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We report vibrational information of both the first electronically excited state and the ground
cationic state of jet-cooled triphenylene via the techniques of resonantly enhanced multiphoton
ionization (REMPI) and zero kinetic energy (ZEKE) photoelectron spectroscopy. The first excited
electronic state S1 of the neutral molecule is of A1

′ symmetry and is therefore electric dipole for-
bidden in the D3h group. Consequently, there are no observable Franck-Condon allowed totally
symmetric a1

′ vibrational bands in the REMPI spectrum. All observed vibrational transitions are
due to Herzberg-Teller vibronic coupling to the E′ third electronically excited state S3. The as-
signment of all vibrational bands as e′ symmetry is based on comparisons with calculations using
the time dependent density functional theory and spectroscopic simulations. When an electron is
eliminated, the molecular frame undergoes Jahn-Teller distortion, lowering the point group to C2v

and resulting in two nearly degenerate electronic states of A2 and B1 symmetry. Here we follow
a crude treatment by assuming that all e′ vibrational modes resolve into b2 and a1 modes in the
C2v molecular frame. Some observed ZEKE transitions are tentatively assigned, and the adiabatic
ionization threshold is determined to be 63 365 ± 7 cm−1. The observed ZEKE spectra contain
a consistent pattern, with a cluster of transitions centered near the same vibrational level of the
cation as that of the intermediate state, roughly consistent with the propensity rule. However, com-
plete assignment of the detailed vibrational structure due to Jahn-Teller coupling requires much
more extensive calculations, which will be performed in the future. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4884905]

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a group
of molecules consisting of fused benzene rings. They are
readily formed during incomplete combustion of fossil fu-
els and are considered potent pollutants due to their carcino-
genic properties.1–3 PAHs have also been observed in comet
tails and are possibly a major component of the interstellar
medium (ISM).4, 5 They have been considered responsible for
many of the spectroscopic features observed in the ISM and
have substantial implications to the energy balance of the
universe.6–13 In astrobiology, it has been hypothesized that
PAHs could be related to the origin of life by forming the
first primitive organic molecules including amino acids in the
pre-DNA world.14–16

Many spectroscopic studies of neutral and cationic
PAHs have been motivated by astrophysical modeling.17–22

Both the infrared and visible/ultraviolet regions have been
extensively investigated using techniques of photoioniza-
tion, cavity ring-down, photoabsorption, and photoemission
spectroscopy.21, 23–27 Unfortunately, the far-infrared (FIR) re-
gion has been largely untouched because of issues related
to detector sensitivity and light source intensity. On the
other hand, the FIR region is occupied by skeletal vibra-
tions of the molecular frame, and it is considered the “finger-

a)Author to whom correspondence should be addressed. Electronic mail:
wei.kong@oregonstate.edu. Tel.: 541-737-6714.

print region” for spectroscopic identification of astrophysical
PAHs.28, 29

The technique of zero kinetic energy (ZEKE) photo-
electron spectroscopy offers an indirect solution to the chal-
lenges in the FIR of cations for laboratory astrophysics.30

In recent years, we have undertaken the mission of map-
ping out the low frequency vibrational modes of PAHs using
ZEKE spectroscopy.31–37 So far we have reported four peri-
condensed species including pyrene, benzo[a]pyrene (BaP),
benzo[e]pyrene (BeP), and benzo[g,h,i]perylene (BghiP) as
well as three cata-condensed species including tetracene, pen-
tacene, and chrysene.31–37 Our results together with previous
matrix isolation spectroscopy (MIS)38–41 and other experi-
mental efforts offer the possibility of a comprehensive analy-
sis of the vibrational modes of a few selected cationic species,
thereby benchmarking theoretical calculations and astrophys-
ical modeling.

In this work, we report our new results on triphenylene, a
highly symmetric neutral molecule with D3h symmetry. The
first electronically excited state S1 of triphenylene is elec-
tric dipole forbidden,38, 39 hence all vibronic transitions orig-
inate from Herzberg-Teller (HT) vibronic coupling during
resonantly enhanced multiphoton ionization (REMPI). The
cationic state, on the other hand, is believed to be of C2v sym-
metry, undergoing Jahn-Teller (JT) distortion when an elec-
tron is eliminated from the molecular frame.42–44 We offer vi-
brational analysis of both the REMPI and ZEKE spectra, and
discuss the role of symmetry in affecting the vibronic activi-
ties of the system.

0021-9606/2014/140(24)/244308/8/$30.00 © 2014 AIP Publishing LLC140, 244308-1
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EXPERIMENTAL SETUP AND CALCULATION METHOD

The experimental apparatus was a differentially pumped
molecular beam machine, with the detection chamber en-
closed inside the source chamber.35 A time-of-flight mass
spectrometer in the detection chamber also served as the
pulsed field ionization zero kinetic energy photoelectron spec-
trometer. Triphenylene (Aldrich) was housed and heated to
260 ◦C in the pulsed valve located in the source chamber.
The vapor of the sample was seeded in 400 Torr of argon
and co-expanded into vacuum through a pulsed valve with
a 1 mm orifice. After passing through a 2 mm skimmer, the
cooled sample reached the detection chamber for laser excita-
tion and ionization. The laser systems for the REMPI exper-
iment included two Nd:YAG (Spectra Physics, GCR 190 and
GCR 230) pumped dye lasers (Laser Analytical System, LDL
20505 and LDL 2051), both equipped with frequency dou-
blers. The excitation laser in the 304–340 nm range had a typ-
ical pulse energy of more than 1.0 mJ/pulse with a bandwidth
of 0.5 cm−1. The ionization laser in the 287–301 nm range had
a pulse energy of ∼1 mJ/pulse with a bandwidth of 0.3 cm−1.
The absolute wavelength of each laser was calibrated using
an iron hollow-cathode lamp filled with neon. The pump laser
and ionization laser were set to counter-propagate, and the
light path, the flight tube, and the molecular beam were mutu-
ally perpendicular. Two delay generators (Stanford Research,
DG 535) controlled the timing of the lasers and the pulsed
valve, and the optimal signal was obtained under temporal
overlap between the pump and ionization lasers. In the ZEKE
experiment, molecules were excited to high Rydberg states
for 400 ns in the presence of a small constant DC spoiling
field, after which ionization and extraction were achieved by
a pulsed electric field of ∼2 V/cm.

The Gaussian 09 suite45 was used to optimize the molec-
ular structure, to obtain vibrational frequencies, and to simu-
late the observed vibrational distribution from REMPI. For
the ground state of the neutral and the cationic state, den-
sity functional theory (DFT) calculations using the B3LYP
functional were performed with the 6-31+G basis set. The
excited states S1 and S2 were calculated using both time de-
pendent density functional theory (TDDFT) with the B3LYP
functional and the 6-31+G basis set as well as configuration
interaction singles (CIS) with the 6-31+G basis set. Details
of the calculations will be provided in Results section.

RESULTS

Two-color 1+1′ REMPI spectroscopy

Figure 1 shows the two-color REMPI spectrum of triph-
enylene near the origin of the S1 ← S0 electronic transition.
The ionization laser was set at 35 090 cm−1 and the excitation
laser was scanned for resonant transitions. Table I includes
the observed vibronic transitions, the corresponding calcu-
lated values from Gaussian 09 using TDDFT at the 6-31+G
level, and the symmetry assignments in the D3h point group.
The labeling is by symmetry species and by numbering each
species independently from low to high frequencies, a con-
vention used by several groups since 2008.33, 46 As will be
discussed later, the electronic transition is dipole forbidden,

resulting in no origin band, thus assignment of the origin is
based on assignment of the vibronic bands. Our current value
of 29 618 cm−1 for the origin of the electronic transition is
in excellent agreement with the work of Kokkin et al. in the
gas phase,47 but it is shifted by ∼470 cm−1 from the report of
Merle, Campion and El-Sayed.39 The blue shift of the latter
work has been attributed to the effect of the n-heptane matrix.
In Figure 1, the spectrum is shifted to the electronic origin
to emphasize the vibronic structure. Typically, calculated vi-
brational frequencies for electronically excited states are over
estimates, which can be corrected with a small scaling factor.
In this case, a scaling factor of 0.964 has been used based on
a least squares fit between the experimental and the putative
theoretical values, and the resulting correlation of determina-
tion of the linear regression is 0.9999. The value of the scal-
ing factor is within the typical range for calculations using the
B3LYP functional.31–37

A feature of Gaussian 09 is inclusion of Herzberg-Teller
coupling for simulations of vibronic transitions, often with
very reasonable accuracy for intensity distributions.45 The re-
sulting spectrum can further assist with the assignment of
the observed REMPI transitions. However, a problem with
Gaussian 09, regardless of methods of calculation, is the un-
certainty in the energy of closely spaced excited electronic
states.31–37 Consequently in Figure 2, we show the simulated
spectra with Herzberg-Teller coupling for both the S1 ← S0

and the S2 ← S0 transitions of triphenylene. Although the lack
of an origin band could potentially complicate the assignment
of the spectrum, fortunately in this case, the agreement be-
tween simulation and experiment in Figure 2 is quite reason-
able. The observed vibronic bands do indeed correspond to
those from the S1 ← S0 transition.38–40, 47

The assignment in Table I is based on several considera-
tions. First, even with HT coupling, selection rules for electric
dipole transitions are still obeyed, hence only vibronic transi-
tions with an overall symmetry species of e′ are allowed. Sec-
ond, given the symmetry constraint, the assignment of many
low frequency bands is indisputable because of the discrete
quantized fundamental frequencies. Third, the spectroscopic
simulation presented in Figure 2 offers theoretical guidance
for the observed transitions. Nevertheless, there are a few
transitions that have unusually large deviations, but in gen-
eral, the agreements between theory and experiment and be-
tween our assignment and two other previous works using dif-
ferent methods are quite satisfactory.39, 47 The assignment for
the transition at 1417 cm−1 is based on a comparison with the
calculated spectrum, hence it is different from that of a previ-
ous report.47

ZEKE spectroscopy

By setting the first laser at one of the intermediate states
identified in the REMPI experiment and scanning the sec-
ond laser, we have obtained the pulsed field ionization ZEKE
spectra of triphenylene. Figures 3 and 4 show the ZEKE spec-
tra via the first six vibronic transitions labeled in bold-faced
font in Figure 1. Efforts of using intermediate states with
vibrational energies higher than 900 cm−1 have yielded no
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FIG. 1. REMPI spectrum of triphenylene shifted by 29 618 cm−1, the energy for the origin of the S1 state. The energy region below 180 cm−1 was scanned
with 180 laser shots for each data point in a failed attempt to observe the origin band, while the rest of the spectrum was the average of 100 laser shots. Modes
in bold-faced italic fonts are the intermediate vibronic transitions which have yielded ZEKE spectra. The molecular structure with designations of axes is also
included.

ZEKE signal. This kind of internal energy “cutoff” seems typ-
ical for the ZEKE experiments that we have performed.31–37

The inconsistent signal-to-noise ratio (S/N) of Fig. 4(c) is due
to the extra effort in the scan of the central region (marked by
two arrows): while the rest of the region and the rest of all the
ZEKE spectra have been results of averages over 100 laser
shots, this central region has been the average of 170 laser
shots per data point. The data have also been recorded in dif-
ferent days, and slight variations in experimental parameters
could also contribute to the difference in the S/N of the spec-
trum. The adiabatic origin of the cationic ground state is ten-
tatively assigned to be 63 365 ± 7 cm−1, corresponding to the
observed lowest frequency band and taking into consideration
the shift caused by the delayed electric pulse for ionization.
This value is about 200 cm−1 below that reported by Boschi,
Clar and Schmidt via photoelectron spectroscopy.48 The dis-
crepancy is not surprising since the higher spectral resolution
of ZEKE than that of typical photoelectron spectroscopy can
effectively remove interferences from hot bands and from ex-
ternal electric and magnetic fields.

Compared with the ZEKE spectrum of benzene49, 50

where coupling among different JT active modes is extensive,
the ZEKE spectra of triphenylene are sparse and contain a rec-
ognizable pattern – a dominant single cluster of transitions.
Jahn-Teller coupling results in splittings of vibrational levels,
thus the individual transitions within each cluster could be re-
lated to the same doubly degenerate vibrational band of the
intermediate state. This single cluster of transitions of each
spectrum is thus an indicator of a propensity in preserving the
vibrational excitation of the intermediate state.31–37, 51, 52

Full assignment of the observed ZEKE transitions in the
presence of Jahn-Teller distortion requires calculations sim-
ilar to those of Applegate and Miller on the analysis of the
ZEKE spectrum of benzene.50 The inset of the bottom panel
in Fig. 3 shows three transitions, two of which constitute a
closely spaced doublet (7 cm−1 apart), and the 3rd transition
is nearly 50 cm−1 above the doublet. This pattern is very sim-
ilar to that of the ZEKE spectrum obtained via the 21181 vi-
brational level of the S1 state of benzene.50 A similar pattern
is also observable in the inset of the middle panel of Fig. 3,
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TABLE I. Observed vibrational bands for the S1 (A1
′) state of triphenylene.

Bands in bold-faced italic font are intermediate states which have yielded
ZEKE spectra (units: cm−1, uncertainty: ±5 cm−1).

Matrix
Experimental Calculationa Assignment isolationb LIFc

249 252 1e′ 249 247 (1e′)
600 609 3e′ 616 597 (3e′)
748 748 4e′ 769 745 (4e′)
763 755 1e′3 789
876 866 1e′′4a1

′′

920 925 1e′2a1
′

1026 1030 6e′ 1036
1163 1161 8e′ 1172
1269 1282 3e′2a1

′ 1271
1286 1306 1e′3a1

′

1294 1307 10e′

1335 1326 11e′ 1336 1332 (11e′)
1404 1405 4e′2a1

′ 1410 1402 (4e′2a1
′)

1417 1424 12e′ 1437 1414 (12e′)
1478 1483 13e′ 1480
1576 1573 15e′ 1576
1624 1626 5e′2a1

′

1976 1980 10e′2a1
′ 1997 1973 (3e′7a1

′)
2124 2101 4e′6a1

′ 2117
2198 2197 4e′8a1

′ 2184
2709 2698 12e′5a1

′ 2697
2794 2790 14e′5a1

′ 2777 2784 (12e′7a1
′)

3080 3085 16e′

aIncluding a scaling factor of 0.964.
bMatrix isolation spectroscopy in n-heptane crystal with a scaling factor of 0.98.39

cGas-phase laser induced fluorescence.47

although the doublet feature is now a triplet. However, the
analysis of Applegate and Miller did not explicitly associate
the observed vibrational transition with the unperturbed de-
generate state.50 In so doing, some physical insights related
the ionization process could be missed.

In this work, we adopt the approach of Keszthelyi
et al.43, 53 by simply using the unperturbed vibrational fre-
quencies from our DFT calculation for a preliminary analysis.
The advantage of this treatment is the explicit symmetry infor-
mation of the assigned vibrational transitions in the deformed
molecular frame. Based on our calculations using unrestricted
Hartree-Fock, Møller–Plesset second order perturbation the-
ory, coupled cluster configuration interactions with single and
double substitutions, and density functional methods, the vi-
brational frequencies from the unperturbed electronic states
in the C2v symmetry that constitute the Jahn-Teller pair are
almost identical (within 1 cm−1). By using the frequencies of
a single cationic state from our DFT calculation as a guide, we
offer a tentative assignment as that listed in Table II. As seen
in the insets of Fig. 3, the current assignment leaves out many
details revealed in the spectra. Nevertheless, the agreement in
frequency between calculation and experiment in Table II is
surprisingly good. A similar situation has also been reported
by Keszthelyi et al.43 on Raman spectroscopy of triphenylene
cations. For bands with moderately high vibrational energies,
we could attribute the agreement to the freedom in using com-

FIG. 2. Comparison between the experimental REMPI spectrum and the
simulation using Gaussian 09 including Herzberg-Teller coupling.

binations of low frequency modes just to match the transition
wavenumbers, but this reason cannot be used to negate the
agreement of the lower energy bands. One possibility of this
surprisingly good agreement might be related to the strength
of coupling specific to these vibrational modes. According to
the report by Kato and Yamabe,42 only three e′ modes are pri-
marily responsible for JT coupling, and none of the three are
accessed in the REMPI spectrum of Figure 1.

With this crude treatment, we can follow the transforma-
tion of vibrational modes from the S1 to the D0 states thereby
peeking into the mechanism of ionization. We start by con-
sidering that when the electronic state exhibits JT distortion
from D3h to C2v, the e′ vibrational modes resolve into a1 and
b2 modes. We can then construct a resolution map from the
e′ modes of the intermediate state to the a1 and b2 modes of
the final ionic state. This correlation will in turn guide or con-
firm the vibrational assignment of both the REMPI and ZEKE
spectra. Using GaussView45 for visualization of the displace-
ment vectors and using vibrational frequencies for guidance,
we have concluded on a list of correlated vibrational modes
as shown in Table III. It is important to note that the a1 modes
of C2v arise from both the a1

′ as well as the e′ modes of D3h,
and the b2 modes of C2v arise from both the e′ and the a2

′

modes of D3h. This means that in the resolution table of the e′

modes, the numbering of the modes in C2v is not necessarily
consecutive.
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FIG. 3. Experimental ZEKE spectra from intermediate vibronic states: (a)
1e′, (b) 3e′, and (c) 4e′, shifted by 63 365 cm−1. Modes in bold-faced italic
font are the correlated diagonal modes.

Figure 5 shows the displacement vectors of the low-
est frequency e′ mode and the correlated a1 and b2 modes.
This e′ mode in D3h can be regarded as two degenerate in-
plane vibrations, one of which is symmetric about the vertical
plane σ v (a1) and the other is anti-symmetric (b2). The b2

mode in C2v involves wagging of one terminal (top) ring rela-
tive to the somewhat rigid phenanthrene substructure, while
the a1 mode looks like scissoring of the two rings within
the phenanthrene substructure while the top ring staying rela-
tively still. In the ZEKE spectrum of Figure 3(a), the strongest
transition from the e′ mode of the intermediate state is as-
signed as the a1 mode of the cation. Although further cal-
culations using the Applegate and Miller approach50 will
inevitably shift the theoretical transition frequency by intro-
ducing JT coupling terms, our current approach should cap-
ture the predominant feature of the observed transition.

Many previous studies of ZEKE spectroscopy via res-
onantly excited states have reported a propensity rule, i.e.,
the strongest transition in the ZEKE spectrum can be as-
signed as the same vibrational mode as that of the interme-
diate state.31–37, 51, 52 If the propensity rule holds for tripheny-
lene, we would expect many of the correlated a1 and b2 modes
to be present in the ZEKE spectra. This is indeed the result
from Figures 3 and 4, where the intense clusters of transi-
tions contain one or both of the correlated modes of the inter-

FIG. 4. Experimental ZEKE spectra from intermediate vibronic states: (a)
1e′3, (b) 1e′′4a1

′′, and (c) 1e′2a1
′, shifted by 63 365 cm−1. The top two panels

are scaled up by a factor of 5. The inconsistent signal-to-noise ratio in panel
(c) is due to the extra effort (170 laser shots vs. 100 laser shots per data point
and perhaps better alignment on the day of the attempt) during the scan of
the central region. Modes in bold-faced italic font are the correlated diagonal
modes.

mediate state (labeled in bold). However, in Figures 3 and 4,
weaker replicas of the strong cluster of transitions are also ob-
servable, and these replicas can be assigned as combinations
of the original cluster of transitions with a 2a1 transition at
416 cm−1. Clearly the Franck-Condon factor from the S1 in-
termediate state to the cationic state D0 is not totally diagonal.

DISCUSSIONS

The S1 electronic state and vibrational assignment

The symmetry of several low lying electronic states and
the corresponding electronic orbitals are informative in under-
standing the origin of the vibronic coupling in triphenylene.
Both the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are e′′ in sym-
metry, and every e′′ orbital consists of a symmetric and anti-
symmetric molecular orbital with respect to the vertical mir-
ror plane σ v (symmetry plane shown in Figure 5). Excitation
from the doubly degenerate HOMO to the doubly degenerate
LUMO can result in four possible transitions, corresponding
to three possible electronic states with symmetry terms of A1

′,
A2

′, and E′. Based on the output from TDDFT calculations,
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TABLE II. Observed vibrational bands of the D0 state of triphenylene from
several intermediate vibronic transitions. The bands in bold-faced italic font
are the correlated diagonal bands of the intermediate state (units: cm−1, un-
certainty: ±7 cm−1).

1e′ 3e′ 4e′ 1e′3 1e′′4a1
′′ 1e′2a1

′ Calc Assignment

220 238 1b2
2

267 265 1a1

343 352 2a23b1

423a 430 3a1

586 584 4b2

596a 594 1a26a2

610 623 5b2

641 641 4a1

685a 681 1a12a1

718 698 6b2

730 732 735 2b22a1

750 749 2b23a1

785 785 778 3a25a2

806 795 801 6a1

808 795 1a3
1

826 832 2a2
1

930 940 7b2

950 963 1b111a2

953 960 2b24a1

974 975 5a11a1

1004 1000 4b22a1

1015 1010 1a26a22a1

1028 1039 5b22a1

1170 1165 2b23a12a1

1226 1211 1a3
12a1

1353 1356 7b22a1

aModes that are observed in the matrix isolation resonant Raman experiment.43

the transition to the S1 state contains equal contributions from
transitions between orbitals of the same symmetry, hence the
S1 state can be assigned as A1

′. The situation for the transi-
tion to the S2 state is the opposite, consisting of equal con-
tributions between molecular orbitals of different symmetry,
hence the S2 state can be assigned as A2

′. The transitions to

TABLE III. The e′ (D3h) modes and the correlated a1 and b2 (C2v) modes
with the calculated frequencies in parenthesis (units: cm−1).

S1 (D3h) modesa Correlated D0 (C2v) modes

1e′ (252)
1b2 (119)
1a1 (265)

2e′ (395)
2b2 (319)
2a1 (416)

3e′ (609)
5b2 (623)
4a1 (641)

4e′ (748)
6b2 (698)
6a1 (801)

5e′ (951)
7b2 (940)
7a1 (1012)

6e′ (1030)
9b2 (1088)
8a1 (1068)

7e′ (1081)
10b2 (1111)
10a1 (1141)

aIncluding a scaling factor of 0.964.

FIG. 5. The 1e′ vibrational mode of S1 (D3h) and its resolution into the b2
and a1 modes of D0 (C2v). The displacement vectors (thinner arrows) are
included as well as the vertical mirror plane σ v (dashed line).

the S3 state consist of a degenerate pair, which confirms the E′

assignment for S3.38 The transition dipole for the D3h group is
either e′ or a2

′′, hence both S1 and S2 are electric dipole for-
bidden. Any observed vibronic transitions to S1 are therefore
due to vibronic coupling with the dipole allowed S3 state.

It might seem surprising that all observed vibronic bands
from REMPI are results of coupling to the third electronically
excited state S3. The energy difference between S3 and S1 is
∼7000 cm−1 by our calculation, which agrees with that of
Chojnacki et al.38 This energy gap is the largest although not
totally out of reason when compared with those in other PAHs
that we have studied. For example, the energy gap is 1200
cm−1 for BaP,34 3000 cm−1 for pyrene,35 and 5000 cm−1 for
BeP.31 However, all of these PAHs couple to the S2 electronic
state. We have previously concluded and once again con-
firm in this study that the degree of Herzberg-Teller coupling
does not necessarily correlate with the energy gap.31–37, 51, 52

A somewhat surprising realization is that despite the large en-
ergy difference and the complete electric dipole forbidden na-
ture of the S1 state, the vibronic transitions are strong and the
corresponding Rydberg states are stable enough for further
ZEKE spectroscopy.

With the exception of a missing origin band, the REMPI
spectrum of triphenylene is similar to those of other PAHs
that our group has studied.31–37, 51, 52, 54, 55 The observed vibra-
tional modes are in-plane, and the simulated spectrum cap-
tures the essence of the experimental data, despite the dom-
inance of vibronic coupling. Based on our calculation, the
molecular frame hardly changes upon excitation, expanding
only by about half a percent in all directions because of the
increased nodal character in the excited electronic state.31–37

The first electronically excited state of triphenylene has
been studied by several groups using a variety of techniques
including gas phase laser induced fluorescence (LIF)47 and
matrix isolation spectroscopy.38–41 The LIF study by Kokkin
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et al. is in close agreement with our work in terms of fre-
quency, intensity, and assignment, as shown in Table I.47 The
frequencies from matrix isolation spectroscopy at 1.6 K39 are
also included in Table I for comparison. In general, frequen-
cies from MIS experiments either at 77 K38, 41 or at 1.6 K39 re-
quire a scaling factor of 0.98 to agree with the corresponding
values from gas phase studies. The scaling factor is indicative
of deformation of the molecular frame relative to that of free
space gas phase molecules.39, 40 This effect is not too surpris-
ing given the seemingly floppy shape of the molecular frame.
Furthermore, all MIS studies have shown a small but observ-
able origin band, implying that the symmetry of the electronic
state has perhaps been distorted.38–40 Based on polarization
analysis, Lamotte et al. have indeed confirmed the symmetry
of the S1 state to be C2v in their matrix.40

Geometry and vibrational assignment of the D0 state

After photoionization, the resulting electron configura-
tion for triphenylene is (e′′)3, a prime candidate for Jahn-
Teller distortion. There have been several studies, both the-
oretical and experimental, indicating that both the cation and
anion are of C2v symmetry.42–44, 56, 57 In particular, Keszthe-
lyi et al.43 have reported the resonant Raman spectroscopy
of triphenylene cation along with Hartree-Fock and density
functional calculations, and the authors have simulated the ex-
perimental spectrum based on parameters from the C2v molec-
ular frame.43

Jahn-Teller distortion results in two electronic states A2

and B1 for triphenylene. Based on calculations of our own and
those of Keszthelyi et al.43 using a range of methods, the two
states are nearly degenerate. In the A2 state, one of the arms
is compressed, while in the B1 state, the arm is elongated. We
have then calculated the energy of the D3h conical intersec-
tion by averaging the geometric parameters of the Jahn-Teller
pair, and the resulting barrier is ∼1000 cm−1. This value is
on par with that from Keszthelyi et al.43 Given the scope of
the current work and our emphasis for the correlation between
the vibrational levels of the intermediate state and those of the
final state, we will leave the full Jahn-Teller analysis for the
future.

Interestingly, the change in symmetry only exerts minor
effect on the actual dimension of the molecular frame, result-
ing in observable propensity in preserving the vibrational ex-
citation of the intermediate state. This result is not too surpris-
ing given the relatively large number of rings of triphenylene
thereby its capacity to accommodate the positive charge of the
cation.

There are some similarities between our data and those
from the resonant Raman experiment of Keszthelyi et al.43

While the intensities should be different between these two
experiments because of different selection rules, some com-
mon vibrational modes particularly the a1 modes should be
observable in both experiments. In Table II, three reported
a1 modes from Keszthelyi et al.43 are marked with asterisks.
However in our case, the two higher frequency bands are bet-
ter assigned as combination bands based on correlations with
the intermediate vibrational level. It is possible that the bands

observed in the matrix are different from ours since no matrix
effect has been considered in the original report.

Comparisons with other PAHs

With the exception of JT distortion, triphenylene is
in many ways similar to the other PAHs that we have
studied.31–37 The observable modes from both the S1 and D0

electronic states are restricted to in-plane vibrations, and the
scaling factor for the vibrational frequency of the S1 state is
also within the range of expected values.31–37 In pyrene and
a few cata-condensed PAHs,32, 35, 36 we have observed out-of-
plane vibrations due to vibronic coupling, and in all cases,
the out-of-plane modes have been electric dipole allowed be-
cause of the symmetry of the coupled higher electronic state.
Although the degree of vibronic coupling is extraordinary in
triphenylene, no out-of-plane modes are allowed because of
the symmetry of the S3 (E′) electronic state. Hence the exis-
tence and intensity of out-of-plane modes are not indicative
of molecular rigidity.

Coronene and benzene are both similar to triphenylene
in that they are highly symmetric PAHs and they exhibit JT
distortion upon ionization. In terms of structural distortion,
based on our calculation, the D0 ← S0 transition in tripheny-
lene shrinks the overall dimension along one of the principal
axes by less than 0.25% and expands the dimension in the per-
pendicular direction by a little less than 0.5%. The structural
change in coronene is similar, consistent with the trend that
larger molecules tolerate more disturbances in the electronic
structure. In contrast, the JT distortion of benzene cation is
much more pronounced, with the dimension along the elon-
gated axis increasing by 4%. Consequently, the ZEKE spec-
trum of benzene contains an extensive distribution of vibra-
tional bands, including several out-of-plane modes,49, 50 while
the ZEKE spectra of triphenylene mostly contain diagonal
vibrational bands.

CONCLUSIONS

The vibrational information of triphenylene for both the
first electronically excited state and the cationic ground state
is reported based on REMPI and ZEKE spectroscopy. The
S1 ← S0 electronic transition is electric dipole forbidden and
all vibrational bands are results of vibronic coupling with a
high lying S3 (E′) electronic state. Using Gaussian 09, we are
able to simulate the vibronic spectrum of the S1 state, from
which we have determined the origin of the S1 state to be
29 618 ± 5 cm−1. Removal of an electron results in a symme-
try change from D3h to C2v, but the actual changes in struc-
tural parameters are still small. Based on a resolution of the
intermediate e′ modes from D3h to the a1 and b2 modes of
C2v, some transitions in the ZEKE spectra can be tentatively
assigned, and the propensity of preserving the vibrational ex-
citation of the intermediate state can be observed. No ZEKE
signal has been observed from intermediate states with vi-
brational energy excesses higher than 900 cm−1, similar to
many of the PAHs we have investigated. Given the complex-
ity of the ZEKE spectra, however, a complete understanding
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and assignment will require a detailed calculation of vibronic
wavefunctions of the Jahn-Teller pair, a task that awaits future
effort.
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