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 Theoretical Infrared Spectra for Polycyclic Aromatic Hydrocarbon Neutrals, Cations, and Anions Stephen R. Langhoff NASA Ames Research Center, Moffett Field, California 94035 ReceiVed: July 17, 1995; In Final Form: NoVember 7, 1995X
 
 Calculations are carried out using density functional theory (DFT) to determine the harmonic frequencies and intensities of the neutrals and cations of 13 polycyclic aromatic hydrocarbons (PAHs) up to the size of ovalene. Calculations are also carried out for a few PAH anions. The DFT harmonic frequencies, when uniformly scaled to account primarily for anharmonicity, agree with the matrix isolation fundamentals to within an average error of about 10 cm-1. Electron correlation is found to significantly reduce the intensities of many of the cation harmonics, bringing them into much better agreement with the available experimental data. While the theoretical infrared spectra agree well with the experimental data for all of the neutral systems and for many of the cations, there still remain discrepancies with the experimental matrix isolation data for some species that are difficult to rationalize entirely in terms of limitations in the calculations. In agreement with previous theoretical work, the present calculations show that the relative intensities for the astronomical unidentified infrared (UIR) bands agree reasonably well with those for a distribution of polycyclic aromatic hydrocarbon (PAH) cations but not with a distribution of PAH neutrals. We also observe that the infrared spectra of highly symmetrical cations such as coronene agree much better with astronomical observations than do those of, for example, the polyacenes such as tetracene and pentacene. The total integrated intensities for the neutral species are found to increase linearly with size, while the total integrated intensities are much larger for the cations and scale more nearly quadratically with size. We conclude that emission from moderatesized highly symmetric PAH cations such as coronene and larger could account for the UIR bands.
 
 I. Introduction Many astronomical objects show a distinctive set of emission features in the infrared, known collectively as the unidentified infrared emission (UIR) bands. The most intense ones fall near 3.3, 6.2, 7.8, 8.7, and 11.3 µm (3030, 1610, 1280, 1150, and 885 cm-1). Some of the more notable environments that produce these features include H II regions, such as the Orion Bar, planetary nebulae, such as BD 30° 3639 and NGC 7027, and transition objects such as HD 44179 that lie between the asymptotic giant branch (AGB) and the planetary nebula stage of evolution.1-13 The spectra of these four objects are displayed in Figure 1. Differences in the spectra are due in part to the different magnitudes of the photon flux irradiating these regions.14 This is especially the case for transition objects such as HD 44179 where there is a substantial underlying continuum due to multiphoton processes involving larger particles (>1000 carbon atoms).15 It has also been hypothesized that the carriers of the UIR bands are also responsible for the diffuse interstellar bands (DIBs) that extend from about 4400 Å to the near infrared.16-18 One of the leading theories of the origin of the UIR and perhaps also the DIB bands is that they are due to a distribution of polycyclic aromatic hydrocarbons (PAHs), or more likely their positive ions.19-24 Laboratory spectra have shown that PAHs have bands in the infrared that fall close to the UIR bands.25-34 In recent studies of the ultraviolet and visible spectra of small PAH cations, absorption bands have been found near the positions of some DIBs.35,36 Conversely, Fulara et al.37 have suggested that highly unsaturated hydrocarbons with carbon numbers 6-12 may be carriers of some of the DIBs in the range 480-1000 nm. This contention is supported by theoretical calculations by Sobolewski and Adamowicz38 that indicate that X
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 2Π-2Π electronic transitions in C H radicals might account for n some of the DIBs. Schutte et al.14 have modeled the UIR bands assuming that they are due to fluorescence from a size distribution of PAHs embedded in the radiation field of a hot star. The distinct features in the spectra were hypothesized to occur from relatively small species (e1000 carbon atoms), which upon excitation by an absorbing UV photon could emit radiation in the IR. The continuum background, which is especially pronounced at large photon fluxes, was thought to be dominated by larger particles excited by multiphoton processes. To be able to determine whether the PAH model is valid, it is necessary to have reliable IR spectra for the widest possible distribution of PAHs. Infrared spectra are now becoming available for a number of PAHs and their ions based on matrix isolation studies.25-33 A small amount of the neutral PAH is first isolated in an inert matrix (neon or argon). The spectra of the ion is obtained by taking the spectra before and after ionization. Ionization is induced by charge transfer prior to deposition25-28,30,32,33 or by vacuum ultraviolet photolysis.29,31 While relative intensities have been obtained for a significant number of PAHs as large as coronene in matrix isolation studies, absolute intensities have been much more difficult to obtain reliably, due to the difficulty in determining sample concentrations. Gas-phase infrared emission spectra of several neutral PAH species are also available.39-45 The vibrational energy content is higher in the emission studies, and many more overtone and combination bands are excited. The laboratory spectra indicate that for many PAHs the bands of the neutral and ion have similar positions, but their relative intensities are radically different. For example, the intensities of the cationic CC modes are enhanced by an order of magnitude, while the CH modes are decreased by a similar factor. This observation has also been made on the basis of
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 Figure 1. This figure is reproduced from the work of Schutte, Tielens, and Allamandola, Astrophys. J. 1993, 415, 397. It depicts the emission spectra toward position 4 in the Orion Bar, BD +30° 3639, NGC 7027, and HD 44179. Intensity axes are 10-16 W cm-2 for Orion and NGC 7027, 10-15 W cm-2 for BD +30° 3639, and 10-14 W cm-2 for HD 44179. Note that the wavelength axes are on a log scale. Arrows and peak wavelengths designate the interstellar infrared emission features attributed to free PAH molecules. The long dashed lines underlying the features in the spectra toward Orion and NGC 7027 indicate the contribution from larger PAHs and PAH clusters.
 
 theoretical studies.46-48 Calculations at the Hartree-Fock level were carried out by De Frees et al.46 and Pauzat et al.47 to determine the IR spectra of the neutral and ions of naphthalene, anthracene, and pyrene. They found that the CH/CC vibrational intensity ratios fit the observations much better for the ions than the neutrals. The possibility that the PAHs are partially dehydrogenated has been studied by Pauzat et al.48 They observed on the basis of their study of naphthalene derivatives that dehydrogenation also has a significant impact on the relative intensities. In this work we report theoretical infrared spectra in the double harmonic approximation for thirteen PAHs and their ions ranging in size from naphthalene to ovalene. The calculations are carried out at the density functional level using the B3LYP functional and a 4-31G expansion basis. The frequencies and especially the intensities at this level should be more reliable than those generated at the Hartree-Fock level. We observe that if the frequencies are scaled uniformly by the factor 0.958 (to correct primarily for anharmonicity), the average difference with the experimental frequencies is less than 10 cm-1. Although some systematic differences exist with the experimental intensities, the agreement is very good (within a factor of 2) in most cases. However, for several of the cations there are still significant differences between the present theoretical spectra and those obtained from matrix isolation studies. This work represents the first systematic study of the spectra of a large number of PAHs at the same level of theory. It allows one to accurately predict the spectra expected from an equal distribution of small (less than 32 carbon atoms) PAHs and their ions. On the basis of this work, we can place some constraints on the distribution of PAHs that could give the UIR signatures. For example, we find that the spectra of linear PAH ions (e.g.,
 
 anthracene, tetracene, pentacene) do not agree well the astronomical spectra, while the spectra of highly symmetrical PAH ions (e.g., coronene) are a better match. II. Methods We fully optimize the geometries and compute the harmonic frequencies using the density functional theory (DFT) approach. We use a hybrid functional49 of the form Becke (1 - A)ESlater + AEHF + CELYP + (1 - C)EVWN x x + BEx c c
 
 where ExSlater is the Slater exchange, ExHF is the Hartree-Fock exchange, ExBecke is the gradient part of the exchange functional of Becke,50 EcLYP is the correlation functional of Lee, Yang, and Parr,51 EcVWN is the correlation functional of Vosko, Wilk, and Nusair,52 and A, B, and C are the coefficients determined by Becke49 using his three-parameter fit to the experimental heats of formation for a different choice of correlation functional. This modification of the original Becke hybrid functional49 is described in ref 53 and is commonly denoted B3LYP. The DFT calculations were performed using the Gaussian 92/DFT computer codes54 on the Computational Chemistry IBM RISC System/6000 computers. In the DFT calculations reported here we have used the 4-31G Gaussian basis to expand the molecular orbitals. The effect of using more complete expansion basis sets can be seen by comparing the results in Table 1 for naphthalene. Expanding the basis from 4-31G to 6-31G has little effect on either the frequencies or intensities. Adding a set of d functions to carbon (6-31G* basis) has a somewhat larger effect. In general it tends to reduce the frequencies. The intensities usually change by
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 TABLE 1: Basis Set Effects on the Infrared Frequencies (cm-1) and Intensities (km/mol) of Naphthalenea 4-31G irrep b3u b1u b3u b2u b3u b1u b3u b2u b1u b2u b2u b1u b2u b1u b2u b1u b1u b2u b1u b2u
 
 freq
 
 int
 
 6-31G freq
 
 int
 
 6-31G* freq
 
 int
 
 6-31G** freq
 
 expt
 
 int
 
 179.4 1.9 179.8 2.0 176.9 1.6 173.1 2.6 376.4 1.3 373.0 1.3 364.0 1.2 365.7 1.4 501.0 16.0 499.7 16.7 492.9 12.2 487.9 21.7 659.8 3.2 654.2 3.2 635.8 3.4 636.1 3.4 823.0 111.3 821.4 119.1 804.3 90.7 798.4 114.2 832.2 0.3 826.3 0.2 808.3 0.3 809.0 0.2 1005.7 4.3 997.5 5.3 964.1 3.5 974.3 3.0 1053.9 4.1 1051.3 4.7 1044.6 4.6 1036.2 7.1 1181.5 3.2 1175.1 3.6 1157.3 3.1 1151.2 4.8 1221.0 1.2 1216.4 1.1 1184.0 0.7 1169.5 0.9 1261.7 1.2 1259.8 1.6 1243.8 1.0 1233.2 1.2 1325.7 8.2 1320.4 8.2 1296.8 8.0 1287.5 7.1 1417.8 1.5 1419.0 1.5 1409.5 1.2 1391.7 1.5 1461.2 3.2 1452.6 3.4 1431.2 3.0 1418.4 5.1 1573.9 9.1 1571.8 9.3 1567.0 7.3 1549.5 9.1 1663.1 6.3 1659.6 5.9 1658.7 5.0 1641.8 4.9 3176.8 8.7 3185.0 8.5 3175.6 8.5 3157.2 5.9 3179.0 1.4 3187.5 1.2 3177.4 0.9 3159.5 1.0 3196.8 78.7 3205.2 75.2 3193.6 69.9 3174.9 63.9 3211.4 71.3 3219.8 67.6 3205.5 59.4 3186.5 49.1
 
 a All values were obtained using the B3LYP density functional. The frequencies are not scaled.
 
 less than 20%, and in most cases are reduced by the addition of polarization functions to carbon. Adding p functions to hydrogen (6-31G** basis) also tends to reduce the frequencies, but some intensities increase and some decrease with respect to the 6-31G* basis. The overall effect of expanding the basis set and of adding polarization functions (4-31G f 6-31G**) is to reduce all of the frequencies. Thus in adjusting the theoretical frequencies it is necessary to use a somewhat smaller scaling factor for the 4-31G basis than for the 6-31G** basis. By comparing the theoretical frequencies for naphthalene in Table 1 with the experimental frequencies in Table 2, we find that the scale factor required to bring the theoretical frequencies into agreement with experiment varies from 0.953 to 0.963 for the 4-31G basis. The CH stretches require a factor near the low end of this range, while the CC stretch motions require a factor near the high end. Nevertheless, using an average scale factor of 0.958 brings the frequencies into overall good agreement with experiment (an average error of less than 10 cm-1). For the 6-31G* basis, the optimal scale factor varies over a larger range (0.959-0.984), with again the lower value needed for CH stretches. Thus, fortuitously, the 4-31G frequencies appear to be more amenable to a single scaling factor. We have carried out calculations using the larger 6-31G* basis for selected systems. To scale the frequencies, we have used the factor 0.98 for fundamentals below 1300 cm-1 and 0.967 for fundamentals (primarily CC and CH stretch) above 1300 cm-1. These scaling factors produce scaled frequencies that agree well with the scaled 4-31G frequencies and with experiment. The specific choice of 0.967 brings the frequency for the strong b2u band in tetracene cation into agreement with experiment; see later discussion. In comparing the 4-31G and 6-31G** intensities for naphthalene in Table 1, we see that most of them agree to within 20-30%. In particular the strong out-of-plane bend (b3u frequency near 800 cm-1) is nearly unchanged. The CH stretch intensities are significantly smaller with the better basis sets. This is an important observation, because comparison with the experimental data suggests that theory is overestimating these intensities. However, the accuracy of the results for naphthalene using the smaller 4-31G basis supports its use for the larger PAH systems. It should be noted that the basis set comparisons for naphthalene positive ion are comparable to that for the neutral.
 
 theory irrep b3u b1u b3u b2u b3u b3u b2u b1u b2u b2u b1u b2u b1u b2u b1u b1u b2u b1u b2u
 
 freqc
 
 intd,e
 
 Hudgins freqf
 
 a
 
 rel int
 
 171.8 1.9(0.02) 360.6 1.3(0.01) 480.0 16.0(0.14) 472-483 0.15 632.1 3.2(0.03) 617-622 0.04 788.4 111.3(1.00) 780-790 1.00g 963.5 4.3(0.04) 956-963 0.02 1009.7 4.1(0.04) 1009-1018 0.07 1131.9 3.2(0.03) 1127-1142 0.07 1169.7 1.2(0.01) 1208.8 1.2(0.01) 1209-1216 0.02 1270.0 8.2(0.07) 1267-1275 0.07 1358.3 1.5(0.01) 1360-1363 0.02 1399.8 3.2(0.03) 1388-1395 0.06 1507.9 9.1(0.08) 1506-1520 0.12 1593.3 6.3(0.06) 1599-1604 0.04 3043.5 8.7(0.08) 3045.4 1.4(0.01) 3062.5 78.7(0.71) 3050-3071 0.21 3076.5 71.3(0.64) 3071-3083 0.09
 
 Szczepanskib freq
 
 rel int
 
 783, 788 958, 960 1012, 1016 1129, 1131
 
 1.00h 0.03 0.06 0.05
 
 1212, 1214 1269, 1272 1361 1391, 1394 1513, 1515 1601
 
 0.02 0.05 0.02 0.05 0.07 0.05
 
 3028-3112 0.37
 
 a Matrix isolation, Hudgins et al.29 b Matrix isolation, Szczepanski and Vala.28 Only peaks with a relative intensity greater than 0.02 are given. c The frequencies are scaled by the factor 0.958. d Only values greater or equal to 1.0 km/mol are tabulated. e Absolute values given first with relative values given in parentheses. f Range of frequencies that encompass experimental bands. The peak positions listed in ref 29 agree with those listed in ref 28. g Absolute value given as 18.4 km/mol. h Absolute value given as 129.4 km/mol.
 
 Except where explicitly noted, the results that we present in the next two sections were all obtained by DFT calculations using the 4-31G expansion basis and the B3LYP functional. The frequencies and intensities were determined analytically at the fully optimized geometries. All of the systems considered in this work are planar, except for the 3,4-benzophenanthrene neutral and positive ion. We scale the harmonics uniformly by the factor of 0.958 before comparing with the experimental fundamentals. The intensities are obtained in the double harmonic approximation, i.e., ignoring both mechanical and electrical anharmonicity. Since overtone and combination bands are not obtained in the present calculations, we do not address the questions of whether the 3.4 µm band is the 2-1 hot band of CH stretch or whether the 5.2 and 5.6 µm bands are due to overtone bands of CH out-of-plane bend. Nevertheless, the theoretical frequencies and intensities are sufficiently accurate to provide a critical assessment of the experimental data and to provide some new insights into the validity of the hypothesis that PAHs or their ions account for the UIR bands. III. Neutral Polycyclic Aromatic Hydrocarbons In this section we compare our theoretical infrared (IR) spectra for the neutral PAHs with the available experimental and theoretical data. We begin with the smallest PAH considered, naphthalene, and proceed to ovalene, the largest. We are currently unable to consider larger PAHs due to the computational expense. Unfortunately, matrix isolation experiments on larger PAHs are also challenging, because of the difficulty of obtaining a sufficient concentration in the gas phase. This is particularly unfortunate considering that the present study suggests that the astronomical spectra would be best reproduced by symmetrical positively charged PAHs of the size of coronene and larger. The present theoretical results for naphthalene using the 4-31G basis are compared with the matrix-isolated experimental values given by Hudgins, Sandford, and Allamandola (HSA)29
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 Figure 2. Histogram representation of the infrared absorption band intensities of naphthalene (bottom left), anthracene (bottom right), tetracene (top left), and pentacene (top right) neutrals. The individual data for these four molecules are given in Tables 2-5.
 
 and Szczepanski and Vala (SV)28 in Table 2. We have expressed the experimental values in relative terms, because the experimental absolute intensities differ substantially. HSA estimate an integrated band strength of 18.4 km/mol for the strongest band lying between 780 and 790 cm-1, which corresponds to the CH out-of-plane bend, while SV estimate 129.4 km/mol. In view of this large discrepancy, HSA determined the band strength using two independent techniques. Nonetheless, the latter value of 129.4 km/mol is in excellent agreement with our theoretical value of 111.3 km/mol and the SCF value of 168 km/mol given by DeFrees et al.46 Thus it seems likely that HSA have underestimated the naphthalene concentration in their argon matrix. This is an important issue that warrants further investigation. However, the experimental and theoretical relative intensities are in excellent accord, except for the fact that the theoretical intensities for the CH stretch modes are substantially larger than the experimental estimates. The intensities for these CH stretch modes obtained by DeFrees
 
 et al.46 at the SCF level are somewhat less than the present values. However, the differences are due primarily to their use of a 3-21G as compared with a 4-31G basis. For example, using the 4-31G basis, the SCF intensities (with DFT values in parentheses) are 26.5(16.0) for the b3u band at 480.0 cm-1, 154.8(111.3) km/mol for the b3u band at 788.4 cm-1, and 84.5(78.7) and 74.5(71.3) km/mol for the b1u and b2u bands corresponding to CH stretch. Thus electron correlation reduces all of the intensities. While the differences are not very pronounced for the neutral systems, the DFT intensities are significantly smaller than the SCF values for the ions and in much better agreement with the experimental measurements; see Section IV. Unpublished55 gas-phase frequencies and intensities obtained for naphthalene at 100 °C agree somewhat better with theory. In particular, the relative CH stretch intensity is about a factor of 0.7 of the strong b3u band for out-of-plane bend. This is within a factor of 2 of theory, which implies that matrix effects
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 TABLE 3: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Anthracene expta
 
 theory irrep b3u b1u b3u b2u b3u b3u b1u b3u b2u b1u b2u b2u b1u b1u b2u b2u b1u b2u b1u b1u b1u b1u b2u
 
 freqb 91.0 232.3 471.3 612.7 730.2 885.3 908.0 962.0 1000.7 1156.2 1157.7 1169.3 1274.6 1311.2 1342.6 1455.3 1456.1 1533.7 1620.0 3039.0 3044.1 3063.2 3077.8
 
 intc 1.0(0.01) 1.3(0.02) 17.3(0.23) 7.5(0.10) 76.4(1.00)d 63.9(0.84) 1.7(0.02) 8.6(0.11) 3.2(0.04) 4.7(0.06) 3.4(0.04) 1.0(0.01) 10.2(0.13) 2.0(0.03) 4.2(0.05) 3.6(0.05) 2.1(0.03) 5.0(0.06) 7.9(0.10) 10.7(0.14) 18.7(0.24) 81.3(1.06) 95.5(1.25)
 
 freq
 
 TABLE 4: Comparison of Theoretical and Experimental Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Tetracene irrep
 
 468, 470 603 726, 729 878.5 908 955, 958 1001 1149, 1151
 
 40.5(0.29) 20.0(0.14) 139.9(1.00) 95.8(0.68) 3.2(0.02) 10.1(0.07) 9.6(0.07) 5.3(0.04)
 
 1167, 1169 1272 1318e 1346f 1460 1450 1540, 1542 1627 3017, 3022 3032 3055, 3062 3067-3068
 
 4.8(0.03) 6.9(0.05) 17.0(0.12) 2.0(0.01) 5.3(0.04) 6.4(0.05) 5.3(0.04) 16.3(0.12) 8.2(0.06) 7.3(0.05) 35.2(0.25) 59.5(0.43)
 
 a Matrix isolation, Szczepanski et al.26 Several weak bands for which there is no theoretical counterpart are not listed. b The frequencies are scaled by the factor 0.958. c Absolute values given first with relative values given in parentheses. d The values are normalized to this band, because this is the strongest band observed experimentally. e This is assigned as a b2u band in ref 26. f This is assigned as a b1u band in ref 26.
 
 reduce the relative CH stretch intensity by about a factor of 2. The remaining discrepancy with the gas-phase data is probably due to limitations in the present theoretical treatment. For example, extensive calibration calculations for the CH radical56 comparing complete-active-space self-consistent-field (CASSCF) multireference configuration-interaction (MRCI) calculations in extensive one-particle basis sets with density functional calculations in the 4-31G basis, indicates that B3LYP/4-31G overestimates CH stretch by about a factor of 2. However, most of the overestimation is due to the use of the relatively small 4-31G basis and not to errors inherent in the DFT treatment of electron correlation. The theoretical intensities for naphthalene are plotted in a bar graph in the bottom left of Figure 2. All of the bands corresponding to C-C stretch and in-plane CH bend between 6-8 µm are very weak for neutral naphthalene. Only the CH stretch near 3.3 µm and the CH out-of-plane bend hydrogen “quartet” (corresponding to four adjacent hydrogens) at 12.7 µm are relatively intense. As noted by De Frees et al.,46 this spectrum is very different than any of the observed astronomical spectra (see Figure 1). Our 4-31G basis B3LYP DFT results for anthracene are compared with the matrix isolation values of Szczepanski et al.26 in Table 3. In this case absolute intensities are given based on concentrations derived in part from the intensity of the visible/UV bands. Except for the CH stretch modes, the experimental intensities are about a factor of 2 larger than the present theoretical ones. However, the relative intensities are in better accord (note that the relative theoretical intensities are referenced to the theoretical b3u band at 730.2 cm-1), as this is the strongest observed band.26 As for naphthalene, the theoretical CH relative intensities are significantly larger than the experimental values. It should be noted that the SCF/3-21G intensities given in Table 5 of DeFrees et al.46 are in better agreement with the experimental values than are the present
 
 expta
 
 theory
 
 intc b
 
 freq
 
 c
 
 freq
 
 intd
 
 740.5/742.9 895.3 933.4 953.6/956.0 964.7 997.0 1124.7 1128.6 1165.2 1284.3 1292.5 1298.8 1321.4 1337.8 1388.9 1397.1/1398.6 1415.9 1465.6 1546.1 1636.7/1640.6
 
 166(1.00) 135(0.81) 2(0.01) 14(0.08) 5(0.03) 12(0.07) 4(0.03) 3(0.02) 5(0.03) 20(0.12) 8(0.05) 15(0.09) 7(0.04) 6(0.04) 7(0.04) 4(0.03) 3(0.02) 5(0.03) 3(0.02) 8(0.05)
 
 int
 
 b3u b2u b2u b3u b3u
 
 465.1 555.7 735.4 747.2 906.3
 
 22.3(0.19) 8.7(0.07) 2.1(0.02) 84.7(0.71) 81.1(0.68)
 
 b3u
 
 961.6
 
 10.4(0.09)
 
 b2u b1u
 
 995.8 1123.5
 
 3.6(0.03) 4.7(0.04)
 
 b2u b1u b1u
 
 1145.2 1283.0 1292.7
 
 3.6(0.03) 11.5(0.10) 5.0(0.04)
 
 b2u
 
 1337.8
 
 8.2(0.07)
 
 b2u b2u b1u b1u b1u b1u b2u
 
 1469.6 1536.1 1626.2 3041.6 3044.5 3063.7 3078.4
 
 3.9(0.03) 2.8(0.02) 9.4(0.08) 16.0(0.13) 32.9(0.27) 81.2(0.68) 120.1(1.00)
 
 3054 3062 3075 3095
 
 26(0.16) 20(0.12) 13(0.08) 10(0.06)
 
 a Matrix isolation, Szczepanski et al.33 b The frequencies are scaled by the factor 0.958. c Only theoretical values greater or equal to 2.0 km/mol are tabulated. Relative values are given in parentheses. d Absolute values given first with relative values in parentheses.
 
 density functional results. Again the differences with the present results are due more to basis set differences than to the incorporation of electron correlation effects using DFT theory. Our calculations indicate that the band assignments for the 1318 and 1346 cm-1 features given by Szczepanski et al.26 should be reversed. The theoretical spectrum of anthracene is compared with naphthalene, tetracene, and pentacene in Figure 2. The only intense peaks correspond to CH stretch and CH out-of-plane bend. For anthracene there are two peaks corresponding to CH out-of-plane bend, one at 13.7 µm corresponding to the CH groups on the outer rings (hydrogen quartet) and one at 11.3 µm corresponding to the CH groups on the central ring (hydrogen solo). Our theoretical frequencies and intensities for tetracene and pentacene are compared with Szczepanski et al.32,33 in Tables 4 and 5 and displayed graphically in Figure 2. The theoretical spectra for all of the polyacenes have weaker CH out-of-plane bends and stronger CH stretch modes than spectra obtained from matrix isolation studies. Overall, however, the agreement with experiment is reasonably good. As can be seen from Figure 2, the spectra for tetracene and pentacene are both similar to that for anthracene, with only the CH stretch and CH out-of-plane bend modes showing appreciable intensity. As we show later, the total intensities scale rather well with the number of CH groups. As the length of these polyacenes increases, the hydrogen solo band increases in intensity with respect to the hydrogen quartet band, as expected based on the number of CH groups of each kind. The hydrogen solo band shifts toward shorter wavelengths with increasing chain length; the band lies at 11.30, 11.03, and 10.94 µm for anthracene, tetracene, and pentacene, respectively. The hydrogen quartet peak lies at 13.69, 13.38, and 13.60 µm for anthracene through pentacene,
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 TABLE 5: Comparison of Theoretical and Experimental Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Pentacene expta
 
 theory irrep
 
 freqb
 
 intc
 
 b3u b3u b2u b1u b2u b2u b3u b3u b1u b3u b3u b2u b1u b2u
 
 461.8 468.7 482.8 572.5 634.1 724.7 735.4 829.2 911.5 914.5 961.7 991.8 1117.7 1132.5
 
 21.8(0.15) 5.1(0.04) 7.3(0.05) 2.6(0.02) 4.9(0.03) 4.7(0.03) 73.4(0.51) 19.4(0.14) 2.0(0.01) 102.4(0.72) 10.7(0.07) 3.7(0.03) 5.5(0.04) 2.9(0.02)
 
 b1u b1u b2u
 
 1198.0 1290.8 1331.8
 
 2.4(0.02) 24.1(0.17) 11.5(0.08)
 
 b2u
 
 1503.1
 
 2.4(0.02)
 
 b1u b1u b2u b1u b1u b2u b1u b2u
 
 1623.1 3038.9 3042.5 3043.1 3044.9 3048.5 3063.9 3078.5
 
 freq
 
 11.6(0.08) 2.6(0.02) 5.2(0.04) 9.4(0.07) 53.2(0.37) 5.3(0.04) 81.5(0.57) 142.8(1.00)
 
 731.8 823.9/826.3
 
 0.86 0.16
 
 900.1/902.5 954.6/955.1 995.1 1121.8
 
 1.00 0.14 0.10 0.06
 
 1164.3 1184.0 1298.8 1321.9 1350.4 1447.3 1504.7 1543.7 1572.6 1597.2 1634.3 3039.7
 
 0.03 0.02 0.21 0.07 0.05 0.02 0.05 0.02 0.03 0.03 0.07 0.10
 
 0.09 0.12 0.07
 
 a Matrix isolation, Szczepanski et al.32 b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 2.0 km/mol are tabulated. Relative values are given in parentheses.
 
 (cm-1)
 
 TABLE 6: Infrared Frequencies (km/mol) for Neutral Phenanthrene
 
 and Intensities expta
 
 theory irrep
 
 freqb
 
 intc
 
 b1 b1 b2 b1 b1 b1 b1
 
 430.5 498.4 627.8 736.6 817.0 871.4 950.3
 
 5.6(0.07) 3.9(0.05) 4.6(0.06) 74.6(1.00) 59.7(0.80) 11.1(0.15) 4.2(0.06)
 
 b2 a1 a1 b2 b2 a1 a1 a1 a1 b2 b2 a1
 
 1038.3 1250.3 1443.9 1461.7 1497.3 1595.1 3045.1 3057.0 3063.6 3070.7 3082.5 3093.3
 
 3.6(0.05) 9.4(0.13) 3.6(0.05) 14.3(0.19) 7.1(0.10) 4.5(0.06) 5.5(0.07) 18.3(0.24) 47.1(0.63) 52.8(0.71) 36.3(0.49) 32.9(0.44)
 
 freq 486 615 729 806 859 940 998 1032 1239
 
 chrysene irrep
 
 rel int
 
 3053.7 3066.2 3089.8
 
 TABLE 7: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Chrysene and Benzanthracene
 
 rel int
 
 0.05 1.00 0.65 0.17 0.05 0.10 0.08
 
 1452 1496 1602
 
 0.20
 
 3061
 
 1.4
 
 0.06
 
 a Unpublished gas-phase spectrum of phenanthrene at 400 C.55 b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 3.0 km/mol are tabulated. Absolute values given first with relative values in parentheses.
 
 respectively. The similarity of the polyacene spectra would allow a reasonably accurate prediction of the spectra of still longer polyacenes. However, these spectra are very different than the ones observed astronomically, and these neutral species
 
 a
 
 freq
 
 benzanthracene intb
 
 au bu
 
 431.0 480.2
 
 8.0(0.08) 8.5(0.09)
 
 au
 
 579.6
 
 5.1(0.05)
 
 bu au
 
 685.2 762.6
 
 11.0(0.11) 96.6(1.00)
 
 au au
 
 817.0 863.7
 
 65.3(0.68) 9.3(0.10)
 
 bu bu
 
 1032.0 1263.4
 
 6.9(0.07) 15.9(0.16)
 
 bu bu bu bu
 
 1426.1 1484.7 1514.6 1589.1
 
 10.3(0.11) 8.7(0.09) 9.4(0.10) 8.2(0.08)
 
 bu bu
 
 3048.9 3057.1
 
 20.2(0.21) 44.8(0.46)
 
 bu bu bu
 
 3073.8 3084.8 3101.1
 
 84.0(0.87) 17.3(0.18) 68.7(0.71)
 
 irrep
 
 freqa
 
 intb
 
 a′′ a′′ a′ a′′ a′′ a′′ a′′ a′′ a′′ a′′ a′′ a′′ a′ a′ a′ a′ a′ a′ a′ a′ a′ a′ a′′ a′ a′ a′ a′ a′ a′
 
 468.6 539.5 580.9 656.0 688.3 748.9 779.2 808.5 882.9 903.6 943.2 956.4 1038.1 1242.7 1338.9 1457.4 1479.5 1495.7 1618.1 3039.6 3043.7 3045.9 3055.8 3063.0 3064.0 3064.8 3075.1 3078.9 3089.0
 
 9.5(0.14) 4.6(0.07) 4.3(0.06) 3.7(0.06) 3.9(0.06) 67.2(1.00) 10.7(0.16) 20.8(0.31) 54.9(0.82) 6.7(0.10) 3.3(0.05) 5.4(0.08) 3.2(0.05) 7.6(0.11) 4.3(0.06) 5.9(0.09) 3.6(0.05) 18.8(0.28) 3.0(0.04) 4.7(0.07) 11.8(0.18) 3.4(0.07) 9.6(0.14) 8.3(0.12) 61.5(0.92) 22.1(0.33) 38.0(0.57) 54.1(0.81) 27.8(0.41)
 
 a The frequencies are scaled by the factor 0.958. b Only values greater or equal to 3.0 km/mol are tabulated.
 
 TABLE 8: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral 3,4-Benzophenanthrenea freqb
 
 intc
 
 freqb
 
 intc
 
 508.6 578.9 627.9 673.9 750.4 757.7 839.4 872.5 951.0 1237.3
 
 8.4(0.12) 10.8(0.16) 7.6(0.11) 9.1(0.13) 35.4(0.52) 38.0(0.56) 68.3(1.00) 14.5(0.21) 5.6(0.08) 11.2(0.16)
 
 1418.3 1494.0 3046.1 3056.5 3058.2 3064.1 3066.7 3075.9 3077.4 3120.5
 
 14.3(0.21) 11.8(0.17) 5.7(0.08) 13.1(0.19) 13.9(0.20) 20.6(0.30) 67.2(0.98) 65.0(0.95) 29.0(0.42) 10.3(0.15)
 
 a The molecule has no planes of symmetry so the vibrational modes are not given symmetry designations. b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 5.0 km/mol are tabulated. Absolute values given first with relative values in parentheses.
 
 may therefore not be present in appreciable quantities in the interstellar medium. We next consider the nonlinear polycyclic aromatic hydrocarbons phenanthrene, chrysene, benzanthracene, and 3,4benzophenanthrene. The spectra for these neutral systems given in Figure 3 show no appreciable intensity in the 6-8 µm region. As for the linear polyacenes, the only appreciable intensity corresponds to CH stretch modes and out-of-plane CH bend motions. It should be noted that due to the lower symmetry of these species, the intensity is spread out into more bands. This is especially noticeable for 3,4-benzophenanthrene, which is nonplanar. Since Figure 3 is a histogram plot and the CH stretch motions are very close in frequency, the apparent intensity of the peak at 3.3 µm in Figure 3 is reduced for these systems. However, the total integrated intensity is very nearly proportional to the number of CH groups; see later discussion.
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 Figure 3. Histogram representation of the infrared absorption band intensities of phenanthrene (bottom left), 3,4-benzophenanthrene (bottom right), benzanthracene (top left), and chrysene (top right) neutrals. The individual data for these four molecules are given in Tables 6-8.
 
 The frequencies and intensities for phenanthrene are compared with unpublished55 gas-phase (400 °C) data in Table 6. The theoretical frequencies are generally slightly larger than the observed values. This is due in part to temperature effects as Joblin et al.45 have conclusively shown that the IR bands shift toward lower frequencies as the temperature increases. The gasphase intensities agree very well with theory, except that the theoretical integrated intensity for CH stretch is too large by almost a factor of two. The theoretical data for chrysene and benzanthracene are summarized in Table 7 and those for 3,4benzophenanthrene are given in Table 8. Although to our knowledge there are no published experimental data for these systems, unpublished experimental spectra57 are readily assignable based on the theoretical values. One of the distinct characteristics of these PAHs is the presence of a so-called “bay window”. The interaction of the
 
 hydrogens on opposite sides of the bay window complicate the interpretation of the out-of-plane bending region of the spectra. The phenanthrene neutral system has a CH out-of-plane bend mode at about 12.24 µm corresponding to a hydrogen duo and a band at 13.58 µm corresponding to a hydrogen quartet. In chrysene the hydrogen duo and quartet bands lie at 12.24 and 13.11 µm. The benzanthracene system has a hydrogen solo at 11.33 µm, a hydrogen duo at 12.37 µm, and a hydrogen quartet at 13.35 µm. Thus the hydrogen quartet peak position varies substantially for these three species. In fact this region of the spectrum is an excellent means of distinguishing between different small polycyclic aromatic hydrocarbons. High-resolution spectra of astronomical objects in this wavelength region could aid in identifying particular species contributing to the UIR bands.10 The 3,4-benzophenanthrene spectrum shown in Figure 3 has a hydrogen duo at 11.91 µm and hydrogen quartet
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 Figure 4. Histogram representation of the infrared absorption band intensities of pyrene (bottom left), perylene (bottom right), triphenylene (top left), and coronene (top right) neutrals. The individual data for these four molecules are given in Tables 9-12.
 
 bands in the 13.2-13.3 µm region. The hydrogen quartet bands are split, because the molecule is nonplanar (a perspective drawing of this molecule is given in Figure 1 of ref 58). In Figure 4 we represent the theoretical data for four of the more compact PAH neutrals, namely pyrene (bottom left), perylene (bottom right), triphenylene (top left), and coronene (top right). Note that the intensity scales for the species displayed in the top half of the figure are twice that in the bottom half. The frequencies and intensities are given in Tables 9-12 for pyrene, perylene, triphenylene, and coronene, respectively. As for the previously discussed neutral systems, the four systems displayed in Figure 4 have little intensity in the 6-8 µm region. Also, the spectra of these four systems are quite different between 11-14 µm, which reinforces the statements above that this wavelength region is an excellent discriminator of small PAHs. The theoretical frequencies and intensities for pyrene are compared with both matrix isolation30 and gas-phase44 data in
 
 Table 9. The matrix isolation absolute intensities are overall slightly larger than the theoretical values, except for CH stretch, where they are over a factor of 2 less. The gas-phase absolute intensities are in excellent agreement with theory. The largest difference occurs for CH stretch where theory is about a factor of 1.8 larger. As stated previously, we believe that most of this difference can be attributed to the use of a relatively small (4-31G) basis in the DFT calculations. The theoretical and experimental frequencies also agree rather well, except that the 4-31G frequencies between 1400 and 1600 cm-1 are generally slightly too low when scaled by the factor of 0.958. Note that the gas-phase frequencies are shifted slightly to lower values due to the higher temperature (300 °C). For perylene the two strong out-of-plane bends lie at 12.28 and 13.07 µm. Even though this molecule has three hydrogens on all of the outer rings, the shorter wavelength band is more reminiscent of a hydrogen duo. It is interesting that these two bands of perylene are split almost evenly about the out-of-plane
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 TABLE 9: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Pyrene
 
 TABLE 11: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Triphenylene
 
 expt matrixa
 
 theory irrep
 
 freqc
 
 intd,e
 
 b3u b2u b3u b1u b2u b3u b3u b1u b3u b3u
 
 210.0 353.5 491.2 499.6 549.2 710.9 746.6 819.7 848.3 976.8
 
 7.3(0.06) 1.4(0.01) 1.5(0.01) 2.5(0.02) 2.5(0.02) 32.0(0.27) 9.9(0.08) 3.1(0.03) 120.5(1.00) 2.4(0.02)
 
 b1u b2u b2u b1u b2u b1u b2u b1u b2u b2u b2u b1u
 
 1092.3 1160.8 1188.3 1253.1 1314.6 1427.0 1476.2 1586.1 1597.0 3053.5 3063.2 3073.8
 
 4.8(0.04) 1.7(0.01) 10.3(0.09) 3.6(0.03) 6.5(0.05) 11.8(0.10) 4.0(0.03) 12.8(0.11) 5.5(0.05) 23.2(0.19) 94.7(0.79) 95.8(0.79)
 
 inte
 
 freq
 
 487.5 498 542 712 745 822 843 964 1004 1097
 
 4.6(0.03) 4.6(0.03) 7.8(0.05) 74.6(0.48) 18.6(0.12) 14.0(0.09) 155.4(1.00) 2.0(0.01) 2.9(0.02) 7.0(0.05)
 
 1184 1243, 1245 1312, 1315 1435, 1436 1493 1598 1603 3008-3067
 
 31.1(0.20) 6.9(0.05) 7.8(0.05) 26.4(0.17) 2.0(0.01) 6.2(0.04) 14.0(0.09) 87.0(0.56)
 
 gas
 
 phaseb
 
 freq
 
 int
 
 541 710 740
 
 3.9 45 19
 
 840
 
 94
 
 1095
 
 4.4
 
 1183 1240 1305 1432
 
 9.2 9.3
 
 1597
 
 10.2
 
 3052
 
 122
 
 Matrix isolation values from Vala et al.30 b Gas-phase data at 570 K from Joblin et al.44 c The frequencies are scaled by the factor 0.958. d Only values greater or equal to 1.0 km/mol are tabulated. e Absolute values given first (km/mol) with relative values in parentheses.
 
 TABLE 10: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Perylene expta
 
 theory irrep
 
 intc,d
 
 b3u b1u b3u b1u b3u b2u b1u b1u b3u b3u b2u b1u b2u
 
 175.9 462.0 545.2 579.4 765.3 774.5 792.7 807.0 814.5 981.7 1042.8 1091.4 1134.7
 
 4.7(0.04) 2.5(0.02) 8.1(0.06) 3.0(0.02) 63.0(0.47) 2.7(0.02) 7.7(0.06) 4.2(0.03) 119.8(0.89) 2.6(0.02) 3.1(0.02) 2.5(0.02) 4.1(0.03)
 
 b1u b2u b2u b1u b1u
 
 1216.9 1272.1 1329.4 1349.4 1387.0
 
 5.9(0.04) 2.8(0.02) 8.7(0.07) 3.0(0.02) 36.0(0.27)
 
 b1u
 
 1446.8
 
 3.9(0.03)
 
 b2u b1u b1u b2u b2u b1u b2u b1u b2u
 
 1495.3 1572.8 1586.0 1596.4 3048.7 3067.6 3068.5 3084.8 3099.3
 
 6.2(0.05) 9.6(0.07) 23.8(0.18) 9.5(0.07) 7.8(0.06) 134.5(1.00) 34.7(0.26) 8.9(0.06) 68.8(0.51)
 
 freq
 
 765, 772 791
 
 freqa
 
 intb
 
 e b1 e e e e e e e
 
 631.3 743.6 1054.6 1253.8 1440.4 1498.2 3054.1 3068.3 3105.3
 
 10.3(0.06) 180.9(1.00) 6.9(0.04) 6.5(0.04) 46.9(0.26) 25.3(0.14) 5.3(0.03) 104.1(0.58) 123.3(0.68)
 
 a The frequencies are scaled by the factor 0.958. b Only values greater or equal to 5.0 km/mol are tabulated. Absolute values given first with relative values in parentheses.
 
 TABLE 12: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Coronene experiment matrixa
 
 theory
 
 a
 
 freqb
 
 irrep
 
 intd,e
 
 122.4(1.00) 4.9(0.04)
 
 811, 815 969 1047 1088, 1089 1131, 1132 1187, 1188 1216, 1218
 
 101.6(0.83) 1.2(0.01) 3.6(0.03) 6.0(0.05) 7.2(0.06) 2.4(0.02) 7.2(0.06)
 
 1334 1374.5 1385 1396, 1399
 
 3.6(0.03) 5.5(0.05) 25.7(0.21) 4.9(0.04)
 
 1494 1500.5
 
 1.2(0.01) 6.0(0.05)
 
 1597 1613.5
 
 13.5(0.11) 3.6(0.03)
 
 3057-3095
 
 59.9(0.49)
 
 a Matrix isolation values from Szczepanski et al.27 b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 2.0 km/mol are tabulated. d Absolute values given first (km/mol) with relative values in parentheses. e A few additional weak bands have been observed.
 
 bend band position in naphthalene. The experimental absolute intensities agree well for the band at 12.3 µm, but the band at
 
 irrep b3u eu b3u eu b3u eu eu eu eu eu eu
 
 freqc
 
 intd,e
 
 freq
 
 gas phaseb inte
 
 freq
 
 int
 
 123.9 4.9(0.02) 378.5 6.3(0.02) 549.0 27.9(0.10) 550 35.1(0.26) 545 45 774.6 11.7(0.04) 771 21.6(0.16) 767 27 864.4 175.8(0.63) 857 135.1(1.00) 848 112 1140.3 13.0(0.05) 1137 12.2(0.09) 1136 15 1312.4 48.1(0.17) 1317 44.6(0.33) 1308 30 1494.8 2.7(0.01) 1505 4.1(0.03) 1602.7 26.3(0.09) 1620 9.5(0.07) 1599 14 3042.8 15.6(0.06) 2940-3077 53.6(0.40) 3017, 3051 160 3064.9 279.8(1.00)
 
 a Matrix isolation, Szczepanski and Vala.28 b Gas-phase data (770 K) from Joblin et al.44 c The frequencies are scaled by the factor 0.958. d Only values greater than 2.0 km/mol are tabulated. e Absolute values given first with relative values in parentheses.
 
 13.1 µm is a factor of 2 less intense than experiment and, as usual, the theoretical CH stretch intensities are much larger than those obtained in matrix isolation. The spectrum for triphenylene displays just one strong band for CH out-of-plane bend at 13.45 µm. This is the only distinctive feature in the spectrum that could possibly differentiate this species from other PAH species. The band positions and relative intensities given for triphenylene in Table 11 agree well with unpublished spectra.57 The theoretical frequencies and intensities for coronene displayed in Table 12 are in good agreement with both gasphase and matrix isolation data. The spectrum of coronene is distinctive in a couple of respects. First, due to the high symmetry, the spectrum is very simple. Secondly, unlike all of the other neutral PAHs discussed so far, the band positions for neutral coronene are in good accord with the peaks in the astronomical spectra. For example, coronene has bands at 3.3, 6.2, 7.6, 8.8, 11.6, and 12.9 µm compared with the family of interstellar emission bands at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 µm. However, the relative intensities are in complete disagreement with observations. As we show later, the relative intensities can be brought into good agreement with observations by ionizing the molecule. However, ionization introduces small changes in the band positions, which worsens the agreement with the 6.2 and 7.7 µm features. Nevertheless, the fact that only the band positions of highly symmetric PAHs such as coronene, and not most of the other small PAHs considered in this work, agree with the astronomical spectra is noteworthy. The observation that the spectra of symmetrical PAHs fit the astronomical spectra better has been made previously by Le´ger et al.34 The theoretical frequencies and intensities (greater than 2.0 km/mol) for neutral ovalene are compared with the gas-phase
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 TABLE 13: Infrared Frequencies (cm-1) and Intensities (km/mol) for Neutral Ovalene theory irrep
 
 freqb
 
 intensityc
 
 b3u b1u b3u b2u b2u b3u b3u b1u b3u b3u b2u b3u b3u b1u b2u b1u b2u b2u b1u b1u b2u b2u b1u b2u b1u b1u b2u b1u b2u b1u b1u b2u b1u b2u
 
 105.3 275.0 339.6 391.1 424.6 543.3 628.7 706.0 761.0 775.7 778.7 843.2 895.3 911.9 967.8 1166.3 1171.6 1240.0 1273.9 1302.6 1314.0 1372.5 1390.7 1400.8 1446.0 1519.6 1597.8 1613.5 3044.1 3044.3 3046.5 3062.7 3065.1 3065.8
 
 3.4(0.02) 3.7(0.02) 5.3(0.03) 3.9(0.02) 2.3(0.01) 9.6(0.06) 19.7(0.11) 2.1(0.01) 2.3(0.01) 4.4(0.03) 4.9(0.03) 76.2(0.44) 123.8(0.72) 3.9(0.02) 2.3(0.01) 12.2(0.07) 3.6(0.02) 16.4(0.10) 9.2(0.05) 14.5(0.08) 3.2(0.02) 13.2(0.08) 2.6(0.01) 6.5(0.04) 3.0(0.02) 2.9(0.02) 20.1(0.12) 15.7(0.09) 5.7(0.03) 28.0(0.16) 6.3(0.04) 9.4(0.05) 151.9(0.88) 172.8(1.00)
 
 experimenta gas phase
 
 539(18)d 627(43)
 
 matrix
 
 549 634
 
 758(32) 831(102) 877(95) 963 1157(25) 1234(10) 1257d 1299(18)
 
 777 841 885 975 1159 1166 1240/1242 1272 1307 1313 1387 1399 1417
 
 1605(21) 3031
 
 1619/1621 3048
 
 3050(265)e
 
 3069
 
 a Gas-phase (820 K) and matrix isolation (4 K) frequencies for ovalene, Joblin et al.44 Intensities in km/mol are given for the gas phase in parentheses. b The frequencies are scaled by the factor of 0.958.c Only values greater or equal to 2.0 km/mol are tabulated. Absolute values are given first with relative values in parentheses. d Assignment in gasphase spectrum uncertain. e The total intensity for CH stretch including the contribution from the band at 3031 cm-1.
 
 and matrix isolation data of Joblin et al.44 in Table 13. The bands observed in matrixes are sharper than in the gas phase due to the lower temperature and rotational quenching. The band positions in the gas phase are also red shifted with respect to the matrix data as a result of the higher temperature. Thus they may be more indicative of astrophysical conditions where a moderately high vibrational temperature is expected. However, the theoretical data, which correspond to 0 K, agree, in general, better with the matrix isolation data. The spectrum of ovalene is consistent with the smaller PAH systems in that most of the intensity resides in the CH out-of-plane bend and CH stretch modes. To contrast the IR spectra of ovalene neutral and cation, we compare their spectra in Figure 5. In neutral ovalene the CH out-of-plane solo and duo bands are at 11.17 and 11.86 µm, compared with the ovalene cation (see later discussion), where the bands are shifted to 10.92 and 11.62 µm. The comparison in Figure 5 illustrates the radical change that ionization has on the relative intensities. In Figure 6 we have combined the spectra of the thirteen species shown in Figures 2-5. Thus this spectrum is characteristic of an equal mixture of small PAH neutrals up to the size of ovalene. Clearly the integrated intensity in the 11-14 µm region is much greater than that between 6-8 µm. This composite spectrum is very different from any of the astronomical spectra shown in Figure 1. While this does not rule out the existence of small neutral PAH species in the interstellar
 
 Figure 5. Histogram representation of the infrared absorption band intensities of ovalene neutral (left) and ovalene cation (right). The individual data for these two molecules are given in Tables 13 and 28.
 
 medium, it provides strong evidence that they are not the dominant form. To conclude this section on the neutral systems, we give in Table 14 the total integrated intensities for the systems considered in this work. In the first column we give the contribution from just CH stretch modes. This contribution is found to be remarkably proportional to the number of CH bonds. This is especially the case for similar systems such as the polyacenes. The CH stretch intensity for the more compact PAHs such as coronene and especially ovalene are somewhat larger per CH bond. This may be due to the fact that the CH stretches originate entirely from solo and duo bands, which are less sterically hindered. The total integrated intensity is found to scale almost linearly with the size of the system. This is perhaps not surprising considering that almost all of the intensity is derived from CH stretch and CH out-of-plane bend modes, whose intensities are nearly proportional to the number of CH bonds. From the comparison of the intensities of the neutral
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 J. Phys. Chem., Vol. 100, No. 8, 1996 2829 TABLE 15: Comparison of the Infrared Frequencies (cm-1) and Intensities (km/mol) for the Naphthalene Cation expta
 
 theory irrep
 
 freqb
 
 intc,d
 
 b3u b3u b2u
 
 422.2 766.8 1007.7
 
 23.9(0.12) 115.3(0.60) 21.5(0.11)
 
 b1u b2u b2u b1u b2u b1u b1u b2u
 
 1102.7 1181.8 1218.0 1283.3 1375.4 1410.8 1501.4 1523.8
 
 7.2(0.04) 50.3(0.26) 193.2(1.00) 8.9(0.05) 20.1(0.10) 16.2(0.08) 97.8(0.51) 17.5(0.09)
 
 SRPEPVe
 
 HSAg
 
 1016(0.20) 1023(0.06)
 
 758.7(0.27) 1016(-) 1023.2(0.05)
 
 1218(1.00)f
 
 1214.9(0.20) 1218.0(1.00)h
 
 1401(0.04) 1519(0.08) 1525(0.16)
 
 1400.9(0.04) 1518.8(0.10) 1525.7(0.29)
 
 a Frequencies are given first followed by relative intensities in parentheses. b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 5.0 km/mol are tabulated. d Absolute values given first with relative values given in parentheses. e Matrix isolation, Szczepanski et al.25 f The integrated band intensity is estimated as 195 km/mol for the 1215/1218 cm-1 band. g Matrix isolation, Hudgins et al.29 h The integrated band intensity is reported as 4.1 km/mol.
 
 Figure 6. Histogram representation of an equally weighted sum of the infrared absorption band intensities of the 13 neutral species displayed in Figures 2-5.
 
 TABLE 14: Total Integrated Intensities (km/mol) for the PAH Neutrals and Cations system benzene (C6H6) naphthalene (C10H8) anthracene (C14H10) phenanthrene (C14H10) pyrene (C16H10) tetracene (C18H12) triphenylene (C18H12) chrysene (C18H12) benzanthracene (C18H12) 3,4-benzophenanthrene (C18H12) perylene (C20H12) coronene (C24H12) pentacene (C22H14) ovalene (C32H14)
 
 neutrals CH stretcha totalb 117.5(19.6) 160.1(20.0) 206.2(20.6) 199.0(19.9) 217.3(21.7) 253.3(21.1) 253.5(21.1) 235.7(19.6) 244.6(20.4) 232.8(19.4) 254.7(21.2) 296.0(24.7) 299.9(21.4) 374.4(26.7)
 
 237.8 336.3 431.6 434.0 461.3 530.0 524.4 537.2 535.1 535.6 598.4 616.8 630.3 772.4
 
 positive ions totalb 398.0 586.0 1085.1 1248.6 784.0 1826.3 2347.5 2434.4 2042.2 2682.4 1040.7 1458.3 2835.6 1628.8
 
 a Total CH stretch followed by amount per CH bond. b Summation over all bands including CH stretch.
 
 species with those for the corresponding ions, we observe that the total integrated intensities increase substantially upon ionization, especially for the larger systems. In the next section we discuss the positive ions of these systems, whose spectra are very different from the neutrals and are in much better agreement with astronomical observations. IV. Polycyclic Aromatic Hydrocarbon Positive Ions Allamandola, Tielens, and Barker21 were the first to propose that the UIR bands might be due to ionized, perhaps partially dehydrogenated, PAHs. The rationale for this hypotheses is that the first ionization potential of PAHs is well below the energy obtainable from the UV flux in the harsh interstellar environment. Since that time experimental studies of small PAH ions as well as theoretical studies have shown that the ratios of intensities for the ions fit the astronomical observations far better
 
 than for the neutrals. In this section we describe our IR spectra for the singly charged positive ions of the 13 PAHs considered in the last section. While confirming the conclusions based on the theoretical work of Pauzat et al.47,48 and De Frees et al.,46 the DFT frequencies and intensities are found to be in much better agreement with those derived from matrix isolation studies than are those determined at the SCF level. However, significant differences remain in some cases. The systematic theoretical study of a range of PAH ions presented in this work provides some interesting clues as to nature of the species contributing to the UIR bands. The theoretical frequencies and intensities for the naphthalene cation (greater than 5.0 km/mol) are compared with two sets of experimental data25,29 in Table 15. Only relative intensities are given for the experimental work, because the experimental estimates of the absolute intensities vary greatly. Szczepanski et al.25 estimate an integrated band intensity of 195 km/mol for their 1215/1218 band, in excellent agreement with the present theoretical value, whereas Hudgins et al.29 report 4.1 km/mol. The relative intensities are in reasonable accord with theory. The band at 1215/1218 cm-1 is observed to be the strongest in both experiments. This correlates well with the strongest calculated band also at 1218.0 cm-1. Theoretically there is also a band at 1181.8 cm-1, also of b2u symmetry. As these two bands are very close together, it may be more reasonable to compare the sum of their intensities with experiment. The strong out-of-plane CH bend mode at 766.8 cm-1 compares reasonably well with the band at 758.7 cm-1 observed by Hudgins et al.29 Theoretically, bands are predicted at 1501.4 and 1523.8 cm-1. Considering that the theoretical frequencies are likely slightly too low, these probably correlate well with the 1519 and 1525 cm-1 experimental bands. However, the relative intensities of these bands are opposite of the experiment results. It is possible that the interpretation of the experimental band strengths is complicated by the presence of underlying bands in neutral naphthalene. At the SCF level the intensities are all much larger. For example, Pauzat et al.47 obtain an intensity for the strongest band of 1136 km/mol at the SCF level using the 6-31G* basis. Their scaled frequency of 1101 cm-1 is also much further from the observed band position of 12151218 cm-1. Thus while it appears that the neutral systems are satisfactorily treated at the SCF level, much larger errors occur for the positive ions. In other words, electron correlation reduces the band intensities of the ions much more than for the neutrals.
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 Figure 7. A histogram representation of the infrared absorption band intensities of naphthalene (bottom left) anthracene (bottom right), tetracene (top left) and pentacene (top right) cations. The individual data for these four ions are given in Tables 15-18.
 
 A histogram of the naphthalene cation spectrum is shown in the bottom left of Figure 7. The spectrum is very different than the corresponding one for neutral naphthalene in the bottom left of Figure 2 (note that the intensity scale is a factor of 3 larger for the ion). Ionization causes a dramatic reduction in the CH stretch intensities and a concurrently large increase in the in-plane CC stretch and CH bend modes. These observations are consistent with earlier theoretical work.46,47 Clearly, the relative intensities for the ions agree much better with astronomical observations than do those for the neutral. Our theoretical intensities for the anthracene cation are compared with two sets of experimental relative intensities26,59 in Table 16. The relative intensities for the hydrogen quartet and solo bands are in good agreement with experiment (note that Szczepanski et al.26 do not observe the frequency region where the hydrogen quartet occurs). The theoretical b2u band at 1023.4 cm-1 may correspond to the much stronger band
 
 observed by Szczepanski et al.26 at 1034.0 cm-1; this band is apparently not observed by Hudgins and Allamandola.59 Experiment and theory agree that the band at 1341 (experimental) and 1339.6 cm-1 (theoretical) is the strongest. However, theory predicts that the experimental bands at 1188 and 1418 cm-1 are more than a factor of 2 weaker than the 1341 cm-1 band, whereas the band strengths are more comparable experimentally. There seems to be a tendancy in the Hudgins and Allamandola data to observe multiple peaks in the vicinity of the strong bands. As theory predicts only one fundamental band in these regions, it is possible that these bands correspond to multiple sites in the matrix or overtone/combination modes. We note that this effect is particularly noticeable for the longer polyacenes such as tetracene and pentacene (see later discussion), but less so for the more compact PAH ions. The intensities of the bands above 1500 cm-1, corresponding primarily to in-plane CC stretch, agree rather well with Hudgins and Allamandola.59
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 TABLE 16: Comparison of the Infrared Frequencies (cm-1) and Intensities (km/mol) for the Anthracene Cation expta
 
 theory irrep
 
 freqb
 
 intc,d
 
 SVTPEe
 
 b3u b3u b2u b3u b3u b2u b2u b2u b1u
 
 438.0 753.3 806.4 912.6 984.9 1023.4 1181.9 1195.9 1279.1
 
 31.2(0.09) 95.6(0.27) 5.1(0.01) 38.3(0.11) 8.8(0.02) 6.9(0.02) 11.4(0.03) 140.0(0.39) 22.7(0.06)
 
 432(0.07)
 
 1188(0.98)g 1291(0.07)
 
 b2u
 
 1339.6
 
 357.4(1.00)
 
 1341(1.00)
 
 b2u
 
 1393.1
 
 131.9(0.37)
 
 1410(0.09)
 
 HAf 748.3(0.26)
 
 912(0.15)
 
 1454.9 1458.8 1523.3 1564.5 3105.3
 
 21.6(0.06) 57.6(0.16) 75.3(0.21) 62.2(0.17) 8.4(0.02)
 
 912.0(0.09)
 
 1034(0.20)
 
 1418(0.97) b1u b2u b2u b1u b2u
 
 A histogram plot of the anthracene cation spectrum is compared with the spectra of naphthalene, tetracene, and pentacene in Figure 7. (Note that the intensity scale for the tetracene and pentacene cations is twice that of the anthracene and naphthalene cations in Figure 7 and the intensity scale for the anthracene cation is 3 times that of neutral anthracene in Figure 2.) The hydrogen solo and quartet out-of-plane bends occur at 11.0 and 13.3 µm for anthracene cation compared with 11.3 and 13.7 µm for the neutral. While the total integrated intensity for out-of-plane bend is comparable in the neutral and ion, the ratio of the intensity of the solo/quartet is less for the ion than the neutral. Comparing the anthracene cation spectrum with those for tetracene and pentacene in Figure 7, we observe that in all cases most of the intensity lies between 6.5 and 8.3 µm. The overall integrated intensity increases approximately as the square of the chain length (1085, 1826, and 2836 km/ mol for anthracene, tetracene, and pentacene cations, respectively; see Table 14). However, the strongest bands for these linear PAH ions fall between the 6.2 and 7.7 µm bands. Thus the spectra for the polyacene cations are considerably different than the astronomical ones shown in Figure 1. The theoretical frequencies and intensities for the tetracene cation are compared with the matrix isolation values of Hudgins and Allamandola59 and of Szczepanski et al.33 in Table 17. The calculations were carried out using both the 4-31G and 6-31G* basis sets. The 4-31G frequencies were scaled by the usual factor of 0.958, while the 6-31G* frequencies were scaled by the factor of 0.98 for fundamentals below 1300 cm-1 and the factor of 0.967 for fundamentals above 1300 cm-1. The factor of 0.967 was chosen to bring the frequency for the strong b2u band into agreement with the strongest experimental band at 1358.4 cm-1.33,59 The 4-31G and 6-31G* frequencies agree very well as do the intensities, although the intensities are generally slightly less for the 6-31G* basis. The agreement between the theoretical and experimental relative intensities is reasonably good, especially if one adds together the closely lying
 
 1457(0.05) 1540(0.04)
 
 1183.3(0.01) 1188.6(0.70) 1290.4(0.06) 1314.6(0.06) 1341.0(1.00) 1352.6(0.31) 1364.4(0.04) 1406.1(0.02) 1409.5(0.11) 1418.4(0.86) 1430.2(0.01) 1456.5(0.07) 1539.9(0.15) 1586.4(0.14)
 
 a Frequencies are given first followed by relative intensities in parentheses. b The frequencies are scaled by the factor 0.958. c Only values greater or equal to 5.0 km/mol are tabulated. d Absolute values given first with relative values given in parentheses. e Matrix isolation, Szczepanski, et al.26 f Matrix isolation, Hudgins and Allamandola.59 g The integrated band intensity is estimated as 182.3 km/mol for the 1188 cm-1 band.
 
 Szczepanski et al.26 do not appear to observe the spectrum above about 1550 cm-1 and thus do not report the band observed by Hudgins and Allamandola at 1586.4 cm-1. Szczepanski et al.26 estimate the integrated absorption band strength of the 1188 cm-1 band as 182.3 km/mol, which is in good accord with our calculated value of 140 km/mol.
 
 TABLE 17: Infrared Frequencies (cm-1) and Intensities (km/mol) for the Tetracene Cation theory 4-31G basis a
 
 irrep
 
 freq
 
 b3u b3u b3u b3u b3u b2u b2u b2u b1u b1u
 
 438.1 454.3 758.3 934.3 982.3 1180.7 1189.3 1280.8 1289.2 1294.8
 
 a
 
 6-31G* basis b
 
 c
 
 expt b
 
 int
 
 freq
 
 int
 
 27.7(0.04) 7.0(0.01) 101.7(0.16) 56.0(0.09) 13.1(0.02) 20.8(0.03) 142.4(0.22) 17.8(0.03) 25.3(0.04) 8.0(0.01)
 
 441.0 455.9 757.6 927.5 970.4 1172.4 1190.9 1278.0 1281.5
 
 20.0(0.03) 5.4(0.01) 81.7(0.14 47.2(0.08) 11.5(0.02) 9.7(0.02) 170.5(0.30) 26.2(0.05) 32.5(0.06)
 
 b2u b1u
 
 1350.4
 
 654.8(1.00)
 
 1358.4 1396.6
 
 573.8(1.00) 8.6(0.02)
 
 b2u b1u b2u
 
 1393.3 1410.0 1479.0
 
 193.6(0.30) 7.5(0.01) 243.5(0.37)
 
 1397.6
 
 231.2(0.40)
 
 1478.1
 
 239.1(0.42)
 
 b2u b1u b1u b1u b2u
 
 1519.2 1529.7 1581.6 3114.4 3086.3
 
 204.4(0.31) 8.4(0.01) 40.9(0.06) 6.5(0.01) 25.9(0.04)
 
 1532.7 1534.5 1593.1
 
 202.6(0.35) 5.7(0.01) 38.9(0.07)
 
 3124.3
 
 14.5(0.02)
 
 b
 
 d
 
 Szczepanskie
 
 Hudgins
 
 929.4(0.05)
 
 766.5 929.5
 
 16(0.09) 13(0.07)
 
 1178.5(0.44)
 
 1178.5
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