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The ultraviolet, visible, and near infrared absorption spectra of phenanthrene (C,,H,,), 
I-methylphenanthrene [(CH,)C,,H,], and their radical ions [C,,H:,; (CH,)C,,H,f], formed by 
vacuum-ultraviolet irradiation, were measured in neon matrices at 4.2 K. The associated vibronic 
band systems and their spectroscopic assignments are discussed. The oscillator strengths were 
calculated for the phenanthrene ion and found lower than the theoretical predictions. This study 
presents the first spectroscopic data for phenanthrene and its methyl derivative trapped in a neon 
matrix where the perturbation of the isolated species by its environment is minimum; a condition 
crucial to astrophysical applications. 0 1994 American Institute of Physics. 

I. INTRODUCTION 

The recognition of the potential importance of polycy- 
clic aromatic hydrocarbon (PAHs) in astrophysics’ has moti- 
vated our study of the ultraviolet, visible, and near-infrared 
spectroscopic characteristics of these molecules in their neu- 
tral and ionized forms. PAHs are currently considered the 
best candidates to explain the mid-infrared spectral features 
(UIR bands) at 3.3, 6.2, 7.7, 8.6, and 11.3 pm emitted from 
many objects in the interstellar medium.2 PAHs have also 
been proposed as possible carriers of the visible, diffuse in- 
terstellar absorption bands (DIBs)~(+~(~) which extend from 
4000 w into the near IR and are characteristic of an impor- 
tant, ubiquitous component of interstellar space.3@-3(n Both 
hypotheses require interstellar PAHs to be present as a mix- 
ture of radicals and ions as well as neutral species (perhaps 
partially hydrogenated and/or containing side groups). In the 
first part of this program, small PAHs, i.e., molecules with 
less than 25 carbon atoms, have been considered. Experi- 
mental results, as well as their astrophysical implications, 
have been previously reported and discussed for the elec- 
tronic transitions of the naphthalene (C10H8+),4 pyrene 
(C,,H&),5 and I-pyrenecarboxaldehyde [(COH)C,,H,f] (Ref. 
6) cations isolated in argon and neon matrices. A theoretical 
study of the electronic spectra of the hydrogen abstraction 
and addition derivatives of naphthalene (C,,H, and C,,H,) in 
their neutral, anionic, and cationic states has also been 
performed.7 Here, we report the experimental results for the 
phenanthrene molecular ion (C,,H&) and its derivative 
I-methylphenanthrene [(CH,)C,,H:] isolated in neon matri- 
ces. It is the purpose of these studies to obtain quantitative 
ultraviolet-visible-near-infrared spectroscopic data on iso- 
lated, neutral, and ionized PAHs. 

Matrix isolation spectroscopy’ is a particularly well 
suited technique for the simulation of an astrophysical envi- 
ronment in the case of large, reactive species such as ionized 
PAHs. It permits the simulation of low temperature (4- 15 K) 
and isolated conditions in space. Among the rare gases com- 
monly used as matrix-cage material (Ne, Ar, Kr, and Xe), 
solid neon provides the best (i.e., less polarizable) medium 
for the study of quasiunperturbed electronic spectra of ions.’ 

The phenanthrene cation has been studied in detail in the 
ultraviolet-to-near-infrared range by absorption spectroscopy 
in glassy organic and inorganic solids,‘0 in solution,” and in 
argon matrices.6”2 Gas-phase data have been provided by the 
photoelectron spectra (PES) of phenanthrene.‘2(b’Y’3 Recently, 
higher resolution photoelectron spectroscopy coupled to 
resonance enhanced multiphoton ionization (REMPI), has 
provided information on the vibrational levels of the ion 
ground electronic state. ‘3(d) Phenanthrene and l-methyl- 
phenanthrene cations were formed, here, by direct photoion- 
ization of the matrix-isolated neutral precursors [C,,H,,, and 
(CH,)C,,H,] and the vibronic absorption spectra were re- 
corded from 200 nm (50 000 cm-‘) to 1050 nm (9500 
cm-‘). 

The ultraviolet-visible-to-near infrared spectrograph 
coupled with a low temperature (4.2 K) sample chamber is 
briefly described in Sec. II. The following section, III, pre- 
sents the absorption spectra of neutral phenanthrene and 
1-methylphenanthrene and their cations. The discussion of 
the results and the spectroscopic assignments are reported in 
Sec. IV, and the conclusions of the study are given in the last 
section (V). 

II. EXPERIMENT 

A W-visible-to-near infrared spectrograph, coupled to a 
helium-cooled cryogenic cell, is used to measure the absorp- 
tion spectra of neutral and ionic PAHs using matrix isolation 
spectroscopy. The experimental apparatus has been described 
in detail in a previous report4’a) and only a brief review, 
focusing on the characteristics of the new detection system, 
is given here. The apparatus consists of the following parts: 

(a) The spectral light source (LS). A deuterium lamp 
(Hamamatsu L 1626) provides a smooth continuum 
from 160 to 360 nm and a quartz tungsten halogen 
lamp (Ushio FCR) provides a stable output from 320 to 
2500 nm. 

(b) The cryogenic sample chamber (SC). The sample 
chamber is equipped with four ports at 90” and two gas 
injection ports at 45” angles. The cryogenic sample 
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holder, suspended in the center of the chamber at the 
tip of the cooler. holds a sapphire window (S). A high 
vacuum (P in the order of IO-* T) is maintained while 
the substrate is cooled down to 4.2 K by an extended 
liquid helium transfer cryostat (Hansen Associates 
HLT-183). The temperature of the substrate is con- 
trolled by regulating the liquid helium flow. The tem- 
perature of the substrate is measured with an Fe-Au/ 
Chrome1 thermocouple connected to the sample holder. 
The substrate can be positioned to face alternatively the 
spectroscopy ports, the gas injection ports, an excita- 
tion lamp, or a vacuum deposition furnace. 

(c) The monochromntor (M). A triple grating monochro- 
matar (Acton Research Corporation SpectraPro-500) 
with an effective focal length of 568.2 mm and an ap- 
erture ratio f/6.9 is used. Ruled gratings (1200, 600, 
and 300 grooves/mm) blazed at 300 and 650 nm are 
used. The nominal linear dispersion is 1.7, 3.4, and 6.8 
nm/mm, respectively, over the entire wavelength range 
( 180- 1050 nm) for these three gratings. The entrance 
slit is adjustable with a micrometer (0.01 pm-3.0 mm 
range). An external scan controller interfaced to the 
serial port (RS-232) of a computer system (Microlink 
Data Systems) is used to remotely drive the monochro- 
mator. An UV fiber optic cable guides the focused light 
collected at the spectroscopy port of the cryogenic 
sample chamber to an optical fiber adaptor (OFA) 
mounted on the entrance slit. The exit port is equipped 
with a CCD detector mounting flange. 

(d) The photon detector (CCD). The detector is a thermo- 
clcctrically cooled charge coupled device (CCD) area 
array detector (Princeton Instruments, model TE/CCD- 
1152) with a 298 (column) by 1152 (row) pixel format. 
The active area is 6.7X26.0 mm with a pixel size of 
22.5X33.5 pm. The CCD, operated at -40 “C with tap 
water circulation, is coated with a UV-to-visible con- 
verter making it sensitive in the spectral range 180- 
1060 nm (peaking near 750 nm). The CCD is mounted 
directly on the exit port of the monochromator and in- 
terfaced to an IBM clone computer through a 16 bit 
A/D controller (Princeton Instruments, model ST-130). 

(e) The photoexcitation source (ES). Vacuum ultraviolet 
radiation is generated by a microwave-powered, hydro- 
gen flow. discharge lamp (Opthos Instruments) 
equipped with a removable MgF, window and 
mounted on one of the ports of the sample chamber. 
When operating with pure H, at a pressure of l-2 T, 
the flux is -2X 10’” photons cm-* s-’ equally distrib- 
utcd between the 160 nm band and the Lyman cy line at 
121.6 nm (10.2 eV). By using a 10% hydrogen/helium 
mixture in a low pressure discharge one can get most 
of this flux as nearly monochromatic radiation in the 
Lyman a line. 

The entire system is monitored and controlled with a 
computer system (Microlink Data Systems, type 486DX/33). 

Ill. RESULTS 
Each experiment consisted of the following protocol: re- 

cording of the single-beam absorption spectrum of the cold 

blank substrate (I’,‘&.), simultaneous condensation of the 
sample with the argon/neon matrix gas on the cold window 
at 4.2 K, measurement of the single-beam absorption spec- 
trum of the matrix-isolated neutral precursor (Ineutral), expo- 
sure of the sample to VUV irradiation for a given time, t, 
and, finally, recording of the single-beam absorption spec- 
trum of the irradiated sample ([irrad). The last two steps were 
repeated at different intervals to monitor the dependence of 
the new spectral features produced on VUV photolysis. The 
ion yield was optimized by setting the different parameters 
such as duration of VUV irradiation, concentration of 
phenanthrene in the rare gas matrix, photon energy of the 
excitation source in the VUV (i.e., the flux of the hydrogen 
Lyman a line with respect to the 160 nm band), and in situ 
photolysis to the values determined in our previous 
studies.4(a),4(b) In some cases, 2 or 3 layers of irradiated 
sample were formed on top of each other to increase the ion 
column density. All spectra were recorded over the entire 
range of the spectrophotometer system (180- 1050 nm) at a 
nominal resolution of 0.1 nm. Samples were prepared by 
codepositing phenanthrene (or 1-methylphenanthrene) vapor 
with the rare gas (Ar or Ne) at room temperature. The 
phenanthrene and 1-methylphenanthrene gases were depos- 
ited through a tube at 4.5” with respect to the rare gas depo- 
sition line. Phenanthrene and 1-methylphenanthrene have 
low vapor pressures of about 14 and 3 mT, respectively, 
when in equilibrium with the solid at room temperature.14 
This is sufficient, however, for the preparation of rare gas 
matrix samples. The spectroscopic results described in this 
section were generally obtained under the following standard 
experimental conditions (unless specified otherwise): R 
(C’4H,0): M (Ne)=l: 1000; substrate temperature, 4.2 K; 
sample deposition rate, 10 mmol h-‘; monochromatic VUV 
irradiation in the Lyman cy line (10.2 eV). Phenanthrene crys- 
tals (Aldrich 99.5%), Ar (Matheson 99.9995%), and Ne 
(Cryogenic Rare Gas 99.999%) research grade rare gases 
were used without further purification. 

A. Neutral phenanthrene 

The absorption spectrum of Phenanthrene isolated in an 
Ar or Ne matrix can be divided into nine distinct band sys- 
tems across the wavelength range 200-1050 nm.15 Eight 
band systems, all associated with the singlet manifold, are 
measured in the 200-340 nm region (see Fig. 1). The longest 
wavelength system, or system I, is very weak, with an oscil- 
lator strength, f, of 0.0002.‘5 The strongest band of this sys- 
tem falls at 341.1 to. 1 nm in Ne and 343.3 50.2 nm in Ar. 
System II peaks at 284.350.1 nm in Ne (289.7kO.2 nm in 
Ar) and is moderately strong cf=0.0766).‘5 Systems III and 
IV are weak and peak at 273.420.1 nm cf=O.O168) (Ref. 
15) and 262.4AO.l nm cf=0.0132),‘5 respectively. System V 
is very strong (f= 1.1874) (Ref. 15) with the strongest band 
at 243.020.1 nm in Ne and 246.8&O. 1 nm in Ar. System VI 
is moderately strong ~=O.OSSS) (Ref. 15) with the strongest 
band at 229.020.3 nm. Systems VII is moderately strong 
(f=O.3155) (Ref. 15) and peaks at 214.550.3 nm in Ne and 
216.7kO.2 nm in Ar. Finally, system VIII peaks at 204.5 
nmk0.3 nm in Ne with f =0.061. A very weak absorption, 
associated to the triplet manifold,15 is measured at 363.7 
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FIG. 1. The absorption spectrum of phenanthrene isolated in a neon matrix (M/R = 1000, deposition rate= 10 mmol  h-l, 
to 2 min deposition. Insert corresponds to 35 min deposition. 

T=4.2 K). Full spectrum corresponds 

t 0.1 nm in Ne. The vibronic band wavelengths, frequencies, 
and intervals are listed in Table I for a Ne matrix. The vi- 
bronic spacings listed are broken down into possible funda- 
mental modes. These fundamentals and their assignments are 
summarized in Table III where they are compared to the 
experimental and theoretical spectroscopic data available in 
the literature’6~19(a) (see Sec. IV A). The data indicate a red 
shift in energy for all the levels when going from a neon to 
an argon matrix as expected from the fourfold increase in the 
polarizability of the matrix material.” The wide range in 
oscillator strengths of these systems required distinct matrix 
thicknesses to optimize the spectrum of each particular sys- 
tem 

B. Neutral l-methylphenanthrene 

The absorption spectrum of 1-methylphenanthrene iso- 
lated in a Ne matrix resembles that of phenanthrene. It too 
can be divided into distinct band systems, with very different 
intensities, in the 200-1050 nm wavelength range (Fig. 2). 
By analogy with phenanthrene (Sec. III A), we have tenta- 
tively divided the observed absorption bands into 7 band 
systems (6 systems belonging to the singlet manifold and 1 
system belonging to the triplet manifold). The longest wave- 
length system of the singlet manifold, or system I, is very 
weak, with the strongest band falling at 343.820.1 nm. Sys- 
tems II and III are moderately strong and peak at 290.5 20.1 
and 269.3kO.l nm, respectively. Only one band of system 
IV is observed at 255.220.1 nm. System V is very strong 

with the stronger bands at 246.3tO.l nm and 238.820.1 nm. 
The weak system VI is not observed. System VII is the short- 
est wavelength system observed with the strongest band at 
216.6kO.l nm. A very weak absorptiop, associated with the 
triplet manifold by analogy with phenanthrene (Sec. III A), is 
measured at 366.150.1 lim. The vibronic band wavelengths, 
frequencies and intervals are listed in Table II. The vibronic 
spacings listed are broken down into possible fundamental 
modes. These fundamentals and their dlsignments are sum- 
marized in Table III where they are compared to the experi- 
mental and theoretical spectroscopic data available for 
phenanthrene in the literature’6”9(a) (see Sec. IV A). The data 
indicate a red shift in energy for all the transitions when 
going from phenantiene to its l-methyl derivative as ex- 
pected from an increase in the polarizability of the species 
containing a side group. [A similar effect has been observed 
for 4-methylphenanthrene in solution at room temperature*’ 
and in Shpolskii matrices at 77 K.*’ For example, the same 
red shift of 230 cm-’ is measured for the S, t So transition 
peak when going from phenanthrene to 4-methyl- 
phenanthrene in Shpolskii matrices at 77 K (Ref. 20) and 
from phenanthrene to 1-methylphenanthrene in neon matri- 
ces at 4.2 K (compare Tables I and II).] The relative shift 
[AY(phenanthrene-MethyIphenanthrene)/Vphenanthrene 9 ] reported in Table 
II, is proportional to the energy of the transition and in- 
creases from 0.6% for the triplet system, to a value of about 
I%-2% for the systems belonging to the singlet manifold. 
This would tend to indicate that the interaction between the 
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TABLE I. Vibronic transitions of neutral phenanthrene isolated in a neon 
matrix. (Electronic transitions assigned following Ref. 15.) 

A (nm) v (cm-‘) 

Singlet system VIII: 4 ‘B2(Ss)+X ‘A,(&) 
204.5’ 48 900 

Av (cm-‘) 

Singlet system VII: 5 ‘A, (S,)+X ‘A ,(S,) 
2 I 1 S’ 47 281 
214.5 (0.20ib 46 620 

Singlet system VI: 4 ‘A,(S,)+X ‘A,(&) 
229.0 (sh) 43 668 

Singlet system V: 3 ‘B,(SS)+X ‘A,(&) 
235.2 (0.05) 42517 
243.0 (0. 10jb 41 152 

Singlet system IV: 3 ‘A,(S.,)+X ‘A,(S,) 
250.0 (shl 40000 
253.3 (0. IO) 39 419 
259.0 (0.15) 38 610 
262.4 (0.05)’ 38 110 

Singlet system III: 2 ‘B2(S3)+X ‘A ,(S,,) 
263.5 (0.05) 37 951 
265.0 (0.05) 37 736 
267.2 (0.10) 37 425 
268.2 10.10) 37 286 
273.4 (0.05)b 36 576 

Singlet system II: I ‘E2(S,)+X ‘AI 
274.4 (sh) 36 443 
276.9 (0.05) 36 114 
278.7 (0.05) 35 881 
28 I.2 (0.05) 35 562 
284.3 (0.04jh 35 174 

Singlet system I: 2 ‘A,(S,)+X ‘A,(&,) 
311.7 (0.12) 32 082 
317.2’ 31 526 
318.7 (0.05) 31 378 
320.4’ 31 215 
323.4= 30 922 
325.3 (0.05) 30741 
325.7 (0.05) 30 703 
33 1.8 (0.05) 30 139 
333.4 (0.05) 29 994 
334.4 (0.05) 29 900 
335.2 (0.05) 29 833 
338.4’ 29 551 
341.1 10.10P 29 317 

Triplet system I: I ‘A ,(T,)+X ‘A ,(S,) 
346.1’ 28 893 
358.9” 27 863 
363.7 (O.lOjb 27 495 

661 
peak in the longest wavelength system measured falls at 

0 898.3+0.1 nm [80 cm-’ full-width at half-maximum 
(FWHM)]. This band dominates the entire spectrum in the 
visible-NIR range (i.e., 400-1050 nm). A very weak absorp- 
tion (not shown) is measured at 634.420.5 nm. Three other 
systems peak at 470.720.2, 425.820.3, and 396.020.3 nm, 

1365 respectively. The highest energy system, which peaks at 
0 344.9t0.5 nm (not shown), falls in a region obscured by 

neutral phenanthrene. The associated band, although difficult 
1890 (1369+500) to measure, seems to be correlated with the visible bands. [In 
1369 
500 

some cases, the sample was formed using lower deposition 

0 
rates (Ne flow=5 mmol h-‘, phenanthrene crystals main- 
tained at 10 “C). In such cases, we have observed a constant 
splitting of the order of 20 cm-’ for all the spectral features 

1375 
1160 

in the 600-1040 nm range while the shorter wavelength 

849 bands appeared unaffected. The three longest wavelength 
710 pair of bands fall at (898.5 and 896.7 nm; 66 cm-’ total 
0 FWHM), (879.5 and 877.8 nm) and (856.9 and 855.5 nm). 

This effect can be interpreted in terms of crystal-field 

1269 splitting 9(b) due to the increasing degree of crystallinity of the 
940 matrix in contrast to the general case where an amorphous 
707 matrix is formed.] 
388 
0 

We attribute all of these new features produced by VUV 
irradiation to the phenanthrene cation (C,,H&) on the basis 
of their similarities in position, relative intensities, and gen- 

2765 (2X 1386) eral behavior under irradiation to those previously assigned 
2209 (1386+822) 
2061 (1386+677) 

to this ion and measured with different cation formation 

1898 (1386+516) techniques. lo-l3 The strong absorption band measured at 
1605 898.3 nm in neon is close-within the expected matrix- 
1424 induced shift (see below)-to the 899.8 nm band position 
1386 measured for Ar-matrix isolated C,4H:o formed by photoion- 
822 
677 

ization of neutral phenanthrene CL4Hlo at 20 K.‘* Good 

583 agreement is also found with the peak position of C,,H:, in 
516 y-irradiated glasses at 77 K-915 nm in organic matrices’0(b) 
234 and 913 nm in a Freon glasslO(b)-and in UV-irradiated boric 
0 acid glasses at room temperature (893 nrn).“@) Similar 

agreement is found when comparing the other band system 
1398 origins listed in Table IV with the values of 485, 428, and 
368 403 nm in Freon glasses, loch) 500, 430, 403, and 356 nm in 
0 organic matrices, 1’(b) 606, 476, 427, 402, and 338 nm in 

boric acid glasses,“@) and 641,473.7,431, 398, and 346 nm 
in Ar matrices.6+‘2 The data indicate a red shift in energy for 
all the transitions of C14HFo when going from a neon to an 
argon matrix. The Ne-to-Ar relative shifts in the energy of 
the vibronic levels (Av/%~) increase from a mean value of 
about 0.15% for the NIR system (898.3 nm in Ne) to 0.3% 
for the NUV system (344.9 nm in Ne). 

‘Represents a single measurement with a 0.5 nm uncertainty; sh, band shoul- 
der. 

‘Strongest band of the system. The number in parentheses indicates the 
value of 2. 
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C. Phenanthrene cation 

VUV irradiation of the sample (10.2 eV) produces new 
spectral features in the 300-910 nm range [Figs. 3 and 5(a)]. 
Six new band systems are detected. The new absorption 
bands, together with their assignments, frequencies and fre- 
quency intervals, are summarized in Table IV. The strongest 

I-methylphenanthrene molecule and the rare gas atoms of 
the lattice increases as higher excited molecular electronic 
states are reached. The wide range in oscillator strengths of 
these systems required distinct matrix thicknesses to opti- 
mize the spectrum of each particular system. 

Our results also show a very good correlation with the 
measured photoelectron spectra (PES) of gas phase 
phenanthrene. ‘*(b).‘3(a).‘3(b).‘3(c) me comp~son between he 
gas phase PES band differences [(I, - II), where I, is the 
nth ionization potential with n>l] and our Ne matrix ab- 
sorption measurements, reported in Table V, shows that the 
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FIG. 2. The absorption spectrum of I-metbylphenanthrene isolated in a neon matrix (M/R= 1000, deposition rate= 10 mmol h-l, T=4.2 K). Full spectrum 
corresponds to 18 min deposition. Insert corresponds to 165 min deposition. 

reported difference in energy between the first and third PES 
peaks (1s - Zr ) is in extremely good agreement with the ma- 
trix measurements of 11 13222 cm-’ (898.3 nm) in Ne for 
the corresponding absorption system origin. S’imilarly, the 
other weaker visible absorption progressions associated with 
C,,H& and observed at 15 7632 10 cm-’ (634.4 nm) and 
21 2455 10 cm-’ (470.7 nm) in a Ne matrix are very close to 
the reported (I, - I, ) and (I, - I,) energy differences of the 
PES data. No further correspondence can be established be- 
tween the optical and PES spectral features of C,,H& since 
the latter measurements can only be compared with the 
photon-induced absorptions corresponding to transitions 
from the fully occupied molecular orbitals and the partially 
occupied orbital of the 7~ bonding system. PES peak assign- 
ments are also given in Table V. 

Finally, various types of open-shell SCF-Cl calculation 
methods’2(b)‘10(c) predict only seven optically allowed elec- 
tronic transitions of the phenanthrene cation in the 300- 1050 
nm range and verify the attribution of the six band systems to 
the phenanthrene cation as listed in Table IV. [Note: The 
lowest energy band system of C,,H:,, falls in the infrared, at 
about 4.3 pm,t3 and cannot be measured with our current set 
up (the detector response cutoff is 1060 nm)]. 

D. 1-methylphenanthrene cation 

VUV irradiation of the sample (10.2 eV) produces new 
spectral features in the 300-950 nm range [see Figs. 4 and 
5(b)]. The spectrum of the 1-methylphenanthrene cation is 

very similar, in its appearance, to that of the phenanthrene 
cation (compare Figs. 3 and 4). Five new band systems are 
detected. The new absorption bands, together with their fre- 
quencies and frequency intervals, are summarized in Table 
IV where they are compared to the corresponding transitions 
of the phenanthrene cation. All the transitions are red shifted 
in energy when going from the phenanthrene cation to its 
l-methyl derivative as expected from an increase in the po- 
larizability of the species containing the methyl side 
group. [The same effect is observed when comparing the 
spectra of the naphthalene cation C,,Hz and its l-methyl 
derivative (CH3CtoH:) .‘“(b),‘8] The energy shifts 
[Av(Ph,a,,“e-Me,,lPhea~,,,, ] measured in neon matrices 
for each of the cation band systems have mean values of 
about 365, 320, 820, 600, and 665 cm-‘, respectively, when 
going from the lowest energy to the highest energy transi- 
tions (see Table IV). These values translate into relative 
shifts [Avcph Iv enanthrene-Methyiphenanthrene) phenanthrene ] of 3.6%, 
1.5%, 3.5%, 2.4%, and 2.3%, respectively, implying a 
slightly stronger effect of the methyl side group on the low 
energy transitions of (CH3)Cr4H9f. The strongest peak in the 
longest wavelength system measured falls at 931.0+0.1 nm 
(85 cm-’ FWHM). This band dominates the entire spectrum 
in the visible-NIR range (i.e., 400- 1050 nm). Three other 
weaker systems peak at 467.120.1, 440.720.3, and 404.5 
kO.5 m-n, respectively. The highest energy system falls in a 
region obscured by the neutral precursor. The associated 
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TABLE II. Vibronic transitions of neutral 1-methylphenanthrene isolated in 
a neon matrix. 

A VR~I 
A (nm) v (cm-‘) Au (cm-‘) (cm-‘) 

System VII: S,t.Se 
216.6 (O.lO)b 
219.3 (sh) 

System V: Ss+-So 
238.8 (0.05jb 
242.7 (0.20) 
244.0 (sh) 
246.3 (0.05) 

System IV: S,+S, 
255.2 (0.05) 

System III: .Sz+-So 
261.8 (0.1) 
269.3 (0.05) 
271.3 (0.05) 
273.8 (0.1) 
279.0 (0.05)h 

System II: S2+S0 
287.2 (0.05) 
290.5 (0.05)’ 

System I: S, +-S, 
313.6’ 
315.8 (0.1) 
319.W 
328.5 (0.05) 
330.1C 
343.8 (0.05)’ 

TP-So 

46 168 
45 600 

41 876 
41 203 
40 984 
40600 

39 185 

38 197 
37 133 
36 860 
36 523 
35 842 

34 819 
34 423 

31888 
31666 
31 348 
30 441 
30 299 
29 087 

347.8 (0.2) 28 752 
361.3’ 27 678 
363.4’ 27 518 
366.1 (0.05)h 27 315 

Vibrational 
568 C14H10 C14H10 C14Hio CH3-C&9 

modea theor.’ 
0 2.2 

gash NeC NeC 

A, (in-plane) 192 203 U-2) 
B , (out-of-plane) 239 236 

1276 1.5 
6,) 234 6,) 

B , (out-of-plane) 403 371 (S,) 368 
603 

CT*) 363 0’~) 
B, (in-plane) 404 388 

384 
w 396 W 

0 1.3 
384 6,) 

A, (in-plane) 511 516 6,) 516 6,) 509 63) 
B, (out-of-plane) 499 529 (S,) 500 64) 

0 0.8 A, (out-of-plane) 573 585 6,) 583 0,) 603 (S,) 
568 (S,) 

A, (in-plane) 675 673 6,) 677 (s,) 681 (S,) 
2355 (1291+ 1018) 675 (S,) 661 6%) 
1291 Bz (in-plane) 707 704 6,) 707 6%) 
1018 (2X509) 717 6%) 710 6%) 
681 B, (in-plane) 825 824 6,) 822 6,) 
0 2.0 824 (S,) 

B , (out-of-plane) 842 849 (a 
B, (in-plane) 896 921 

396 
6,) 907 @,I 

A, (out-of-plane) 953 940 
0 2.1 

(S,) 
B , (out-of-plane) 957 
A, (in-plane) 1156 1158 (S,) 1160 (S,) 

2801 (1354+ 1447) 1157 (S,) 

2579 (1354+ 1212) B, (in-plane) 1181 1212 (S,) 

2261 (1354+907) B, (in-plane) 1285 1260 (SJ 1269 (S,) 1291 (S,) 

1354 1276 (S,) 

1212 A, (in-plane) 1312 1301 (SJ 

0 0.8 
A, (in-plane) 1375* 1377 (S,) 1386 (S,) 1354 (S,) 
B, (in-plane) 1373* 1388 (S,) 1375 (S,) 

1369 (S,) 
1234 1365 (S,) 
363 1398 (T2) 
203 A, (in-plane) 1431 1430 (S,) 1424 (S,) 
0 0.6 Bz (in-plane) 1432 1430 (S*) 

B, (in-plane) 1450 1447 6,) 
Bz (in-plane) 1595 1602 (S,) 1605 (S,) 
A, (in-plane) 1597 1602 (S,) 

aReference 16. The symmetry indicated for each vibration is related to the 
molecular configuration defined in the text. 

bReference 19(a). 
‘Ne matrix; this work. 
*Reference 20(b). 

defined as A.va.t (cm-‘) .._. 
=[ACup, wn,hrrm-Mcthylphen~nrhrenc~~v~h~”~”,h~~”~l~ 

bStrongest band of the system. The number in parentheses indicates the 

‘Represents a single measurement with a 0.5 nm uncertainty; sh, band shoul- 
der, 

The relative shift is 

value of 0’. 

band, although difficult to measure, seems to be correlated 
with the visible bands and peaks at 353.OkO.l nm. 

We attribute all of these new features produced by VUV 
irradiation to the 1 -methylphenanthrene cation 
[(CH,)C,dHc] on the basis of their similarities in position 
(taking into account the shift in energy induced by the me- 
thyl side group), relative intensities, and general behavior 
under irradiation to those previously assigned to the phenan- 
threne ion (see Sec. III C). This is, to the best of our knowl- 
edge, the first report of the electronic spectrum of the 
I-methylphenanthrene cation [(CH,)C,,Hl]. 

IV. DISCUSSION AND SPECTROSCOPIC 
ASSIGNMENTS 

A. Neutral phenanthrene 

The absorption spectrum of neutral phenanthrene has 
been studied extensively in the ultraviolet and visible regions 

TABLE III. Comparison of the repeating vibrational frequencies (in cm-‘) 
for matrix-isolated neutral phenanthrene and I-methylphenanthrene in their 
singlet and triplet electronic excited states with the calculated data for 
phenanthrene in the fundamental electronic state and the supersonic free jet 
data measured for phenanthrene in the S, and Ss electronic excited states. 
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of the optical spectrum and the spectroscopy of this molecule 
is well documented for the gas,‘9(a), liquid,“tb) and solid2’ 
phases. This is, to the best of our knowledge, the first report 
of the ultraviolet to near-infrared absorption spectrum of 
phenanthrene embedded in a rare gas (neon) matrix. 

Phenanthrene (Ct4HIO) is a catacondensed polycyclic 
aromatic hydrocarbon which belongs to the C2V symmetry 
group. Phenanthrene has 14 GT electrons which produce the 
low energy singlet-singlet and singlet-triplet transitions 
(type T-T*) in the ultraviolet. Figure 1 shows the transitions 
from the ground (So) to the excited singlet states Si (i= l-7) 
and to one of the excited triplet states (T2). In this paper, we 
have chosen the configuration shown in Fig. 6 for the label- 
ing of the molecular axes. The x axis is perpendicular to the 
plane of the molecule, the y axis corresponds to the long axis 
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0.5 ” ” ( ” ” 1  ” ” I .“’ 1  ” ” * ” ” 

700 750 800 850 900 950 1000 

Wavelength hm) 

FIG. 3. The ‘A,(D,)+X ‘B,(Do) transition of the phenanthrene cation 
isolated in a neon matrix (phenanthrene/neon= 1000, deposition rate= 10 
mm01 h-‘, T=4.2 K). The spectrum corresponds to six, consecutive, 35 min 
deposits, each exposed to VUV irradiation for 16 min. 

of the molecule, and the z axis is associated with the short 
axis of the molecule. 

According to this convention, and following the 
assignment of the transitions occurring in phenanthrene,15 
we assign the lowest energy absorption vibronic system 
(Table I), to the singlet-triplet electronic transition: 
1 3Al(T2)tX IA’( All the other, higher energy 
transitions, are associated with the singlet 
manifold, and are assigned to the following transi- 
tions in order of increasing energy: 2 ‘A ‘(S ‘) +X ’ A ‘(So), 
1 ‘&6%)+X lA,G,), 2 ‘&(Sd+X ‘USo), 3 ‘A,(&) 
+-X ‘A,(%), 3 ‘&(S5)4 ‘A,(&,), 4 ‘MS,) 
tX ‘A,(&,), and 5 ‘A’(S7)+X IA’( [The 
2 ‘A’(S,)tX ‘A’(S,,) and 1 ‘B,(S,)+--X ‘A’(So), transi- 
tions correspond to the cz and para bands in Char’s notation. 
In a similar manner, the 3 rB,(S,) +X ‘A ‘( So) and 
5 ‘A, (S,)+-X ‘A, (Se) transitions are associated with the p 
and p’ bands.] 

A repeating pattern can be recognized in the energy in- 
tervals reported in Table I which, when compared to the ex- 
perimental and theoretical spectroscopic data available in the 
literature,16 allows one to make tentative vibrational assign- 
ments. These assignments are listed in Table III for each 
absorption system in the neon matrix. Moreover, the 
similarities-within the accuracy of the measurements-in 
the vibrational frequencies of the modes in the various ex- 
cited singlet states indicate that the geometry of the molecule 
is only slightly modified in these different electronic states 
with respect to that of the ground electronic state. Note also 
the excellent agreement observed when comparing the vibra- 
tional spacings of the St and S, excited electronic states 
measured in Ne matrix with those derived from supersonic 
free jet data.‘9(a) 

B. Neutral 1-methylphenanthrene 

The absorption spectrum of neutral l-methyl- 
phenanthrene has been studied in the ultraviolet and visible 
regions of the optical spectrum and the spectroscopy of this 
molecule is well documented, particularly for the solid phase 
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at low temperature. 20(a) This is, to the best of our knowledge, 
the first report of the ultraviolet to near-infrared absorption 
spectrum of 1-methylphenanthrene isolated in a rare gas 
(neon) matrix. 

Substitution of a hydrogen at the position 1 with a 
methyl group [Fig. 6(b)] greatly reduces the symmetry of the 
molecular structure (from a C,, to a Cl symmetry represen- 
tation group). The electronic states can no longer be repre- 
sented by the C2v group elements and so we simply label 
them Si and Ti (i=O,l,...) for singlet and triplet electronic 
states, respectively. 1-methylphenanthrene has 14 GT electrons 
which produce the low energy singlet-singlet and singlet- 
triplet transitions (type r-#) in the ultraviolet. Figure 2 
shows the transitions from the ground (So) to the excited 
singlet states Si (i=1,2,3,4,5,7) and to one of the excited 
triplet states (T2). 

By analogy with the assignment adopted for the transi- 
tions occurring in phenanthrene (see Sec. IV A), we assign 
the lowest energy absorption vibronic system observed in the 
spectrum of neutral 1-methylphenanthrene (Table II), to the 
singlet-triplet electronic transition, T2+-SO. All the other, 
higher energy transitions, are associated with the singlet 
manifold, and are assigned to the following transitions in 
order of increasing energy: St+X ‘A(So), S2+X ‘A(So), 
S3+X ‘A(&), Sb+--X ‘A(&), S5+X ‘AGO), 
S7cX ‘A(S,). [The S,cX ‘A(So) and S,+--X ‘A(S,) 
transitions correspond to the (Y and para bands in Clar’s no- 
tation. In a similar manner, the S,+--X ‘A(S,) and 
S,tX ‘A(So) transitions are associated with the p and p’ 
bands.] 

A repeating pattern can be recognized in the energy in- 
tervals reported in Table II. These vibronic levels are com- 
pared with the vibrational intervals of phenanthrene in Table 
III and tentative vibrational assignments are proposed. 

C. Phenanthrene cation 

Assignments of the vibronic band systems produced by 
vacuum ultraviolet irradiation of phenanthrene isolated in a 
neon matrix which are associated with the molecular cation 
C,,Hro are given in Table IV. These assignments are tenta- 
tive in the absence of corroborative calculations of the ca- 
tion’s molecular orbitals (MO) which take into account the 
contribution of all the electrons of the system. A semiempir- 
ical approach is however possible using the Hiickel molecu- 
lar orbital (HMO) or PPP-SCF theories to calculate the en- 
ergy of the IT orbitals of the system.‘“(c)*12(b).22 The resulting 
r molecular orbital energy levels of phenanthrene are re- 
ported in Table V. The molecular orbitals are denoted fol- 
lowing the symmetry of each species in the C,, symmetry 
group representation. The observed cation absorption 
features-in order of increasing energy-[Figs. 3 and 5(a)] 
are, thus, assigned as follows: 
(a) The very strong absorption system originating in the 
near infrared at 11 132 cm-’ (898.3 nm; see Table IV) is 
assigned to the 2A2(D2)+X 2B’(Do) transition [calculated 
at 12 300,10’c’ 12 340,12(b) and 10501 (Ref. 22) cm-‘]. [The 
2A2(D,)+--X 2B’(Do) transition into the first excited dou- 
blet state, 2A2(D i), predicted by the HMO theory to fall in 
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TABLE IV. Vibronic transitions of phenanthrene and I-methylphenanthrene cations isolated in a neon matrix. 
[Electronic transitions assigned following Ref. 12(b). The number in parentheses indicates the value of 2.1 

A (nm) 

Phenanthrene I-Methylphenanthrene 
AC 

v (cm-‘) Au (cm-‘) A (4 v (cm-‘) Av (cm-‘) Au (cm-‘) 

‘B,(D7)+X 2B,(D,) . . . . . . 
344.9 (0.5) 28 994 
2A2P,k-X 2B,(&d 
389.9’ 25 648 
396.0 (0.3)b 25 252 
ZA2(D,b-X *B@o) 
408.1* 24 504 

416.8’ 23 992 
425.8 (0.3)b 23 485 
2B,(D,b-X 2B,(Do) 
460.3 (0.5) 21 725 
470.7 (0.2)b 21 245 
2B,(D+X 2B,(Do) 
634.4= 15 763 
2A,(&b-X 2B,(&,) . . . . . . 

748.5 (0.3) 13 360 

755.2 (0.3) 13 242 

780.4 (0.3) 12 814 

784.4 (0.3) 12 749 

787.9 (0.2) 12 692 

794.5 (0.3) 12 587 
797.6 (0.3) 12 538 
801.4 (0.3) 12 478 

818.9 (0.3) 12 211 

821.4 (0.3) 12 174 

823.5 (0.3) 12 143 
836.8 (0.3) 11950 
856.6 (0.2) 11674 
880.6 (0.5) 11 356 
898.3 (O.l)b 11 132 
908.2 (0.1) 11011 

. . . 
0 

395 
0 

1019 
(2X507) 
507 
0 

480 
0 

0 

. . . 

2 228 
(1406t818) 
2 110 
(1080+1042) 
1 682 
(1455+224) 
1617 
(2X818) 
1560 
(1346+224) 
1455 
1406 
1346 
(542+818) 
1080 
(2X542) 
1042 
(224+818) 
1011 
818 
542 
224 
0 
(site) 

D,+-X 2A(Do) 
349.3 (0.1) 
353.0 (O.l)b 

D,+X *A(Do) 
. . . 

404.5 (0.5) 
D,+-X 2A(Do) 
421.3 (0.5) 

433.0 (0.3) 
440.7 (0.3)b 
D,+X ‘A(Do) 
467.1 (O.l)b 
478.0 (0.2) 

. . . 
D,cX ‘A(Do) 
717.0 (0.3) 

802.8 (0.3) 12 456 

. . . 

811.3 (0.2) 12 326 1 585 366 

820.4 (0.1) 
. . . 

824.7 (0.1) 

12 189 
. . . 

12 126 

1448 
. . . 
1 385 
(547+840) 
. . . 

398 
. . . 

352 

. . . 

. . . 
863.5 (0.1) 
885.9 (0.1) 
905.1 (0.5) 
931.0 (o.l)b 

. . . 

28 629 300 . . . 
28 329 0 665 

. . . 
24 655 

. . . 
0 

. . . 
597 

23 736 1045 768 

23 095 404 897 
22 691 0 794 

21409 488 316 
20 921 0 324 

. . . . . . . . . 

13 947 3206 
(2X 1585) 
. . . 

. . . 

. . . . . . 

. . . . . . . . . 

1715 
(1385+308) 
. . . 

358 

. . . . . . 

. . . . . . 

*.. .*. . . . 

. . . . . . 
11 581 840 
11288 547 
11049 308 
10 741 0 

. . . 1.. 

. . . 
369 
386 
307 
391 
. . . 
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‘Represents a single measurement with a 0.5 nm uncertainty. 
bStrongest band of the system. 
‘AV= ‘hmnthrcne- %dhylphenanthme . 

the infrared at about 4430 cm-‘, is out of the range of the 
present study]. 
(b) The weak absorption band which appears at 15 763 
cm-’ (634.4 nm) in a Ne matrix (not shown) is assigned to 
the *B (D3)+-X 2B,(Do) transition 

f 
[calculated at 

16 900,‘oc’ 16 370,12(b) and 15 155 (Ref. 22) cm-‘]. 
(c) The absorption at 21 245 cm-’ (470.7 nm) in Ne is 
assigned to the 2Bl(D4)+X 2Bl(Do) transition [calculated 
at 19 900,‘“(c’ 19 360,12(b) and 19 575 (Ref. 22) cm-‘]. 
(d) The absorption at 23 485 cm-’ (425.8 nm) in neon is 
assigned to the 2A2(D5)+-X *B,(Do) transition (calculated 
at 22 400 [Ref. 10(c)] and 23 228 [Ref. 12(b)] cm-‘). 
(e) The two high energy absorption bands observed in the 

near ultraviolet at 25 252 cm-’ (396.0 nm) and 28 994 cm-’ 
(344.9 nm) are assigned to the 2A2(D6)+-X 2Bl(Do) transi- 
tion {calculated at 26 300 [Ref. 10(c)] and 27 665 [Ref. 
12(b)] cm-‘} and 2B,(D7)+-X 2B,(Do) transition {calcu- 
lated at 29 761 [Ref. 12(b)] cm-‘}, respectively. {A higher 
energy transition, corresponding to the 
2B,(D8)cX *B,(Do) transition and calculated at 316.3 
nm 10(c)~12(b) was not observed in neon. An absorption band 
associated with the phenanthrene cation has been reported, 
however, at 330.620.5 nm (Ref. 6) and 332 nm [Ref. 12(b)] 
in argon matrices at 4.2 and 20 K, respectively.} 

Fundamental energy intervals (some of which exhibit a 
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TABLE V. Comparison of the phenanthrene cation optical transitions with 
the photoelectron spectra. 

Assignment 
Ii--I, I,-[1 It-11 v Ne (electron 
(ev) (nm) (cm-‘) (cm-‘) promotion) 

References 13(a)-13(c) This work 
1, 7.86 0 0 X ‘B, 
12 8.15 0.29 4 275.3 2 339 ... ‘A2 (?r’+d) 
13 9.28 1.42 873.1 11453 11 132 ‘A2 (?r’+d) 
14 9.89 2.03 610.8 16373 15763 ‘B, (n7-r4) 
Is 10.59 2.73 454.2 22019 21245 ‘B, (?r7+~?) 

Reference 12(b) This work 
II 7.87 0 0 X ‘B, 
12 8.15 0.28 4428.7 2 258 ... 2A2 (?r’+?p) 
13 9.25 1.38 898.5 11 130 11 132 2A2 (n’-T?) 
14 9.85 1.98 626.2 15970 15763 2B, (?r’+-Tr4) 
15 10.52 2.65 467.9 21373 21245 ZB, (57’~72) 

repeating pattern) can be clearly recognized in the lowest 
energy absorption system of the cation at 224, 542, 818, 
1011, 1042, 1346, 1406, 1455, 1560, and 1617 cm-’ in Ne at 
4.2 K (Table IV). These vibrational frequencies are very 
close to the 545, 820, 1355, 1465, and 1555 values derived 
for the phenanthrene cation in solid argon at 20 K.*‘@ Fur- 
thermore, the vibrational energies measured in neon for the 
ion D, state at 224,542, 1042, 1346, and 1560 (Table IV) are 
also very close to the 210, 532, 1040, 1347, and 1540 cm-’ 
REMPI-PES values reported for the stronger vibrational 
transitions in the ground electronic state (D,) of gas phase 
phenanthrene cation. 13(d) This has two important implica- 
tions. First, it indicates that the geometry of the phenanthrene 
cation is similar in the ground (DO) and excited (D,) elec- 
tronic states. Second, it indicates that the phenanthrene cat- 
ion isolated in solid neon is not significantly perturbed by its 
environment compared to the “ideal” case of the phenan- 
threne cation isolated in the gas phase. Thus, by analogy with 
the case of the neutral molecule (see Sec. III A and Table 
III), and noting that the geometry of the cation in its lower 
excited states is quite similar to that of the neutral molecule 

0.25 

O’.“‘.“““““.‘.‘~“‘..“..’ 
680 730 780 830 880 930 980 

Wavelength fnm) 

FIG.4. The D 2~X ‘A(l),,) transition of the 1-methylphenanthrene cation 
isolated in a neon matrix (1-methylphenanthrene/neon=600, deposition 
rate= 10 mmol h-l, T=4.2 K). The spectrum corresponds to two, consecu- 
tive, 150 min deposits, each exposed to VUV irradiation for 30 min. 

0.1 

0.05 

ot”““‘.“““i 
370 400 430 460 490 520 

Wavelength hm) 

FIG. 5. The UV-to-visible absorption spectra of (a) the phenanthrene cation 
isolated in a neon matrix (phenanthrene/neon=lOOO, deposition rate= 10 
mmol h-‘, T=4.2 K). The spectrum corresponds to six, consecutive, 35 min 
deposits, each exposed to VUV irradiation for 16 min and (b) the 
I-methylphenanthrene cation isolated in a neon matrix (phenanthrenejneon 
=600, deposition rate= 10 mmol h-‘, T=4.2 K). The spectrum corresponds 
to two, consecutive, 150 min deposits, each exposed to VUV irradiation for 
30 min. 

(compare Tables I and IV), one can tentatively assign the 
cation vibrational intervals. Thus, we follow Andrews 
et aZ.,‘2(a) and assign the 1346, 1455, 1560, and 1617 cm-’ 
modes to C-C stretching modes (symmetric in-plane ring 
breathing of the conjugated ring systems23), the 542 mode to 
a symmetric deformation of the molecular ion, and the 818 
cm -I mode to the out-of-plane C-H bending mode. In the 
absence of detailed experimental and theoretical studies of 
the vibrational modes of C,,H:, in the higher excited states it 
is unwarranted to speculate on their vibrational assignments. 

Phenanthrene 

CH3 

I-Methylphenanthrene 

FIG. 6. The phenanthrene and I-methylphenanthrene molecular representa- 
tions and symmetry axes. 
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We note, however, that the 395 cm-’ vibrational interval of 
the D,- D,) transition is close to the 406 cm-’ symmetric 
deformation ‘node of phenanthrene. 

D. 1-methylphenanthrene cation 

Assignments of the vibronic band systems produced by 
vacuum ultraviolet irradiation of 1-methylphenanthrene iso- 
lated in a neon matrix which are associated with the molecu- 
lar cation (CH,)C,,H$ are given in Table IV. These assign- 
ments are tentative in the absence of any other experimental 
and/or theoretical data on the I-methylphenanthrene cation. 
Based on the strong similarity between the spectra of the 
phcnanthrene and I-methylphenanthrene cations isolated in 
neon (see Sec. III D) and the reduction in the symmetry rep- 
resentation of the molecular ion from (C,,) for C,,HT, to C’ 
for (CHJ)C’3Hb, we assign the cation transitions as follows: 

(a) The very strong absorption system originating in the 
near-infrared at 10 741 cm-’ (931.0 nm; see Table IV) is 
assigned to the D, -X *A( Do) transition. 
(b) The four following absorption bands observed at higher 
energies and peaking at 21 409 cm-’ (478.0 nm), 22 691 
cm-’ (440.7 nm). 24 655 cm-’ (404.5 nm), and 28 329 cm-’ 
(353.0 nm). are assigned to the Di(i=4-7)+X ‘A(Do) 
transitions. respectively. 

Six fundamental energy intervals (some of which exhibit 
a repeating pattern) can be clearly recognized in the lowest 
energy absorption system of the cation at 308, 547, 840, 
1385. 1448, and 1585 cm-’ in Ne at 4.2 K. These vibrational 
frequencies are very close to the values observed for the 
phenanthrene cation (see Table IV and Sec. IV C). By anal- 
ogy with the case of the neutral molecule (see Sec. III B), 
and considering that the geometry of the cation in its lower 
excited states should be quite similar to that of the neutral 
molecule, one can tentatively assign the cation vibrational 
intervals. Thus, we assign the 1385, 1448, and 1585 cm-’ 
modes to C-C stretching modes, the 547 mode to a symmet- 
ric deformation of the molecular ion, and the 840 cm-’ mode 
to the out-of-plane C-H bending mode. In the absence of 
any detailed experimental and theoretical studies of the vi- 
brational modes of (CH,)C,,H9f it is unwarranted to specu- 
late on their vibrational assignments. We note, however, that 
the 404 cm-’ vibrational interval of the DS+--DO transition is 
close to the 406 cm-’ symmetric deformation mode of 
phenanthrene. 

E. Molar absorption coefficients 

The molar absorption coefficients listed in Table VI for 
the phenanthrene cation in neon matrices were determined as 
follows. The number of neutral phenanthrene molecules de- 
pleted as a function of irradiation time was obtained from the 
relation N = h ~/kf. The absorbance, r (-log,, III,), both 
before and after photolysis, was determined directly from the 
measured spectra (band integrated area), k is a constant 
t rre’l~‘,c~) and the oscillator strength, f, was taken from 
Ref. 15. The 341 .I nm neutral phenanthrene band system 
(S ’ --Se) which has an f value of 2X 10m4 was used to de- 
termine the number of neutral molecules depleted. System I 

TABLE VI. Phenanthrene cation vibronic transition oscillator strengths 
measured in a neon matrix are compared to the calculated values. 
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A (4 v (cm-‘) fbe f calculated 

898.3 I1 132 6.0 (-5) 1.0 (- I)b 
1.0 (- 1)’ 
1.6 (- l)d 

856.6 11614 0.9 (-5) 
470.7 21 245 5.1 (-5) 7.2 (-2)b 

6.5 (-2) 
5.6 (-2)d 

425.8 23 485 1.8 (-5) 1.1 (-l)b 
1.8 (-I) 

396.0 25 252 1.9 (-5) 1.3 (-l)b 
3.1 (-2)’ 

344.9 28 994 1.0 (-5) 6.0 (-3)b 

“This work. ‘Reference 10(c). 
bReference 12(b). dReference 22. 

was used as a reference point because it is the only unsatur- 
ated neutral band system remaining under the conditions re- 
quired to yield satisfactory ion spectra (see Sec. III). In the 
calculations, it was assumed that for each neutral phenan- 
threne molecule depleted, a phenanthrene cation is formed. 
Note that while the absorption coefficients reported here are 
of the same order of magnitude as those previously reported 
for the matrix-isolated naphthalene cation,4(a’ they are sig- 
nificantly lower (by a factor of lo”--104) than those calcu- 
lated by SCF-CI methods. ‘0(c),‘2(b’,22 The same large discrep- 
ancy between measured and calculated f values has been 
reported for the naphthalene cation.7 On the other hand, for 
the pyrene cation, a highly symmetrical PAH, the 
calculated25 and neon matrix’ values are much closer (0.36 
and 0.13, respectively for the strongest transition at 439.5 
nm). The observation of such large discrepancies may be due 
to the effect of the matrix cage on the oscillator strengths of 
charged species although this hypothetical effect seems dif- 
ficult to reconcile with the low polarizability of the neon 
matrix. Another possibility is a fundamental flaw in the theo- 
retical approach for the calculation of the oscillator strengths 
of charged molecular species. [Recent studies of the anthra- 
cene cation (C,,H&) (Ref. 24) in the gas phase, using ion 
trap techniques, indicate a large discrepancy with the calcu- 
lated oscillator strengths. The oscillator strengths derived 
from these experiments are of the same order of magnitude 
as those derived for the naphthalene4’a’ and phenanthrene 
cations isolated in neon matrices.] This is an important prob- 
lem which needs to be examined from the theoretical point 
of view. 

V. CONCLUSIONS 

The ultraviolet-to-near infrared (180- 1050 nm) absorp- 
tion spectra of phenanthrene (C14H10), 1-methylphenanthrene 
[(CHs)C’,Ha)] and their radical cations [C’,HT, and 
(CH,)C,,H;], formed by direct vacuum-ultraviolet photoion- 
ization, have been studied in neon matrices. This study in 
solid Ne provides the first information on the spectroscopy of 
these molecular species when (largely) unperturbed by the 
medium, a condition which is crucial for astrophysical appli- 
cations. 
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Nine ultraviolet absorption systems, having similar vi- 
brational frequencies, are reported for the neutral molecules. 
The absorption spectrum of the phenanthrene radical cation 
isolated in solid Ne shows six progressions in the visible and 
the ultraviolet regions. Only five were detectable for its 
l-methyl derivative. The measurements are in agreement 
with the photoelectron spectra of phenanthrene, the absorp- 
tion spectra of phenanthrene cations in different media, and 
the predictions of semiempirical HMO and SCF-Cl calcula- 
tions. Taken together, these similarities permit one to assign 
the electronic transitions of the cation. In the absence of any 
experimental and/or theoretical data on the l-methyl- 
phenanthrene cation its observed vibronic transitions are as- 
signed by analogy with the unsubstituted phenanthrene cat- 
ion based on the striking similarity of the two spectra. The 
present results also stress the need for more sophisticated 
calculations to help resolve the important discrepancy be- 
tween the f values measured for PAH radical cations isolated 
in neon matrices and their analogs derived from semiempir- 
ical calculations. These data, and similar studies on larger 
PAHs, are critically needed to interpret observations of the 
interstellar medium and have motivated the present program 
to provide a data base of the spectroscopy of neutral and 
ionized PAHs isolated in an inert medium. 
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