 1395.8/1397.1  0.015
1404.7 0.057
b, 1442.7 0.032 1442.3/1443.4  0.024
a 1466.1 0.047 1466.6 0.050
& 1477.5 0.012 1511.2 0.008
b, 1507.1 0.337 1518.7 0.350
a 1532.0 0.053 1525.7/1527.2  0.022
b, 1567.4 0.062 1559.9/1564.9  0.083
1581.2/1582.8 0.023
b, 1605.0 0.117 1601.4 0.015
a 1623.6 0.077 1625.4 0.150
1631.3 0.037
a 3042.7 0.021
b, 3045.6 0.005
a 3046.8 0.140
b, 3060.2 0.006
a 3060.3 0.323
b 3075.8 0.568 3042.7 0.760
a 3076.1 0.151
b 3092.9 0.314
a 3093.4 0.096

a Theoretical frequencies (in ci) are scaled by 0.958 The
absolute intensities (in km/mol) can be obtained by multiplying by the
factor of 98.21°¢ Integrated intensity for 3097.4, 3083.0, 3061.0, 3042.7,
3033.3, and 3020.0

intensities because of the much greater importance of electron
correlation for the ions, as demonstrated by the significant
overestimate of the HF intensities for the cation in comparison
with the good agreement at the same level of theory for the
neutrals®® Second, in the matrix only a small amount of cation

is formed so that the neutral peaks can mask many of the cation
species, which results in missing cation bands or cation bands
with uncertain strengths. Finally, irradiation by UV light can
cause photolysis resulting in the presence of other species that
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TABLE 7: Infrared Frequencies and Relative Intensities for
the 9-Cyanoanthracene Cation
1—methylanthracene+ B3LYP -
theory experiment
irreducible relative relative
representation frequenty intensity frequency  intensity
™~ by 73.2 0.005
b, 128.6 0.008
1—methylanthracene+ Expt a 596.1 0.002
’ by 359.1 0.004
- r by 417.9 0.030
= & 455.9 0.001
2 by 532.8 0.008
< b, 587.3 0.001
£ 9—methylanthracene+ B3LYP by 624.1 0.003
2 by 645.6 0.029
5 by 755.3 0.123 751.0 0.417
E by 791.6 0.047
=Y 851.3 0.001
b, 859.0 0.027
by 881.0 0.018
b, 931.9 0.006
9—methylanthracene+ Expt by 939.0 0.019
by 988.0 0.009
& 1030.4 0.001
b, 1033.6 0.005
b, 1098.0 0.005
b, 1184.8 0.006
1 A a 1196.7 0.001
3600 SOIOO ZJIOO 18‘00 12})0 660 1] b2 1199.9 0.119 1%%8730 Oooé;0
-1 . .
Frequency, cm 1248.4 0.049
Figure 9. A comparison plot of the theoretical and experimental data b, 1258.2 0.066 12559 0.048
for 1-methyl and 9-methylanthracene cations, using the data from the a 1295.5 0.003
tables. Note that no experimental data is available below 50¢-.cm a 1316.1 0.058  1320.7 0.126
b, 1335.7 1.000 1353.3 1.000
b, 1347.2 0.004
2—aminoanthracene+ B3LYP = 1372.2 0.019 1370.2/1372.9 0.476
b, 1408.9 0.029 1405.0 0.157
b 1435.1 0.027
& 1452.4 0.038
b 1489.0 0.052
& 1495.4 0.004
A ~ b, 1520.0 0.113 1502.1 0.029
. b, 1526.9 0.031
2-ominoanthracene+ Expt a 15428 0002  1538.9 0.074
& 1562.5 0.121 1583.3 0.080
> & 2197.0 0.023
= by 3078.4 0.001
5 n & 3084.8 0.002
b= | . b, 3106.8 0.007
; & 3106.9 0.001
= 9—cyanoanthracene+ B3LYP i o
5 aTheoretical frequencies (in cr) are scaled by 0.958.The
° absolute intensities (in km/mol) can be obtained by multiplying by the
o factor of 562.90.
correspondence between the theoretical and experimental bands.
. Jﬁ,,\ \AA Lo Often the computed bands can be assigned to the relatively few
9—cyanoanthracene+ Expt experimental bands in several different ways. Thus, the band
assignments for the ions must be considered tentative, except
for a few of the very strongest bands or for those widely
separated from the others.
The DFT frequencies and relative intensities are compared
M f w with the matrix isolation results for 9-cyanoanthracene cation
3600 3000 2400 1800 1200 600 0 in Table 7. The strong out-of-plane 8—H bend mode occurs
Frequency, cm’' at 755.3 (751.3) crt theoretical (experimental) in 9-cyanoan-

thracene cation. This is an increase of 11.5 (12.55%m

Figure 10. A comparison plot of the theoretical and experimental data o mnareqd with the neutral. The experimental relative intensity
for 9-cyanoanthracene and 2-aminoanthracene cations, using the data

from the tables. Note that no experimental data is available below 500 is, however, a factor ‘?f ovgr three Iarger thgn theory. This could
omL. be due to an overestimation of the intensity of the strorg2C

stretch intensities at the DFT level. The out-of-plane bend due
can contribute to the spectrum. The fact that many fewer lines to the solo hydrogen is spread into several bands and not readily
are observed in experiment for the ions precludes a one-to-onerecognizable. Experimentally, this band cannot be distinguished
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from the background spectrum of the neutral. Theory and TABLE 8: Infrared Frequencies and Relative Intensities for
experiment concur that the strongest band occurs fecC  the 1-Methylanthracene Cation

stretch modes at 1335.7 and 1353 @mespectively. There is theory experiment
a relatively strong band observed at 1370.2/1372.9'%dmthe relative relative
matrix that we correlate with anjaarmonic in Table 7. mode  frequency intensity frequency intensity
However, this band is rather weak in the theoretical spectrum. ™ 84.3 0.004
Experimentally, the relative intensity of this band does not 2 87.1 0.001
significantly change as a function of time after UV irradiation. 3 121.2 0.004
Thus, we cannot distinguish between the possibility that the ‘51 %gi'; 8'88%
intensity of this band is significantly underestimated at the DFT 6 275.0 0.001
level or that this band originates from a species other than 7 315.7 0.002
9-cyanoanthracene c'atlon. . g igg:? 8:83%
The IR bands obtained from the DFT calculations and from 19 443.1 0.052
the matrix isolation spectra for the cations of 1-methylanthracene 11 510.3 0.001
and 9-methylanthracene are given in Tables 8 and 9. Although i% g%g-g 8-88%
there is qualitative agreement between theory and experiment, 7, 5672 0.001
clearly the quantitative agreement that was achieved for the 15 617.6 0.003
neutrals is not achieved for the ions. For 1-methylanthracene 16 652.2 0.002
the strongest band observed was theCCstretch frequency at i; ;ggg 8'8(1)2
1339.1 cntt, which agrees well with the calculated harmonic 19 745.0 0.015
at 1333.4 cm. lItis unclear whether the relatively strong band 20 757.7 0.135
observed at 1323.5 crh is part of this complex. The 21 817 0.014
experimental bands at 1210.6/1214.4¢érare consistent with g% ;%'8 8'88?
the strong harmonic at 1211.5 chbut the experimental bands 24 866.3 0.001
at 1186.9 and 1418.9 crthhave no strong theoretical band that 25 907.5 0.056
can be associated with them. For 9-methylanthracene there are 36 912-4 0.044 953.9 0.052
also problems in _making one-to-one corresppndences between 2; 8282 8:882
theory and experiment. For example, there is only one strong 29 980.7 0.013
theoretical band at 1332.1 ch but four bands observed 30 1008.8 0.001
experimentally between 1332.7 and 1353.0"émAgain the g% 184213'2 8'881
experimental spectrum in the region above 1400%asstronger 33 1051.0 0.015
than the theoretical one. Thus, only qualitative agreement 34 1084.9 0.019
between theory and experiment can be claimed for these methyl- gg ﬂgg-g 8-832 1186.9 0.203
substituted anthracene cations. 37 11983 0.086
The DFT frequencies and relative intensities for 2-aminoan- 38 1211.5 0.317 1210.6/1214.4 0.405
thracene are compared with the matrix-isolation values in Table 39 1250.3 0.077 1257.4 0.094
10. We first note that the intensity for the strongest band of 32 %%g:g 8:8%?
the cation is 505.0 km/mol compared with 195.1 km/mol for 42 1293.7 0.004
the neutral. In the neutral, the out-of-plane bend of the 1323.5 0.257
hydrogens on the NiHimoiety were very strong and occurred 43 13334 1.000 1339.1 1.000
between about 326400 cn1!. In the cation, these modes are at 1364.0 0.040 13772 0.141
: ’ 45 1380.2 0.303 1397.7/1396.5 0.271
still strong, but are shifted to much higher frequencies (606.2 46 1402.8 0.089 1414.4 0.044
and 659.5 cmY). The removal of an electron from the a7 1410.2 0.030 1418.9 0.390
electron system apparently introduces some double bond 28 iigg'g 8'832 iig%'i/l 459.3 06027;4
character into the ENH, bond making it more difficult to bend 50 1471.2 0.048 ' ' '
the hydrogens out of the plane. The out-of-plane bend for the 51 1478.5 0.105
quartet hydrogens occurs in 2-aminoanthracene cation at 756.4 22 1484.3 0.031
cm™! compared with 741.5 ct in the neutral. This shift of gi ig%(l) 8'%3
14.9 cntt can be compared to 11.5 cifor 9-cyanoanthracene. 55 15282 0.095 1545.0/1539.1 0.213
The matrix-isolation data for 2-aminoanthracene cation is in gg iggz:g 8:%2 15835 0.144
qualitative agreement with theory, although the lowest frequency g 29155 0.004
that can unambiguously be ascribed to the cation occurs at 897.0 59 2968.9 0.013
cml. There are some notable differences in the relative 60 3016.9 0.027
intensities. For example, the experimental band at 10416 cm 61 3063.8 0.001
. . 62 3073.7 0.002
is much stronger than ouf &armonic at 1044.0 crt. Also 63 3076.3 0.004
the two theoretical 'aharmonics at 1359.2 and 1383.0 ©in 64 3076.7 0.001
are much stronger than the three experimental bands observed 65 3083.3 0.005
between 1359.2 and 1379.2 tin Theory also obtains very g? gggi"g 8'882
strong bands at 1593.0 and 1658.0, which contain significant gg 31003 0.015
NH in-plane bend character that are difficult to correlate with 69 3103.9 0.015

the four experimental b_ands in this spectral regisee Table aTheoretical frequencies (in crf) are scaled by 0.958.The
10. Theory and experiment agree on the M stretch mode  absolute intensities (in km/mol) can be obtained by multiplying by the
being the strongest in 2-aminoanthracene. The agreementactor of 361.775.
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TABLE 9: Infrared Frequencies and Relative Intensities for TABLE 10: Infrared Frequencies and Relative Intensities
the 9-Methylanthracene Cation for the 2-Aminoanthracene Cation
theory experiment theory experiment
relative relative irreducible relative relative
mode frequency intensity frequency intensity representation frequenty intensity frequency  intensity
1 29.1 0.003 a’ 67.0 0.008
2 131.4 0.007 a’ 173.0 0.001
3 243.4 0.001 a 196.7 0.004
4 300.3 0.007 a 245.0 0.001
5 388.6 0.007 a’' 310.9 0.005
6 508.5 0.031 d 5238 0.002
a' 391.1 0.001
7 510.9 0.001 .
a 434.7 0.054
8 584.0 0.007
a 438.9 0.001
9 608.3 0.002 a 457 4 0.005
10 746.8 0.094 747.2 0.191 P 499'2 0'021
11 770.0 0.126 773.9 0.092 . ’ ’
a 518.3 0.006
12 8153 0.004 a’ 6062  0.171
13 854.2 0.004 a 624.8 0.002
14 865.3 0.017 a 655.9 0.014
15 904.1 0.007 a 659.5 0.417
16 923.9 0.031 a’ 722.9 0.009
17 979.9 0.008 a 740.7 0.005
18 1019.9 0.039 a’ 748.3 0.003
19 1027.5 0.005 a' 756.4 0.112
20 1030.0 0.001 a 773.9 0.007
21 1035.5 0.001 a’ 818.7 0.048
22 1074.9 0.042 a 842.1 0.017
23 1101.4 0.013 a' 846.6 0.050
24 1203.7 0.100 1191.8 0.279 d 870.8 0.009
25 1254.6 0.027 1236.1 0.031 a 907.2 0.009
26 1260.3 0.010 1253.7 0.126 a' 907.5 0133 897.0 0.035
27 1294.2 0013 d 928.0 0022  917.0 0.009
28 13111 0103 1332.7/13349  0.289 a oes oo 9 0.069
29 1332.1 1.000 1343.4 1.000 a’ : ’
a 988.4 0.001
1353.0 0.849
30 1344.4 0.009 a 1020.6 0.002
’ a 1044.0 0.016 1041.0 0.322
32 1401.8 0.035 1408.8 0.251 q 1157.3 0.025 1160.4 0.016
33 1412.4 0.027 1411.6 0.053 1166.5 0.020
34 1436.7 0.040 d 1183.7 0.005 11836 0.079
35 1452.7 0.042 a 1193.7 0.152  1188.6 0.008
36 1465.9 0.036 a 1201.2 0.157
37 1471.5 0.010 a 1230.5 0.007
38 1496.2 0.044 a 1274.7 0.025 1274.3 0.027
39 1509.8 0.027 a 1288.9 0.037 1283.0 0.013
40 1526.8 0.115 1542/1538.9 0.127 a 1298.5 0.006
41 1534.5 0.002 a 1346.1 0.426 1345.6 0.304
42 1545.0 0.006 a 1359.2 0.231 1359.2 0.037
43 1567.3 0.128 1366.0 0.044
44 29221 0.001 a 1383.0 0.281  1379.2 0.024
e 29714 0.003 : 1409 002 14104 0.169
o 2o 0o a 14546 0133  14258/14285  0.034
48 3075.6 0.002 a 1468.5 0.252 1463.7 0.194
’ a 1491.7 0.022 1474.2 0.021
49 3086.7 0.002 a 1505 3 0.026
50 3087.8 0.001 ’ ’
a 1527.6 0.126
51 3101.0 0.006 ,
a 1550.9 0.169
52 3102.4 0.007 a 1560.0 0.002  1581.3 0.037
53 3111.2 0.008 d 1593.0 0.732  1636.1 0.391
54 3120.6 0.010 d 1658.0 0.500  1656.6 0.058
aTheoretical frequencies (in cri) are scaled by 0.958.The a 3062.3 0.003 1739.0 0.024
absolute intensities (in km/mol) can be obtained by multiplying by the : :
fact f 465.350 a 3064.4 0.001
actor or 465.350. d 3067.4 0.013
. . . a 3071.3 0.001
between theory and experiment is thus much less satisfactory a 3071.8 0.004
for the cation than the corresponding neutral system. d 3074.5 0.001
The DFT frequencies and relative intensities for acridine are a gggg-? 8-835
compared with the matrix isolation values in Table 11. Theory a 3101.3 0.022
predicts two nearly equal, very intensgharmonics at 1228.0 a 3428.2 1.000  3406.5 1.000
and 1311.4 cm. Experiment is in complete accord with bands a 3540.6 0.110

at 12171/12207 cm and 13139/13168 cm. The sum of aTheoretical frequencies (in crf) are scaled by 0.958 The
the intensities of the three experimental bands at 1327.7, 1341.0absolute intensities (in km/mol) can be obtained by multiplying by the
and 1357.1 cm! are comparable to the theoretical harmonic at factor of 505.02.
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TABLE 11: Infrared Frequencies and Relative Intensities neutral or positive ion, except to introduce the characteristic
for the Acridine Cation methyl or G=N frequency and to spread the spectral intensity
theory experiment into more bands as a result of the reduced symmetry. In
irreducible relative relative contrast, adding an NHgroup dramatically affects both the
representation frequerty intensity  frequency  intensity neutral and cationic spectra. Besides adding the strongi N
by 88.0 0.014 stretch and bending modes, the Negroup withdraws charge
a 2345 0.006 from the ring, thereby giving the neutral aminoanthracene
by 265.6 0.011 spectra many of the characteristics of cationic PAH spectra. We
El igg; 8-833 observe that the sum of the intensities of the harmonics in neutral
bi 4535 0.033 2-aminoanthracene to be four times that of unsubstituted
by 509.7 0.001 anthracene.
by 554.7 0.001 The calculated harmonics for the substituted anthracenes
22 2?2'2 8'81’8 considered in this work are in very good agreement with matrix-
ai 657.3 0.004 isolation studies for the neutral species, but are only in
a 730.0 0.003 qualitative agreement for the cationic species. The matrix
El ;3(15'2 8-%8% isolation experiments are more difficult for the cations because
bi 809.4 0.088 they must be measured against a strong background signal from
by 877.2 0.072 the neutral species. In addition, there are potentially other
& 895.3 0.005 molecular species present after photolysis. The DFT calcula-
BZ 3‘21(7)-8 8-82? tions are also subject to greater uncertainty for the open-shell
bi 989.3 0.023 cations, since the cations are not as well-described by a single
b, 1014.3 0.026 reference configuration as are the neutrals. Thus, while theory
b, 1091.7 0.005 offers a nearly unambiguous assignment of the matrix-isolation
b, 1170.3 0.034 ; :
a 1189 2 0.001 spectra of the neutrals, the assignments for the cations must be
b; 1192.7 0.037 considered tentative. Nevertheless, theory combined with
by 1228.0 0.995  1217.1/1220.7  0.977 experiment shows that the spectra of substituted PAHs can be
a 1240.9 0.001  1234.0/1236.1  0.168  reliably determined. Thus, we feel confident that this study
gi ggg'g 8'86‘% accurately depicts the effect of methyl, amino, and cyano
b 1311.4 1.000 1313.9/1316.8  1.000 substitution on the ring and nitrogen substitution in the ring.
1327.7 0.345
b, 1342.1 0.597 1341.0 0.093 References and Notes
& 1369.4 0.009 1357.1 0.109
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