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Abstract 

We report zero kinetic energy (ZEKE) photoelectron spectroscopy of benzo[h]quinoline (BhQ) 

via resonantly enhanced multiphoton ionization (REMPI) through the first electronically excited 

state S1. From the simulated REMPI spectra with and without Herzberg-Teller coupling, we 

conclude that vibronic coupling plays a minor but observable role in the electronic excitation to 

the S1 state. We further compare the S1 state of BhQ with the first two electronically excited 

states of phenanthrene, noticing a similarity of the S1 state of BhQ with the second electronically 

excited state S2 of phenanthrene. In the ZEKE spectra of BhQ, the vibrational frequencies of the 

cationic state D0 are consistently higher than those of the intermediate neutral state, indicating 

enhanced bonding upon ionization.  The sparse ZEKE spectra, compared with the spectrum of 

phenanthrene containing rich vibronic activities, further imply that the nitrogen atom has 

attenuated the structural change between S1 and D0 states.  We speculate that the nitrogen atom 

can withdraw an electron in the S1 state and donate an electron in the D0 state, thereby 

minimizing the structural change during ionization.  The origin of the first electronically excited 

state is determined to be 29410 ± 5 cm-1 and the adiabatic ionization potential is determined to be 

65064 ± 7 cm-1. 

 

Key words: zero kinetic energy photoelectron spectroscopy, resonantly enhanced multiphoton 

ionization, benzo[h]quinoline, polycyclic aromatic hydrocarbons, far infra-red spectroscopy 
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Introduction 

 Polycyclic aromatic hydrocarbons (PAHs) consist of fused benzene rings without any 

heteroatoms and with characteristic delocalized π electrons. When one or more nitrogen atoms 

are included in the molecular frame, the resulting molecule is denoted as PANH.  Spectroscopy 

of PAHs and PANHs is not only interesting from a fundamental point of view, but also of 

practical value in the fields of astrophysics and astrobiology.1-4 Infrared (IR) and far-infrared 

(FIR) bands have been observed to emanate from deep space since the 1970s and more recently 

by the Herschel Space Telescope and the Stratospheric Observatory for Infrared Astronomy.2,5-11  

These ubiquitous unidentified infrared bands (UIB) are thought to contain spectroscopic 

signatures of molecules that constitute the interstellar medium (ISM), hence identification of 

these suspected molecules through spectroscopic assignments could help to determine the 

chemical composition of the ISM.12,13 The close match between the UIB spectra and transitions 

of several functional groups of aromatic molecules alludes to the possibility of PAHs in the 

ISM.2,5,7,14,15  The existence of PANHs has been postulated because of their relatively strong 

bands between 1000 - 1750 cm-1; a region associated with the C-N-C in-plane vibrations.16-18 

The presence of stray interstellar ionizing radiations further suggests the possibility of ionized 

PAHs and PANHs.7,15,19 From the perspective of astrobiology, PAHs and PANHs are of 

particular interest because of their potential relation to the origin of life through the formation of 

primitive organic molecules, including ribonucleic acids in a pre-DNA environment.3,20  

Fundamentally, comparative studies of PAHs and PANHs are also of interest in physical 

chemistry; nitrogen substitution into the molecular frame of a polycyclic aromatic hydrocarbon 

lowers the molecular symmetry and interrupts the aromaticity of the molecule.1,19,21   
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Far-infrared spectra are considered to be fingerprints for PAH species because of their 

sensitivity to molecular skeletal modes,22-24 and zero kinetic energy (ZEKE) photoelectron 

spectroscopy offers a unique and powerful approach for obtaining frequency information of FIR 

bands.25 The mid and near infrared spectral regions contain localized vibrational modes which 

are characteristic of specific functional groups, and experimental studies in these regions have 

been prolific: examples include single-photon infrared emission spectroscopy, matrix isolation 

spectroscopy (MIS), and cavity ringdown spectroscopy.7,26-30  The far-infrared spectral region, on 

the other hand, suffers from low oscillator strength as well as other experimental difficulties, 

including inadequate light sources and insensitive detectors. Zero kinetic energy photoelectron 

spectroscopy, governed by a completely different set of selection rules from infrared 

spectroscopy, however, is ideal for detecting low energy vibrational modes of cations using 

commercially available light sources and efficient microchannel plate detectors.31  Using ZEKE, 

we have studied four peri-condensed species including pyrene, benzo[a]pyrene, benzo[e]pyrene 

and benzo[ghi]perylene as well as four cata-condensed species including triphenylene, tetracene, 

pentacene and chrysene.32-39 Our ZEKE data, supplemented by matrix isolation spectroscopy and 

other excitation and fluorescence spectroscopy,7,26-30 allow for a comprehensive analysis of the 

vibrational states of cationic PAHs. These experimental results can further benchmark theoretical 

calculations and astrophysical modeling.40,41  

 In this work, we report resonantly enhanced multi-photon ionization (REMPI) 

spectroscopy of the first electronically excited state S1 as well as ZEKE spectroscopy of the 

cationic state D0 of benzo[h]quinoline (BhQ). We compare the spectroscopic features of BhQ 

with those of two isoelectronic systems phenanthrene and anthracene, and comment on the 

unique contribution of the nitrogen atom.16,18,42-46 We observe that in terms of molecular orbitals, 
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the first two electronic states of BhQ are in reverse order relative to those of phenanthrene, a not-

so-subtle effect of the heteroatom in the molecular frame.44-47 The low molecular symmetry has 

relaxed the selection rule in vibronic transitions, allowing all in-plane modes to be observable. 

Nevertheless, the ZEKE spectra are sparse, implying structural similarities between the cation 

and the first excited electronic state. We also notice a consistent increase in the vibrational 

frequencies of several observed modes in the D0 state compared with those from the S1 state, an 

indication of increased aromaticity upon ionization.  

Experimental Setup and Calculation Method 

 The experimental apparatus consisted of a differentially pumped molecular beam 

apparatus with the detection chamber enclosed inside the source chamber, as detailed in several 

of our previous publications.32-39 A time-of-flight mass spectrometer in the detection chamber 

also served as the pulsed field ionization zero kinetic energy spectrometer. Benzo[h]quinoline 

(Aldrich) was housed and heated to 84°C in a pulsed valve (Parker Finnegan, Series 9) with a 1 

mm orifice located in the source chamber. The sample vapor was seeded in 1700 Torr of argon 

and co-expanded into vacuum through the pulsed valve. The sample beam was further collimated 

by passing through a 2 mm skimmer before reaching the detection chamber for laser excitation 

and ionization. The laser system for the REMPI experiment included a Nd:YAG (Spectra 

Physics, GCR 190) pumped dye laser (Laser Analytical System, LDL 20505) equipped with a 

frequency doubler for excitation and an optical parametric oscillator (Continuum, Panther, 

pumped by Precision I 8000) for ionization. The excitation laser in the 322.5 - 342.6 nm range 

had a typical pulse energy of ~1 mJ/pulse with a bandwidth of 0.5 cm-1. The ionization laser in 

the 273 - 281 nm range had a pulse energy of ~0.5 mJ/pulse with a bandwidth of 0.3 cm-1. The 

absolute wavelengths of both lasers were calibrated using an iron hollow-cathode lamp filled 
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with neon based on values from the National Institute of Standards and Technology. The 

excitation and ionization lasers were set to counter-propagate, and the light path, the flight tube, 

and the molecular beam were mutually perpendicular. Two delay generators (Stanford Research, 

DG 535) controlled the timing of the lasers, and the optimal signal was obtained via temporal 

and spatial overlap of the two lasers. In the ZEKE experiment, molecules were excited to high 

Rydberg states for 400 ns in the presence of a constant DC spoiling field (below 50 mV/cm), 

after which ionization and extraction were achieved by a pulsed electric field of 2 V/cm. 

 The Gaussian 09 suite48 was used to optimize the molecular structure, to obtain 

frequencies from the optimized molecular frame and to simulate the observed vibrational 

structures from the REMPI and ZEKE experiments. For the ground state of the neutral and 

cationic state, density functional theory (DFT) calculations using the B3LYP functional were 

performed with the 6-31G basis set. The S1 and S2 electronically excited states were calculated 

using time dependent density functional theory (TD-DFT) with the B3LYP functional and the 6-

31G basis set. Further details of the calculation will be provided in the following section. 

Results 

Two-color 1+1’ REMPI spectroscopy 

The two-color 1+1’ REMPI spectroscopy of benzo[h]quinoline near the origin of the S1 

← S0 electronic transition is displayed in Figure 1. The ionization laser was set at 280 nm and 

was temporally and spatially overlapped with the scanning resonant laser. After each laser shot, a 

complete time-of-flight mass spectrum could be observed, and clear presence of intact molecular 

ions of BhQ could be identified as the excitation laser was scanned through the recorded spectral 

region.  Other than the appearing and disappearing parent ion with wavelength, the mass 
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spectrum contained no sign of molecular clusters or other impurities.  We briefly varied the 

stagnation pressure and the heating temperature of the sample, with no effect on the resulting 

mass spectrum, further eliminating the possible contribution of molecular clusters.  Each data 

point was an average of over 100 laser shots, and the spectrum was repeated over a period of 

three months. The band second to the lowest energy transition at 29410 ± 5 cm-1 was assigned as 

the origin and was the second most intense in the spectrum. The assignment for the lowest 

energy transition as a hot band of (1a”)2 was based on two considerations.  First, by improving 

the cooling condition of the supersonic molecular beam, we were able to lower the intensity of 

the putative hot band, and second, the simulated REMPI spectrum agreed with the current 

assignment (see Fig. 2).  

Table I lists the frequencies of the observed vibrational bands, frequencies from the 

calculation, and spectroscopic assignments. The vibrational frequencies were calculated using 

TDDFT at the B3LYP/6-31G level.  Based on our current assignment and using the least-squares 

fitting procedure, we obtained a scaling factor of 0.963 for the calculated frequency with a 

coefficient of determination of 0.9998. The experimental data were limited by the linewidth of 

each band, which resulted in an uncertainty of 5 cm-1.  

 The first two electronically excited states of BhQ are closely spaced in energy, and the 

proximity can be a source of confusion for the DFT calculation.32-38,48 We simulated the 

excitation spectra to both the putative S1 and S2 electronic states, and to further illustrate the 

effect of Herzberg-Teller (HT) vibronic coupling, we also calculated a spectrum containing only 

the Franck-Condon factor for the vibronic bands to the S1 state.  The calculation results are 

shown in Fig. 2 for comparison with the experimental data.  The similarity between panels (c) 

and (d) confirms the assignment of the S1 ← S0 transition.  Moreover, HT coupling introduces 
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few new vibrational modes; rather the intensities of some vibronic bands, in particular, the 7a’ 

band, are visibly enhanced. 

The agreement between simulation and experiment can further assist with spectral 

assignment.  For example, the band at 446 cm-1 has a deviation of 11 cm-1 from the calculation, 

but because of its presence in the simulated spectrum, we are comfortable in its identity as the 

3a’ band.  A similar situation exists for the band at 1208 cm-1 (19a’).  The experimental spectrum 

contains several clusters of congested transitions above 700 cm-1.  Although the calculation has 

reproduced some of the clusters of transitions, the density of transitions from the calculation is 

still below that of the experiment.  Consequently, assignment within each cluster is difficult and 

tentative, and some unusually large deviations are noticeable.  Moreover, the transition at 409 

cm-1 is clearly missing in the calculation.  Our tentative assignment of a combination band 

3a”4a” is based on possible combinations of low frequency bands and the selection rule for 

vibronic transitions.  The assignment of this band will be discussed again in the ZEKE 

experiment.  Overall mostly in-plane vibrational modes can be observed, for example, the 2a’ 

mode involving elongation along the long axis and the 7a’ mode corresponding to breathing of 

the molecular frame. 

The observed vibronic distribution of Fig. 1 is largely similar to the fluorescence 

excitation spectrum reported by Prochorow, Deperasińska and Stepanenko (PDS).49  However, 

the spectrum of the PDS report contains two bands below the strongest band at 29409 cm-1, and 

the lowest energy band at 29226 cm-1 is considered the origin band.  If we revise the PDS 

assignment by shifting all vibronic bands by 184 cm-1, the reported vibrational frequencies agree 

with our result within our uncertainty.  Unfortunately, there is no symmetry assignment 

associated with the PDS report and hence no direct comparisons can be made.     
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ZEKE Spectroscopy 

By scanning the ionization laser while setting the resonant laser at one of the intermediate 

states identified in the REMPI experiment, we obtained pulsed field ionization ZEKE spectra as 

shown in Figure 3. Similar to the REMPI spectrum, the ZEKE spectra were obtained with about 

100 laser pulses per data point over a three month period. The ZEKE experiment was only 

successful with a few intermediate vibronic states that had relatively strong intensities in the 

REMPI spectrum and had internal vibrational energies below 710 cm-1. The vibrational identity 

of the intermediate state for each ZEKE spectrum is labeled in Figure 3 with a black dot. The 

theoretical vibrational frequencies were calculated using DFT at the B3LYP/6-31G level, and a 

least-squares fitting procedure, similar to that used in the REMPI experiment, was used to obtain 

a scaling factor of 0.961 with a coefficient of determination of 0.9983. Table II lists the observed 

transitions, the corresponding theoretical values, and the assignment.  The experimental 

uncertainty of 7 cm-1 is restricted by the uncertainty of the intermediate state, the linewidth of the 

lasers, and the pulsed electric field for ionization. 

 Panel a in Figure 3 contains the ZEKE spectrum recorded from the origin of the first 

electronically excited state, and the calculated spectrum is overlaid with the experimental data in 

grey based on the Franck-Condon factors of the electronic transition D0 ← S1.  Once again the 

calculation has captured the essence of the experimental spectrum, with a predominant origin and 

a few much weaker vibrational bands, particularly the 7a’ band corresponding to the breathing 

mode of the whole molecular frame.  The adiabatic ionization threshold of BhQ is thus 

determined to be 65064 ± 7 cm-1 (8.067 ± 0.001 eV) after taking into consideration the effect of 

the ionization field.  This value is approximately 200 cm-1 higher than that from the 
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photoelectron spectroscopy study conducted by Hush, Cheung and Hilton (8.04 ± 0.02 eV), and 

our value represents more than an order of magnitude increase in precision.50   

 All panels in Fig. 3 are characteristically sparse, containing primarily the band 

corresponding to the same vibrational excitation of the intermediate state.  The 7a’ breathing 

mode is present in four out of the six spectra as a combination with the predominant vibrational 

band.  Panel c was obtained via the 3a”4a” intermediate level and the observed ZEKE transition 

was assigned as 3a”4a” in keeping with the propensity rule,32-39 although just from vibrational 

frequency and selection rule points of view, the observed strongest transition could be assigned 

as (4a”)2 at 470 cm-1. The weaker transition in panel f was also assigned as a combination band 

of two out-of-plane modes because the next nearest in-plane vibration was at 837 cm-1, 30 cm-1 

above the observed transition.   

Discussion 

Nature of the S1 State 

 Aromaticity leads to degenerate or near degenerate molecular orbitals, which can produce 

closely spaced excited electronic states.  With the introduction of a nitrogen atom in BhQ, 

reorganization of the nearly degenerate electronic states can be expected. Based on our 

calculation, the majority of the oscillator strength (60%) of the S1 ← S0 transition is derived from 

the transition between the highest occupied molecular orbital to the lowest unoccupied molecular 

orbital (the LUMO ← HOMO transition), and it is ππ* in character. The resulting change in the 

molecular frame is elongation along the long axis by 0.04 Ȧ (0.5%) and contraction along the 

short axis by 0.02 Ȧ (0.5%). In contrast, for phenanthrene, an isoelectronic and structural 

analogue of BhQ, the first electronic transition is a mixture of transitions involving LUMO ← 



11 
 

HOMO - 1 and LUMO + 1 ← HOMO, while the second electronic transition is LUMO ← 

HOMO.46  Based on our calculation, the molecular frame of the S1 state of phenanthrene exhibits 

elongation along the long axis by 0.6% and minimal change along the short axis (0.05%), while 

that of the S2 state has an elongated molecular frame by 0.06 Ȧ (0.8%) along the long axis and a 

contracted frame by 0.03 Ȧ (0.7%) along the short axis.  The similarity in the structural change 

and in the nature of electronic transitions both testify to the correlation between the two 

electronic states of the two molecular systems, i. e., the S1 state of BhQ corresponds to the S2 

state of phenanthrene.   

 The elongation along the long axis and the contraction along the short axis of the frame 

dimension account for the activities of the stretching mode 2a’ and the breathing mode 7a’ in the 

REMPI spectrum of BhQ.  Comparable modes and frequencies have also been observed in the 

study of phenanthrene,44 although for phenanthrene, the vibrational frequencies for both the S1 

and the S2 states are similar. It appears that while the introduction of a nitrogen atom into the 

molecular frame affects the nature of electronic states, it has little effect on the bond strength and 

thereby the vibrational frequencies of the molecule.  

 This effect of the nitrogen atom on the nature of the electronic state has also been 

reported previously.47 Yi, Alvarez-Valierra and Pratt have studied the electronic transitions of 

fluorene and its nitrogen and oxygen substituted analogues carbazole and dibenzofuran.47  The 

authors have concluded that the introduction of a heteroatom causes the transition moment of the 

first electronic excitation to rotate by 90º relative to that of fluorene. This rotation is a direct 

result of reordering of the closely spaced molecular orbitals and related transitions, similar to the 

case of BhQ. The authors have further observed, as we do here, that the overall geometry of the 

molecular system is minimally affected by the introduction of a heteroatom in the ground state.  
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Nature and vibrational spectroscopy of the D0 state 

 Based on our calculation, the optimized structure of the cationic state of BhQ shows 

further contraction along the short axis compared with the first electronically excited state, by 

about 0.5%, while the dimension along the long axis remains unchanged.  This progressive 

shortening of the short axis from S0 to S1 to D0 is unique to BhQ since for all the PAHs we have 

observed previously, the structures of S0 and D0 are similar while that of S1 is distorted.32-39  

Nevertheless, the degree of change upon ionization is still low enough that a propensity of 

preserving the vibrational excitation of the intermediate state is still observable in Fig. 3 for all 

ZEKE spectra.  

While the states D0 and S1 may be structurally similar, there is a notable difference in the 

vibrational frequencies, possibly denoting a difference in the bond strength or rigidity of the two 

states. Almost all observed vibrational frequencies for the D0 state, with the exception of the 2a’ 

mode, are blue shifted from those of the S1 state, as shown in Table III. An increase in out-of-

plane vibrational frequencies implies an increase in planar rigidity, a trait that is directly 

correlated to aromaticity.  

Compared with the mass analyzed threshold ionization (MATI) spectroscopy of 

phenanthrene reported by Piest et al, the ZEKE spectra of BhQ are much sparser.43  Although the 

MATI spectrum from the origin of the S1 state of phenanthrene also contains a predominant 

origin band, many more low frequency bands have been reported, with three particularly strong 

features centering at 240, 550, and 700 cm-1, and some out-of-plane modes.43  Using DFT at the 

B3LYP/6-31G level and based on the Franck-Condon factor from S1 to D0, we have qualitatively 

reproduced the vibronic activities in the MATI/ZEKE spectrum of phenanthrene from the origin 
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of the S1 state.  For comparison, we have also calculated the MATI/ZEKE spectrum of 

phenanthrene from the origin of the S2 state.  Different vibronic bands in the resulting spectra are 

observed from the two different electronic states, but both spectra show similar levels of  

vibronic activities.  In contrast, the ZEKE spectrum of BhQ contains essentially only one in-

plane vibrational band of 7a’.  

The difference in vibronic structures of the ZEKE/MATI spectra between BhQ and 

phenanthrene is intriguing. Our group has investigated the ZEKE spectroscopy of a series of 

benzene derivatives via resonantly enhanced multiphoton ionization.51-54  In all cases, we have 

discovered that the electron rich substituent attenuates the geometric change from S1 to D0, 

resulting in a vibronically active REMPI spectrum but sparse ZEKE spectra.  In the MATI 

experiment of pyridine through REMPI,55 with the exception of one spectrum obtained through 

an out-of-plane mode, all other spectra follow the propensity rule. These results are in direct 

contrast to the ZEKE spectrum of benzene where extensive vibrational progressions have been 

reported.56  It seems that the nitrogen atom in BhQ has a similar effect as the substituent in the 

benzene derivatives and pyridine, maintaining the molecular frame during ionization from S1 to 

D0.   

Our assessment of the effect of the nitrogen atom in the S1 and D0 states of BhQ has been 

implied in the literature.16-18,21  Several groups have investigated the cationic ground state of 

BhQ using matrix isolation spectroscopy and infrared multiphoton dissociation (IRMPD).16,18 

The work of Mattioda et al. using MIS has revealed that PANHs does not present new signature 

vibrational bands, but rather, some transitions in the region of 1100 - 1600 cm-1 and 500 - 600 

cm-1 are enhanced, corresponding to the C-C and C-N stretching, C-N-C in-plane bending, and 

C-N-C out-of-plane vibrational modes.17 Using a free electron laser for multiphoton dissociation, 
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Galue et al. have discovered enhanced vibrational activities in the same region of cationic 

PANHs, although many bands from their IRMPD experiment are red-shifted due to vibrational 

anharmonicity.18   Based on these enhancement effects, Mattioda et al. have made an interesting 

observation that “the nitrogen atom in the aromatic network of the PANHs produces a pseudo-

ionization effect.”17  Incidentally, the ZEKE spectra of anthracene, an isomer of phenanthrene 

without the kink in the structure, defy the propensity rule and contain a vibrational progression.27   

A plausible interpretation of the effect of the nitrogen atom can be glimpsed from the 

charge distribution among the relevant electronic states.  Based on the Mulliken population 

analysis from our calculation, the S1 ← S0 transition increases the negative charge on the nitrogen 

atom from -0.41 to -0.46 electron, and shifts ~ 0.1 electron from the farthest ring to the nitrogen 

containing ring.  Upon ionization, on the other hand, the nitrogen containing ring loses 0.44 

electron, while the farthest ring loses 0.35 electron.  We therefore speculate that the stabilizing 

effect of the nitrogen atom comes from its electron withdrawing effect in the S1 state and its 

electron donating ability in the D0 state.  Thus electron rich and electronegative substituents can 

buffer the geometric change from S1 and D0 by modifying the S1 state to be more like the ionic 

state, and by modifying the D0 state to be more like the S1 state.  

Conclusion 

 The vibrational characteristics of the first electronically excited state and the ground 

cationic state were studied using 1+1’ two-color REMPI and two-color ZEKE spectroscopic 

techniques. The closely spaced excited electronic states of aromatic systems could easily be 

switched in order by the addition of a heteroatom, which was the case when we compare BhQ 

and its isoelectronic system phenanthrene.  Using DFT at the B3LYP/6-31G level, we were able 
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to qualitatively reproduce the observed REMPI spectrum and assign the vibrational bands. The 

ZEKE spectra obtained from a few intermediate vibronic states were sparse, following the 

propensity of preserving the vibrational excitation of the intermediate state.  However, the 

vibrational frequencies of the cation were all higher than those of the S1 state, implying stronger 

bonding in the cationic state.  From comparisons between the MATI spectrum of phenanthrene 

and the ZEKE spectra of BhQ, we believe that similar to the case of electron rich substituents of 

benzene,51-54 the nitrogen atom has played an important role in the bonding of both S1 and D0 

states, resulting in the extra geometrical stability upon ionization.  This is in contrast to the 

ZEKE or MATI spectra of phenanthrene and anthracene, where neither show strong propensity 

in vibrational distribution.   
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Figure Captions 

Figure 1. REMPI spectrum of benzo[h]quinoline shifted by 29410 cm-1. The peak observed at -

183 cm-1 is assigned as a hot band based on simulations and experimental observations. The 

molecular structure with designations of axes is also included. 

 

Figure 2. Comparison between the experimental REMPI spectrum from Fig. 1 and simulation 

using DFT at the B3LYP/6-31G level, with and without Herzberg-Teller coupling. 

 

Figure 3. Experimental ZEKE spectra from a few selected intermediate vibronic states: (a) 

origin, (b) 2a’, (c) 3a”4a”, (d) 6a’, (e) 7a’ and (f) 8a’.  All spectra are shifted by the adiabatic 

ionization threshold of 65064 cm-1. Modes marked with a black dot are the correlated modes of 

the intermediate state. 
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Table I. Observed vibrational bands for the S1 (A’) state of benzo[h]quinoline. Bands in bold-faced italic 

font are intermediate states which have yielded ZEKE spectra (units: cm-1, uncertainty: ± 5 cm-1). 

Experimental Calculation† Assignment 

-185 -204* 1a”2 

230 223 1a’ 

307 308 1a”4a” 

395 394 2a’ 

399 400 3a”2 

409 416 3a”4a” 

446 435 3a’ 

492 488 4a’ 

521 521 5a’ 

584 586 6a’ 

669 674 7a’ 

705 700 8a’ 

709 711 1a’4a’ 

720 719 5a”2 

733 737 5a”6a” 

797 788 2a’2 

834 835 9a’ 

841 849 10a’ 

846 843 5a”8a” 

872 870 3a’2 

937 936 2a”15a” 

973 980 2a’6a’ 

1011 1010 12a’ 

1021 1021 3a’6a’ 
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1028 1010 4a’5a’ 

1034 1037 13a’ 

1061 1068 2a’7a’ 

1075 1089 15a’ 

1115 1110 3a’7a’ 

1208 1193 19a’ 

1322 1327 23a’ 

1335 1338 7a’2 

1365 1363 24a’ 

1375 1376 7a’8a’ 

1390 1378 25a’ 

1392 1392 3a’25a’ 

1395 1396 26a’ 

1407 1416 27a’ 

1416 1415 1a’19a’ 

1438 1441 29a’ 

1459 1452 30a’ 

1493 1498 32a’ 

1507 1506 33a’ 

1510 1509 7a’9a’ 

1515 1502 2a’16a’ 

1518 1512 13a”2 

1525 1527 34a’ 

   

† Including a scaling factor of 0.963. 

* Including the scaling factor of 0.961 obtained for the cationic ground state D0.  
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Table II. Observed vibrational transitions of the D0 state of benzo[h]quinoline from several intermediate 

vibronic transitions. The bands in bold-faced italic font are the correlated diagonal bands of the 

intermediate state (units: cm-1, uncertainty: ± 7 cm-1). 

Origin 2a’ 3a”4a” 6a’ 7a’ 8a’ Calc† Assignment 

 395     395 2a’ 

  477    447 3a”4a” 

   600   604 6a’ 

688    700  692 7a’ 

     719 712 8a’ 

     807 787 5a”6a” 

 1075     1087 2a’7a’ 

   1281   1296 6a’7a’ 

    1383  1384 7a’2 

        

† Including a scaling factor of 0.961 
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Table III. Frequencies of several observed vibrational modes in the cationic state D0 and the first 

electronically excited state S1 of benzo[h]quinoline (units: cm-1, uncertainty: ± 7 cm-1) 

Mode S1 D0 D0 – S1 

2a’ 395 395 0 

3a”4a” 409 477 68 

6a’ 584 600 16 

7a’ 669 700 31 

8a’ 705 719 14 

5a”6a” 733 807 74 
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