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Infrared Spectroscopy of Matrix Isolated Polycyclic Aromatic Hydrocarbons. 2. PAHs
Containing Five or More Rings
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Matrix isolation techniques have been used to measure the mid-infrared spectra of the polycyclic arom:
hydrocarbons (PAHSs) benzpyrene, pentacene, perylene, bemddlperylene, coronene, and 1,12:2,3:4,5:
6,7:8,9:10,11-hexabenzocoronene. The observed band positions and relative strengths are compared to pre
lab studies and with theoretical calculations, where availablgreement with other available laboratory
data is excellent. Comparisons with theory indicate that density functional theory (DFT) does an excells
of describing the majority of the infrared active fundamentals of the PAHs considered here. Band positic
typically agree to better than 5 cy with the worst disparities usually being less than 15 tnMatches in
band strengths are not as precise, but are generally good to better tha@%80dor most strong and moderate
bands and are good to factors of 2 for weaker bands. The theory predicts CH stretching band strength:
that are too strong by a factor of about 2.

I. Introduction The experimental apparatus and methodology have been sum:
. - : . marized in part 1 and described in detail elsewliéfe?
Because of their remarkable stability, polycyclic aromatic

hydrocarbons (PAHs) are prevalent in our surroundings and play A PAH vapor stream was generated in a heated Pyrex tube
important roles in the chemistry of fossil fuels, the nucleation @nd mixed with argon prior to deposition onto a 10 K Csl
and growth of soot particles, as environmental pollutamnts, window. The_PAHs used in this |nv_est|gat|on and the temper-
and even as interstellar molecufed. Despite their importance, ~ atures at which they were vaporized were besjpyfrene
reported studies of the vibrational spectroscopic properties of (CzdH12), Aldrich 99% purity, Tuep= 105°C; perylene (GoH12),
these molecules have, until recently, been limited to PAHs Aldrich, 99+% purity, Teep = 120 °C; benzofhilperylene
suspended in salt pellets or dispersed in organic solfedisce ~ (Cz2H12), Aldrich, 98% purity, Teep = 130 °C; pentacene
these media are known to strongly perturb the positions and (Cz2H14), Aldrich 98+% purity, Teep = 200 °C; coronene
intensities of the fundamental modes of these molecules, we(C24H12), Pfaltz and Bauer 97% puritflgep = 155 °C; and 1,
have undertaken a systematic survey of the mid-infrared (4000 12:2,3:4,5:6,7:8,9:10,11-hexabenzocoronengHg), 99+%
500 cnt?) spectra of PAH molecules isolated in argon matrixes. purity (private source)Tqep = 425°C. All samples were used
The first results of these studies, on the spectra of small PAHswithout further purification. Matheson prepurified argon
containing 2-4 benzenoid rings, have been discussed in the (99.998% min) was used as the matrix material. On the basis
preceding article in this journal issue (parf1)hat article also of the calibrated argon flow rate and the deposited quantities
provides a brief review of other current studies of the vibrational of pentacene, perylene, bengb[perylene, and coronene
spectroscopy of PAHs. This article reports the observed infrared calculated from the integrated intensity of the strongest CH out-
spectroscopic properties of several larger PAHs containing five of-plane bending mode and its theoretical absolute absorption
or more benzenoid rings. The third article of the series, which cross section, the argon/PAH ratios in these samples were all
immediately follows this article in the journal (part 3), addresses well in excess of 1000/1. In addition, assuming an absolute
the infrared spectral properties of aromatic molecules that absorption intensity of 110 km/mol for the strongest CH out-
incorporate a cyclopentadieny! rif. of-plane bending modes in bengjgyrene and 1,12:2,3:4,5:
This paper is organized as follows. Section Il presents an 6,7:8,9:10,11-hexabenzocoronene, a value typical of these band:
overview of the experimental details relevant to these studies. in other neutral PAHSs, it is estimated that the argon/PAH ratios
In section III, the spectra of the neutral PAHs are presented in these samples also exceeded 1000/1. Infrared spectra wer:
and compared to available theoretical and laboratory results,measured with a Fourier transform instrument operating at 0.9
where available. Finally, the findings are summarized in section cm2 resolution.
V.

. . lll. Results and Discussion
Il. Experimental Section

The matrix isolation technique was employed to isolate In the. following sections, the infrqrgd spectra apd tabular
individual polycyclic aromatic hydrocarbon (PAH) molecules Summaries of the measured band positions and relative strength:

in an argon matrix where their infrared spectra were measured.&r€ presented. First, the aromatic CH stretching spectra {3150
2900 cnt1?) of all the PAHs are considered as a group, followed

* To whom correspondence should be addressed. by the individual 2006-500 c_n‘rl spectra of the PAHs benzo-
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and 1,12:2,3:4,5:6,7:8,9:10,11-hexabenzocoronene, respectively. LR AR A A i T
The strengths and positions of the bands in these spectra are 100
then tabulated and compared to theoretical predictiand other

laboratory spectra, where available. The conventions adopted
for the presentation of the data are identical with those used in

99

98

% Transmittance

part 1. Briefly, (i) the spectra reflect a small but significant 97 97+ 8@8 .
level of H,O contamination as evidenced by absorption bands % 96 L i
in the 1625-1590 cnt range. The dominant absorption bands (b) Perylene

of matrix isolated HO fall at 1624, 1608, and 1593 crh
Contaminant bands clearly due to®are marked with a solid

dot () in the spectra. (ii) Multiple bands are tabulated in one
of two ways. If one of the bands clearly dominates in strength,
only the position of that band is listed with a footnote indicating
that it is the strongest member of a band “complex.” In those
cases where there is no obvious dominant feature, or where there
is reason to believe the bands may be associated with different
vibration modes, each individual band position is specified. (iii)
Absorption features are tabulated down to an intensity of 1%
that of the strongest band in the 96800 cnt! aromatic CH 100
out-of-plane bending region. The measured relative bands
strengths for pentacene, perylene, and coronene are compared

% Transmittance

sesee]

(d) Pentacene
! 1

98 |-

99

% Transmittance

with recent density functional theory (DFT) calculatidnsn ¢

those cases where either the experimental or theoretical relative - %G‘ 1%

strength of a band exceeds the 1% threshold, but the corre- 98 - J | ]

sponding to theoretical/experimental value does not, both values fr,, (O Coronene | 95| ) Hexabenzocoronene A

are reported. In some cases this necessitated the addition of 3150 3100 3050 3000 2950 2900 3150 3100 3050 3000 2950 2900
Frequency (cmr') Frequency {cm!)

theoretical bands that did not appear the original publication. ) ] )
Any such bands are noted in the tables. Also, while the Figure 1. Spectra in the 31562900 cnt! CH stretching region of

. - . . . the matrix isolated PAHs: (a) benajpyrene (GoHi2), (b) perylene
theoretical calculations include vibrational modes as low as 90 (CaoH12), (c) benzofhilperylene (G:Hyo), (d) pentacene (£H14), (€)

cm™!, due to detector constaints, the experimental spectracoronene (GHiy), and () 1,12:2,3:4,5:6,7:8,9:10,11-hexabenzocoro-
reported here extend only as low as 450~€én(iv) Due to nene (hexabenzocoronene Agd:g). All spectra were taken at a matrix
confusion with overtones and combination bands and to the temperature of 10 K. The argon/PAH ratio was in excess of 1000/1 for
overlapping of fundamental modes, it is difficult to determine all the PAHs.

the strengths of the aromatic CH stretching features in the-3150
2900 cnt! region of the experimental spectra. Thus, while the
positionsof all the features in this region are tabulated, only
the total integrated absorption over themtire region is listed.
This total absorption is then compared with thenof all the

This PAH has not been studied previously either theoretically
or using matrix isolation techniques. However, the spectrum
of matrix isolated benze]pyrene reported here is in good
agreement with its gas-phase spectfdnin the absence of the
predicted bands in this region, when available. theoreti_c_al qalcu_lations it is difficult to assign individual bands

. ) 1 to specific vibrational modes. Nevertheless, the general pattern

1. The CH Stretching Region, 3152900 cnt". The 3156- of band positions and strengths is consistent with those of other
2900 cnT! matrix isolation spectra of all six PAHs can be found PAHSs (see ref 14 for assignments to general vibrational mode
in Figures 1a-1f. As mentioned above, comparison between types). The weak bands falling between 1650 and 1950-cm
the experimental and theoretical positions and strengths for thegise from overtone/combination modes rather than fundamental
CH stretching modes is difficult due to spectral confusion in vinrations. The most striking difference between the spectra
this region. In general, as was observed and discussed in detai}; benzoE]pyrene and most other PAHs that have been studied
in part 1, the experimental data typically contain more features ne\iqusly is that it contains stronger and more numerous bands
than predicted by theory, but the strongest fela.tures in the iy the 1506-1400 cntl region than is typical. Although a
experimental data generally fall near the positions of the gisinitive desciption of the exact composition of these modes
strongest predicted features. Also consistent with part 1, the .5 only be provided by the theory, it is not unreasonable to
theoretical relative intensities are consistently overestimated bysuggest that this may be due to a selective enhancement ir
a factor of 2. Comparisons with the experimental data for mgdes involving the asymmetric stretching of thandf bonds
perylene, pentacene, and coronene, the three PAHSs for whichj, the parent pyrene (i.e., in-plane wagging of the pendent
theoretical calculations are available, yield overestimates of yenzenoid ring). This species also produces a somewhat
perylene, factor of 1.7; pentacene, 1.8; and coronene, 2.6. Thes%ltypically large number of bands in the CH out-of-plane bending
values represenbwer limits to the mismatches since some of region, a property shared with 1,2-benzanthradenBoth
the eperimentally measured absorption is due to overtone/mojecules contain six nonequivalent classes of CH bonds.
combination bands. Most of the theoretical over-estimation is Finally, the band at 1593.2 crhcan definitely be assigned
likely due to the relatively small basis set used for the tq benzoflpyrene, although its measured strength may be
calculations*3 somewhat uncertain due to contaminagBHin the matrix. Also,

2. Benzole]pyreneCaoH12. The 2006-500 cnt! spectrum given this contamination, the presence of other weak befzo[
of matrix isolated benze]pyrene is presented in Figure 2. The pyrene bands in the 1650590 cnt! region cannot be ruled
positions and relative strengths of the absorption bands are listedout.
in Table 1. The relative strengths of the bands were normalized 3. Perylene, GHi.. The 2006-500 cnt! spectrum of
to the strong band pair appearing at 748.2 and 750.0*.cm matrix isolated perylene is presented in Figure 3. The positions
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100 ' T T ‘ TABLE 1: Infrared Frequencies (cm~1) and Intensities for
! o Neutral Benzo@)pyrene
;é % i _ frequency _relati\_/e
£ in Ar (cm™) intensity?
g [ 554.5 0.05
80 [
= . 570.6 0.07
oL . 645.9 0.02
70 L *-H0 Contaminant 1 a. | 711.8 0.18
| I " | n 1 L
2000 1900 1800 1700 1600 1500 ;‘;?i ;?gg é-cl)g
100 - LA . | S s Aoty 830.1 0.51
L 'V V i 842.9 0.14
g 848.8 0.01
g %or 1 898.2 0.03
g ] 949.3,951.5 0.02
E sol ] 964.6 0.01
® | i 1006.2 0.01
b 1037.8, 1039.3 0.04
L R R T 1083.2 0.02
1500 1400 1300 1200 1100 1000 1106.9 0.04
o0 b= ; — , ——————— 1152.3 0.02
oY i ' T 1183.8 0.02
o T | U— : 1191.8 0.09
g ol ] 1204.9 0.01
E | 1267.0, 1268.0 0.01
é i 1320.6 0.07
= 80 7 14135 0.20
® = R 1434.8, 1436.6 0.02
ol c. | 1444.1, 1444.9 0.19
1 1 n Il " " | \ L 2 1
1000 900 800 700 600 500 E;gg 00(-)%8
Frequency (cm!) ! .
1665.4 0.01
Figure 2. The spectrum of matrix isolated benelgyrene (GoHi2) 1728.3 0.01
through the aromatic CC stretching and CH bending regions: (a)2000 1789.7 0.05
1500 cnt?, (b) 1500-1000 cn1?, and (c) 1006-500 cnt!. The 1919.9, 1922.2 0.02
spectrum was taken at a matrix temperature of 10 K, and the argon/ 1930.5 0.06
benzog]pyrene ratio was estimated to be in excess of 1000/1. 3018.0
3036.0
and strengths of the absorption bands are listed and compared 3059.7
to theoretical predictiortén Table 2. The relative experimental 3091.0
band strengths were normalized to the strong band at 815.2 cm 2139182';2985 123

rather than the stronger 771.6 chband for reasons that will
be discussed below. The theoretical relative band strengths 2 Intensities relative to that of the combined 748.2 and 750.0'cm
reported for perylené originally normalized to the predicted Pands:b Posmon.of strongest bgnd or ba.ndslln a “complex” 0)‘ features.
3067.6 cn! band, have been renormalized to the predicted d,F\)AOS.S'bf'y c;onta_msthanggscirpttlor? contribution from contaminaft. H
814.5 cnmtl band. Thus, the relative strengths for the theoretical ajor feature in the stretehing region.
calculations reported in Table 2 have been scaled by a factorThis suggests that the calculated strength of the 771.6'cm
of 1.12 relative to those in the original publication (see Table feature is underestimated by about a factor of 3 (theory, 0.53;
10 in ref 1). experiment, 1.45). This is very surprising since the agreement
The agreement in band positions between experiment andbetween the experiment and theory for the stronger bands in
theory is excellent. The average difference in the frequencies other PAH spectra has always been better than 50%.
of predicted and observed bands in Table 2 is only #'camd While not as dramatic, several other band comparisons require
this value would have been considerably smaller if not for a comment. The observed band at 1500.1 s about a factor
few weak bands that showed large mismatches. Not countingof 2 larger than predicted (theory, 0.06; experiment, 0.11), while
those bands where the assignments may be in doubt, all thethe observed band at 1573.1 chis about 4 times weaker
frequency differences are less than 15émThe agreement  (theory, 0.08; experiment, 0.02), although the latter discrepancy
between relative band strengths is also generally very good, withmay be an artifact of D contamination. Finally, an absorption
only the few exceptions discussed below. Strong to moderatelyband is observed near 1613.9 Ththat corresponds to the
strong bands agree to within 30%, while weaker bands agreepredicted feature at 1596.4 cf but its intensity cannot be
to better than a factor of 2 to 3. determined to any degree of accuracy due to obscuration by
Several bands listed in Table 2 do require comment. First, contaminant HO.
there appears to be a large discrepancy between the measured These findings are in overall good agreement with previous
and calculated intensities of the strong 771.6 tfeature. Since matrix isolation studies of peryletfe(see also Table 10 in ref
this is the strongest absorption feature in the experimental 1). While the work presented here significantly extends the
spectrum, it was initially used to normalize the relative band sensitivity of the spectral measurements, for the most part, where
strengths. This, however, resulted in large disparities betweencomparisons are possible, measured positions routinely match
experiment and theory for virtually all of the other bands in the to within the stated accuracy (1 c#). The weak band observed
perylene spectrum. On the other hand, when the features wereat 1494.2 cm? in these earlier experiments, is not, however,
normalized to the second strongest band at 815.2'cm detected here, but if the previous data were normalized to the
agreements for the majority of the bands were vastly improved. 815.2 cnt! band (rather than the 771.6 chband), the intensity
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100 E—— S . T ' j TABLE 2: Infrared Frequencies (cm~?) and Intensities for

Y Neutral Perylene
g 9t experiment theory
g
E 90 L O.O _frequency relative irreducible frequency intensity relative
§ Q Q in Ar (cm=1) intensity’ representation (cm~1) = (km/mol) intensity
s T il d bay 175.9 4.7 0.04
. d b1y 462.0 25 0.02
80 ° RO Conaminant \ - a] 544.1 010 545.2 81 007
2000 1900 1800 1700 1600 1500 583.1 0.05 579.4 30 002
— o . T : 771.6 1.45 By 765.3 63.0 0.53
100 r TV YT bay 774.5 2.7 0.02
791.4 0.06 h, 792.7 7.7 0.07
g 951 1 811.2 0.02 h 807.0 4.2 0.03
§ 815.2 1.00 b 814.5 119.8 1.00
F 1 969.5 0.02 b 981.7 26 002
g B 1046.7 0.05 h 1042.8 3.1 0.02
£ 8F 1088.1,1089.8  0.04 b 1091.4 25  0.02
& . J 1130.6, 1133.2 0.06 2b 1134.7 4.1 0.03
. L . . b. 1150.4,1155.7  0.03 b 1156.7 1.06 0.02
1500 1400 1300 1200 1100 1000 1185.8 0.04 1200.4 11 0.02
} . — I : 1216.2,12185  0.09 b 1216.9 5.9 0.04
100 praeay ‘#"‘w 1279.4 0.01 h 1272.1 2.8 0.02
1288.2 0.02
g Sr 7 1294.5 0.01
§ 1335.2 0.09 h 1329.4 8.7 0.08
E 90 - 1 by 1349.4 3.0 0.02
5 1374.3 0.07
s & 1 1385.1 0.44 k 1387.0 360  0.30
g0 L 1 1396.2, 1399.2 0.07
» o . 1430.0 0.01
000 900 800 700 600 500 1448.8 0.02 1446.8 3.9 003
Frequency (cm) 1467 W by 1469.1 1.7 0.01
. . 1500.1 0.11 Mk, 1495.3 6.2 0.06
Figure 3. The spectrum of matrix isolated perylene,dd:,) through 1516.5 0.02
the aromatic CC stretching and CH bending regions: (a) 20300 1573.1 0.02 1572.8 9.6 0.08
cm%, (b) 1500-1000 cnt?, and (c) 1006-500 cnT!. The spectrum 1597.% 0.25 by, 1586.0 23.8 0.20
was taken at a matrix temperature of 10 K, and the argon/perylene 1613.9 0.04 by 1596.4 9.5 0.08
ratio was in excess of 1000/1. 1653.3 0.02
1715.5 0.02
of that band would fall near the 0.01 threshold of the data ggg% 8'85
reported here. Both data sets agree that the 7718 band 1777.9,1781.0  0.02
is substantially stronger than the 815.2 @mather than the 1803.0 0.04
other way around as predicted by the theory. Both data sets ﬁgg-g 8-8%

also agree on the larger than average position mismatch for the1920 419930 0.08
1335.2 cm? band and the weakness of the feature prt_adlcted 10 19300 19330  0.04
have moderate strength near 1573 ¢tmdeed, no band is even  2948.9

reported at this position in the earlier work. The largest 3007

difference between the data sets involves the 1335.2, 1385.1,3022

: ; '3046 [ 3048.7 7.8 0.07
and 1500.1 (_:r'r'nl bands,_ all of W_hlqh are around_tvvlce asstrong o659 by 3067.6 1345 112
as reported in the earlier matrix isolation studies. As a result, 3095.0 by 3068.5 34.7 0.29
the value reported here falls closer to the predicted strength of 3117.7 By 3084.8 8.9 0.07
the 1335.2 cmt band, the previously reported value falls closer bay 30993 688 057

2 3125-2940 1.24

to the prediction for the 1500.1 cthband, and the two data  _ -~ 2547 2124

sets straddle the strength prediction for the 1385.1dnand. o o
4. Benzo[ghiJperylene, £H1,. The 2008-500 cnrt spec- Taken from ref 1. T indicates band not reported in original

2. . e publication.® Intensities relative to the strongest band at 815.2%cm
trum of matrix isolated benzghiperylene is presented in Figure ¢ theoretical intensities relative to the strength of the calculated 814.5

4. The positions and strengths of the absorption bands are listettmt band. Relative values are a factor of 1.12 larger than those reported

in Table 3. The relative strengths of the bands were normalized in ref 1. 9 Theoretical position lying below the low-frequency limit of

to the strong band at 846.3 cin e_xperimental data_ﬁ Strengtp un(_:(_artain because of pot_enti?I contrib"u-
The infrared spectrum of this PAH has o been previously ¢ T CrIBmnertiC, Pesterof stongestband i “complex

studied either theoretically or using matrix isolation techniques.

However, the observed matrix isolation spectrum reported here . . . . ) . .

is in good agreement with the data from gas-phase bghie] cons@ered in this paper, which explains the relative richness

perylene In the absence of the theoretical calculations it is ©f their spectra.

difficult to assign individual bands to specific vibrational modes. ~ The only band that warrents specific comment is the band at

However, the general pattern of band positions and strengths1602.1 cn1?, which arises from benzghilperylene but whose

show many of the characteristics typical of other PAHs (see measured strength may contain some contribution from con-

ref 14 for assignments to general vibrational mode types). Both taminant HO. Other benzo[ghi]perylene bands may also be

benzophilperylene, together with benzgpyrene above, ar€,, present in the 16501590 cnt? region, but obscuration by @

molecules and, thus, of lower symmetry than the other PAHs bands prevents their detection.
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100 T R A TABLE 3: Infrared Frequencies (cm~?) and Intensities for
T “ﬂ"\“ Neutral Benzo[ghi]perylene
g 95r . 7 frequency relative
g o OO : in Ar (cm™?) intensityt
g 10 512.5 0.07
E sl O‘ . 544.2 0.09
® 570.0 0.02
80 |- « - H,0 Contaminant a. | 648.9 0.14
) ‘ v gy , 755.8, 756.9 0.30
2000‘ . 1900 - 13\00 - 17.00 - 16I00 , 1500 770.9 0.95
100 ‘W—"\F"‘ e 776.8 0.05
815.5 0.18
8 95 - 7 846.3 1.00
£ 851.8 0.01
E Or 1 897.9 0.02
E ol i 968.3 0.01
© 1036.3 0.02
g0 L b. 1087.8 0.01
L L L 1093.4 0.01
1500 1400 1300 1200 1100 1000 11327 0.06
v T T T T T "* _I__ o ¥ 11492 003
100 ™ {‘“’V“ 1155.4, 1156.9 0.01
i ‘ q 1186.9 0.01
g 1206.7 0.07
g 4l i 1259.P 0.01
E 1302.9, 1307.0 0.07
g st 1 1342.6 0.22
® 1350.0 0.05
80 - c. 1394.7 0.08
. L 1 ‘ L 1416.0, 1417.1 0.06
1000 900 800 700 600 500 1422.1 0.01
Frequency (cmr’) 1449.0, 1451.1 0.13
Figure 4. The spectrum of matrix isolated bengb[perylene (G:H12) 1517.8 0.01
through the aromatic CC stretching and CH bending regions: (a)2000 1527.4 0.02
1500 cnt?, (b) 1500-1000 cnt!, and (c) 1008-500 cntl. The 1602.% 0.04
spectrum was taken at a matrix temperature of 10 K, and the argon/ 1673.3 0.01
benzofhilperylene ratio was in excess of 1000/1. 1726 0.11
1792.2 0.02
5. Pentacene, £His. The 2000-500 cnt?! spectrum of 1859.6 0.06
matrix isolated pentacene is presented in Figure 5. The positions 1893.4 0.02
and strengths of the absorption bands are listed in Table 4 1903.5,1305.7 0.02
; . . . . 1915.6 0.02
together with their theoretically predicted valdedhe relative 1923.4. 1925.9 0.04
strengths of the experimental bands were normalized to the band 1932.0: 1933.8 0.01
at 899.9 cm. The theoretically predicted band strengths, 2916
originally normalized to the 3078.5 crhband in ref 1, have 3019.8
renormalized here to the predicted 914.5@mand. Thus, the e s
relative strengths that are reported for the theory in Table 4 3096.4
have been scaled by a factor of 1.39 relative to the values S 3109-2902 1.35

appearing in the original publication (see Table 5 in ref 1).
The ggreement in band positions between gxperlment andof strongest band or bands in a “complex” of featufeStrength
theory is generally very good. The average difference in the | \cerain because of potential contributions from contaminag. H
frequencies of predicted and observed bands in Table 4 is around: pajor feature in the CH stretching region.
8 cnm?, and not counting a few extremely weak bands where
the assignments may be in doubt, all the frequency differencesmore than a factor of 2 (see below). Weaker bands all agree to
are less than 15 cm. While this match is very good, itis not  within better than factors of 2 to 3.
as good as that observed for most of the other PAHs examined. Several of the other bands listed in Table 2 require some
The amount of mismatch is not significantly decreased if only additional comment. First, theory predicts fairly weak bands
the strongest bands are considered, suggesting that the differencat 1132.5 and 1174.2 crh(relative intensities 0.03 and 0.002,
is not simply due to the misidentification of some of the weaker respectively) that are hard to reconcile with the experimental
bands. spectrum. A pair of bands is observed at 1164.1 and 1165.3
A comparison of relative band strengths shows a similar cm™! which have a strength (0.02) appropriate to the 1132.5
pattern—the agreement between experiment and theory is cm™! band, but which would imply a remarkably large frequency
satisfactory, but not as good as that observed for other PAHSs.difference ¢£30 cnt1). Conversely, while the predicted 1174.2
In two to four ring PAHSs, the intensities of most strong and cm™! band provides a much more satisfying agreement in
moderate bands (except in the CH stretching region) were foundposition, this would imply a dramatic difference between the
to agree to better than 35% and weaker bands to within factorsmeasured and calculated relative intensities. The experimental
of 2—32 In the case of pentacene, the relative strengths of the bands at 1334.5 cn (0.02) and 1350.5 crd (0.07) are
stronger bands agree to within about 60% with therage similarly difficult to assign. If the observed 1350.5 chband
mismatch being about 35%. Moderately strong bands are corresponds to the predicted band at 1351.9%(@.01), then
generally fit somewhat better, although one band disagrees byits intensity is 7 times stronger than that predicted and the weak

a|ntensities relative to the strongest band at 846.3'chPosition
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100 —— - T R T TABLE 4: Infrared Frequencies (cm~1) and Intensities for
i AN Neutral Pentacene

g 95 - OOOOO experiment theofy
2 90l frequency relative irreducible frequency intensity relative
2 in Ar (cm~1) intensity representation (cm1) = (km/mol) intensity
S BT : ] d bau 461.8 21.8 021
) 1 d by 468.7 51  0.06
80 .. H,0 Contaminant | | | a. d bou 482.8 73 0.07
2000 1900 1800 1700 1600 1500 570.2 0.03 I 572.5 26  0.03
————— — — 623.4 0.05 by 634.1 49 0.04
100 727.0 0.01 by 724.7 47  0.04
“ \[ 7313 0.82 |y 735.4 734 071
8§ 95| 1 823.7 015 b 829.2 19.4  0.19
£ 877.4 0.01 by 862.8 0.1  0.001
g ] 890.3 vw By 9115 20 001
E o | 899.9 1.00 &, 9145 1024  1.00
© i 952.8 0.07 961.7 10.7  0.10
sol ] 995.1 0.06 by 991.8 3.7 004
L L L L. . b 1047.7 0.02
1500 1400 1300 1200 1100 1000 1122.1 0.05 & 1117.7 5.5 0.06
— B — —— by 1132.5 29 003
100 1164.1,1165.3  0.02 b 1174.2 0.2  0.002
1184.0 0.02 h 1198.0 24  0.03
g 9%5r 1 1191.0 0.01
g 1221.1 0.01 h 1228.6 1.3  0.02
E 0r 1 1269 0.02
g | 1278.7 0.02 h 1283.3 1.0 001
; 8- 1298.9 024 & 1290.8 241 024
2oL | 1320.9 0.08 h 1331.8 115  0.11
‘ o . \ o c. 1334.5 0.02
1000 900 800 700 600 500 1350.5 0.07 k 1351.9 1.0 0.01
Frequency (cm!) 1400.2 0.04 h, 1395.1 1.0 0.01
. . 1407.2 0.02
Figure 5. The spectrum of matrix isolated pentacenek{zs) through 14478 001 & 1444.6 0.9 0.01
the aromatic CC stretching and CH bending regions: (a) 20800 1453'9 0'01 B 1449'0 12 0'01
cm%, (b) 1500-1000 cnT?, and (c) 1006-500 cnT!. The spectrum 1503.3 0.04 B 1503.1 24 0.03
was taken at a matrix temperature of 10 K, and the argon/pentacene;s43 3 0.01 h 1530.7 1.6 0.02
ratio was in excess of 1000/1. 1573.0 0.02
) ) ] 1600.7 0.01 & 1593.8 06 0.01
band at 1334.5 cri is unexplained. On the other hand, if the 1634.2,16390 0.06 h, 1623.1 116 011
observed 1334.5 cm band corresponds to the predicted 1351.9 1673.7 0.01
cm1band, then the strength match is better, but the difference ggg-g g-%
between the experimental and theoretical frequencies is atypi-;g93's 0.03
cally large, and it leaves the band at 1350.5 émmexplained. 1915.4 0.02
Finally, there also may be a strength mismatch for the 1931.® 0.06
moderately strong feature predicted at 1623.Ltend seenat 2997
1634.2/1639.0 cmt. The observed absorption is approximately gg% 5
a factor of 2 less than expected (theory, 0.11; experiment, 0.06).3939 ¢ By 3038.9 26 003
However, the observed band falls very close to asOH boy 3042.5 5.2 0.06
contaminant band, making the measured strength uncertain. b1y 3043.1 94  0.10
These findings are in overall good agreement with previous . - béu ggig-g 5g§ 8-8%
matrix isolation stu¢es of pentacéﬁ(ésee also Table 5 in re.f. 3063.7 by, 3063.9 815  0.79
1). Where comparisons are possible, the measured positionszpss.1 by 3078.5 1428  1.39
routinely match to within experimental accuracy with only a 3096.9
few exceptions. There are a few bands that appear in Table 41%97‘2987 1.67 2000 293

that were not reported previousty,but most of these have
relative strengths of 0.03 or less and presumably simply fell 2Taken from ref 1. t indicates band not reported in original
below the strength threshold of the earlier experiments. The publication.® Intensities relative to the strongest band at 899.9%cm

good agreement between the two data sets further verifies the’ Theoretical intensities relative to the strength of the calculated 914.5

L . . cy ! band. Relative values are a factor of 1.39 larger than those in
main dlscre_panCIeS betyveen the exper_lmental measurements ansginginal publication. Theoretical position lying below the low-
the theoretical calculations. The previous studies also show Nofrequency limit of experimental dataPosition of strongest band in a
evidence for the predicted 1132.5 thband but do report an  “complex” of features' Possibly contains an absorption contribution
absorption band at 1164.3 cf Also, both the 1350.5 and  from contaminant kKD. 9 Major feature in the CH stretching region.
1334.5 cmi! bands, one of which has no theoretical counterpart,

were reported in the previous matrix study. The measured polyacene structure with increasing size. Conversely, it could
strength reported for the 1634.2 chieature is also substantially — be that matrix perturbations become increasingly important as
less than the theory would indicate. the length of the polyacene chain grows.

Interestingly, of the smaller PAHs discussed in part 1, the 6. Coronene, &Hi>. The 2000-500 cnt! spectrum of
greatest discrepancies were encountered with tetracene whichmatrix isolated coronene is presented in Figure 6. Experimental
is the next smaller member of the polyacene family. Thus, it and theoretical positions and strengths of the absorption bands
may be that the theory has increasing difficulty with the are listed in Table 5. The relative strengths of the measured
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‘ U A ' TABLE 5: Infrared Frequencies (cm~1) and Intensities for

100 Y Neutral Coronene
g 95- experiment theory
g ‘Q i — — .
2 9ol . _frequency  relative irreducible frequency intensity relative
g O“ . in Ar (cm~1) intensity representation (cm™Y) = (km/mol) intensity
e By ’O ] d bau 123.9 49 005
& | d & 378.5 63 005
80 - .. H,0 Contjaminam ‘ | | a. 550.5 0.27 b 549.0 27.9 0.27
2000 1900 1800 1700 1600 1500 771.6 0.11 e 774.6 11.7 0.11
7 — e ———— 846.1 0.01
100 V 857.0 1.00 by 864.4 175.8 1.69
1137.6 0.11 y 1140.3 13.0 013
3 95 ] 1210.7,1214.6 vw £ 1214.4 2.0 0.02
5 1317.4,1318.3 0.32 ue 1312.4 48.1 0.46
g Nr T 1497.9 0.01
g 1505.3 0.03 e 1494.8 27  0.03
e 8¢ i 1530.4, 1533.0 0.02
. 1579.2 0.01
L o 1620.7 0.04-0.08 ¢ 1602.7 26.3 0.24
1500 1400 1300 1200 1695.5 0.04
—— , . 1718.7 0.04
100 r 1767.6 0.01
N 1783.8 0.03
g 95 1798.7 0.01
2 1808.0 0.02
g 0r 1896.0 0.05
& 1910.4 0.05
w 81 iy 1922.9, 1924.4 0.04
80| i 2943.0
. ) Il n n 1 I L 1 n n 1 c\‘ 3029'2
1000 900 800 700 600 500 3034.3
Frequency (cm!) 3044.4 e 3042.8 15.6 0.16
Figure 6. The spectrum of matrix isolated coronened;.) through gggé; ¢ 3064.9 219.8 269

the aromatic CC stretching and CH bending regions: (a) 20800 3077.2
cm%, (b) 1500-1000 cn1?, and (c) 1006-500 cnT!. The spectrum 3099.0
was taken at a matrix temperature of 10 K, and the argon/coronene 3105.9

ratio was in excess of 1000/1. 3110.3
¥ 3089-2938 1.09
experimental bands were normalized to the 857.0'chand sum= 2054 285

and those of the theory, originally normalized to the theoretical 2Taken from ref 1. t indicates band not reported in original
3064.9 cmi! CH stretching band in ref 1, were renormalized publication.® Intensities relative to the strongest band at 857.0%cm
initially to the predicted 864.4 cm band. However, when this ¢ Theoretical intensities scaled S0 the calculated 549.0' trand has
was done, the relative intensities of the theoretical bands were!h€ Same strength as the experimentally observed band at 550:5 cm
. . . . (0.27). Relative values are a factor of 2.69 larger than those in original
ponSIStentIy lower than obse_rved, implying some gncertalnty publication. Theoretical position lying below the low-frequency limit
in the strength of the theoretical 864.4 thn When, instead,  of experimental datz Position of strongest band in a “complex” of
the theoretical bands were scaled to match the relative strengthfeatures! Possibly contains an absorption contribution from contami-
of the theoretical 549.0 cm band to that of the experimental nant HO. 9 Major features in the CH stretching region.
550.5 cnt! band (0.27), a much more satisfactory overall
agreement between the data sets is obtained. Thus, th
theoretical relative strengths for coronene reported in Table 5

have been scaled by a factor of about 2.69 relative to those iN Latrix isolation studies of coroneHe® (see also Table 12 ref

the original pupllcat!on (see Table 12 in ref 1). 1). While a number of the weaker features reported here have
Because of its high degree of symmetie(), coronene  not been reported previously, where comparisons are possible
produces a reletively simple spectrum for such a large molecule. measured positions routinely match to within-2 cni.
The agreement between experiment and theory is generally verypresumably, the additional features reported here simply fell
good. Where band correspondences are clear, the averag@elow the detection threshold in the earlier experiments.
difference in the frequencies of predicted and observed bandsnotably, those data sets confirm the overestimates in the
is 5 cn* and all the frequency differences are less than about intensities of the 864.4 and 1602.7 chtheoretical bands.
12 cntl. Relative band strengths also compare favorably, 7. 1,12:2,3:4,5:6,7:8,9:10,11-hexabenzocoronengHg.
although there are a few notable exceptions. As mentioned The 2006-500 cnt? spectrum of matrix isolated 1,12:2,3:4,5:
above, one of the largest discrepancies involves the 857.0 cm 6,7:8,9:10,11-hexabenzocoronene (hereafter hexabenzocoroner
experimental band, the strongest band in the spectrum, whichA) is presented in Figure 7. The positions and strengths of the
has a measured intensity 40% less than predicted (theory, 1.69absorption bands are listed in Table 6. The relative strengths
experiment, 1.00). Furthermore, there is a substantial discrep-of the bands were normalized to the strong band at 7724.cm
ancy for the moderately strong predicted band at 1602.7cm A spectrum of solid-state hexabenzocoronene A evaporated ontc
Although H,O contaminates this region, such a strong band KBr has been published by Wdowidk. While no band
(theory, 0.24) near this frequency should be clearly evident. An positions, intensities, or assignments were tabulated by Wdow-
experimental band is observed at about 1620.7 'cthat iak, qualitative comparison of the spectra indicates that the two
probably corresponds to this feature, but while its strength can spectra are at least consistent with each other.

only be estimated (0.640.08), it appears to be significantly
eaker than predicted.
Finally, these results are in excellent agreement with previous
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100 w ' ' ' TABLE 6: Infrared Frequencies (cm~1) and Intensities for
. Neutral Hexabenzocoronene A
8 ZZ . 1 frequency relative
k| i in Ar (cm™) intensity?
g o 530.2 0.01
E 80r 1 548.0 0.01
®sr + - H,0 Contaminant | 593.7 0.05
IS b oo ot
2000 19?0 . 18?0 - ‘17I00 ' 16]00 ‘ 1500 a7 ﬁ 0.24
100 772. 1.00
05 v A ] 818.1 0.01
3 842.8 0.01
g % ’ 1089.3 0.03
g 85 : 1098.3 0.08
g g , 1229.4 0.08
S s il 1236.4 0.02
B 1311.1 0.04
0F . e ‘ b. - 1344.3 0.01
1500 1400 1300 1200 1100 1000 1380.8 0.66
T T ; T 1409.2, 1412.6 0.06
100 Y * v“"““‘M 1497.0 0.07
o 95¢ . 1562.8, 1567.7 0.01
2 sl _ 1587, 1591.9 0.17
£ | 1779.0 0.05
g 8¢ 1851.5, 1857.2 0.03
& sor . 1920.6 0.04
® ] i 1929.1 0.03
c. | 1936.2 0.02
s w L ' 3002.2
1000 900 800 7?0 600 500 30246
Frequency (cmr) 3056.5
Figure 7. The spectrum of matrix isolated 1,12:2,3:4,5:6,7:8,9:10, 3068.6
11-hexabenzocoronene (hexabenzocoronene 446} through the 3083.4
aromatic CC stretching and CH bending regions: (a) 2QEDO cnT1?, 3097.8
(b) 1500-1000 cn1?, and (c) 1008-500 cntt. The spectrum was taken 3108.0
at a matrix temperature of 10 K, and the argon/hexabenzocoronene A 3131
ratio was in excess of 1000/1. 2 3141-2996 0.74

a|ntensities relative to the strongest visible band at 772.4'cm

. . . . b Position of strongest band or bands in a “complex” of features.
0 - -
Cyvin and Cyv'ﬁ have used a simple five-parameter force- Contains an absorption contribution from contaminag®H Major

field approximation for condensed aromatics to calculate the features in the CH stretching region.
in-plane and out-of-plane vibrational frequencies of hexaben-
zocoronene A. However, as this model did not calculate
expected band strengths, it is very difficult to assign the  The 4006-500 cnt! infrared absorption spectra of six
calculated frequencies to specific bands in the matrix isolation different PAHs that contain five or more aromatic rings have
spectrum. Correspondences that leave a minimum of unmatchedeen measured. The samples were prepared using standar
bands generally lead to average frequency mismatches on theargon matrix isolation techniques. The resulting band positions
order of 46-50 cnt™. This suggests that theoretical calculations and relative strengths were compared to previous lab studies
of the spectra of larger PAHSs will require more sophisticated @nd with theoretical calculations, where available. Where
calculations such as those presented here and in the previou§0mparisons can be made, there is excellent agreement with
papef for smaller PAHs. Unfortunately, at this time, such Previous matrix isolation studies and good agreement with gas-

calculations require a prohibitive amount of computation time. phase St“‘?"es- . . .
Comparisons with the theoretical calculations for the PAHs

In the absence of the theoretical calculations that provide pentacene, perylene, coronene, and hexabenzocoronene /
fairly precise band positions and strengths it is difficult to assign demonstrate that density functional theory (DFT) is generally
individual bands to specific vibrational modes. Again, the accurate to within 5 cm' in predicting the positions of the
general pattern of band positions and strengths show many ofinfrared active fundamentals PAHs while simple force-field
the characteristics typical of other PAHs and the types of calculations exhibit substantially larger uncertainties on the order
vibrational modes associated with the various spectral regionsof 50 cn. The worst discrepancies between experiment and
are expected to be the same. As was the case for coroneneDFT theoretical predictions usually involve weak bands where
despite its size, the high degree of symmetry of this molecule the band assignments may be in question and where matrix
(Dep) results in a relatively simple spectrum. effects are correspondingly more important, and even in these
cases the discrepancies are rarely more than 15.cm

Agreement in band strengths are not as precise as matche:

IV. Conclusions

As with all the other PAHs examined by matrix isolation

techniques, the presence of small amounts of contamingdt H in frequencies, but are generally good to better than=S6
complicates the detection of absorption bands in the 3650 for most strong and moderate bands and are good to factors of
1580 cn?! region. Thus, while no bands are reported in this 2—4 for weaker bands. The larger difference for the weak bands
region, such bands may be present but obscured by the featuremay be partially due to the increased importance of matrix
of contaminant HO. effects. Despite the generally good match between experiment
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