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The pure rotational spectrum of phenanthridine (C13H9N), a small polycyclic aromatic nitrogen

heterocycle (PANH), has been measured from 48 to 85 GHz employing Stark modulated

millimetre wave absorption spectroscopy of a supersonic rotationally cold molecular beam. Initial

survey search scans were guided by rotational constants obtained through quantum chemical

calculations performed at the B3LYP/cc-pVTZ level of theory. Close agreement—to well within

1%—is found between the calculated equilibrium and experimentally derived ground state

rotational constants. From the moments of inertia a substantial negative inertial defect of

D ¼ �0.4688(44) amu Å2 is obtained which can be explained by the presence of several

energetically low-lying out-of-plane vibrational modes. Corresponding density functional theory

calculations of harmonic fundamental frequencies indeed yield four such low frequency modes

with values as low as 96 cm�1. The data presented here will also be useful for deep radio

astronomical searches for PANHs employing large radio telescopes.

I. Introduction

Since the hypothesis over 20 years ago that polycyclic aro-

matic hydrocarbons (PAHs) might be carriers responsible for

the so-called unidentified infrared bands (UIRs)1,2 and the

diffuse interstellar bands,3,4 there have been a large number of

laboratory and theoretical studies of this important class of

molecules. Recent reviews by Allamandola and Hudgins5 and

Sarre6 chart the history and present thinking in this area and

point out some of the discrepancies that exist between ob-

servational data and laboratory and theoretical studies. Re-

cently it has been postulated that variations in peak positions

in the 6.2 mm interstellar emission feature are due to polycyclic

aromatic nitrogen heterocycles (PANHs), PAH variants that

contain one or more nitrogen substituents.7 Apart from the

calculations in ref. 7 detailed laboratory and theoretical

studies of these species are sparse with a microwave study of

carbazole,8 recent matrix isolation infrared works on quino-

line and phenanthridine9 and a range of other selected

PANHs10 together with theoretical and fluorescence studies

on the structure and electronic spectra of monoazaphenan-

threnes.11,12 Many of these PANHs have substantial dipole

moments, due to the polarity induced by the nitrogen sub-

stituents and so they are promising targets for rotational

spectroscopic investigations in the laboratory and subsequent

radio astronomical searches. First attempts to detect simple

aromatic nitrogen heterocycles in a number of selected astro-

nomical sources have been unsuccessful.13 Identification of

PANHs in space through their rotational spectra would

provide a means for the observation of individual molecular

carriers and another route into understanding their possible

role in astrochemistry.

To date, apart from carbazole,8 rotational spectroscopy

studies in the laboratory have been carried out for relatively

simple aromatic nitrogen heterocycles only, such as pyridine,

quinoline and isoquinoline,14,15 primarily because of the ease

of obtaining these molecules in the vapour phase. The larger

PANHs are solids at room temperature and provide a greater

experimental challenge. We present here a rotational analysis

of phenanthridine, a monoaza variant of phenanthrene (Fig.

1), which represents the rotational spectroscopic characteriza-

tion of the largest PANH so far. The present investigation

provides the molecular constants necessary to predict the

rotational spectrum accurately throughout the microwave

range, i.e. in those regions of the spectrum amenable to large

radio telescopes.

II. Experimental and theoretical methods

Initial searches for rotational transitions of phenanthridine

were based on quantum chemical calculations of rotational

constants, dipole moment components and nuclear quadru-

pole coupling constants of nitrogen. The standard program

package GAUSSIAN 0316 was used along with the density

functional theory (DFT) variant B3LYP17 and the correlation

consistent polarized valence basis set cc-pVTZ,18 an approach

recently employed successfully in the microwave investigation

of several polar PAHs.19 Further calculations at the B3LYP/

6-311þG** level of theory were carried out to determine

harmonic vibrational frequencies. It may be noted here that

recent ab initio calculations on aromatic hydrocarbons using

Fig. 1 Molecular structure of phenanthridine.
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electron correlation at a number of basis sets have shown

unexpected non planar geometries.20 DFT calculations and

the cc-pVTZ basis have been shown to not give these spurious

results and hence are appropriate for the study of the poly-

cyclic hydrocarbons in this work. Accordingly, planarity was

assumed during optimization of the molecular structure.

Our Stark-modulated free-jet spectrometer used for the

millimetre-wave studies has been previously described21 but

was modified to replace klystrons with solid-state oscillators,

with the coverage being extended to an upper frequency limit

of around 100 GHz. The 33 kHz square wave Stark modula-

tion system employed parallel-plate electrodes with a separa-

tion of ca. 3.5 cm. Phenanthridine (98%, Sigma-Aldrich) was

vaporized at 150 1C in a stream of argon at a pressure ofB0.3

atm. The gaseous sample was introduced into the Stark field

through a 350 mm diameter nozzle held at 160 1C. Under these

conditions, no evidence of thermal decomposition was ob-

served and the post-expansion rotational temperature was ca.

10 K. Stark modulation with electric fields up to 1600 V cm�1

was possible and the highest sustainable voltage was used in

the scans to maximise the degree of modulation. The micro-

wave absorption spectrum was first investigated via an ex-

tended spectral search scan over a wide frequency range

(48–72 GHz). In these strip chart recorded wide searches the

sensitivity limit was ca. 10% of the strongest line detected.

Once located via the wide search scan, each detected line was

digitally acquired via repetitively averaged narrow band scans,

and line frequencies measured by least-squares fitting of a

Lorentzian function to each line profile. Typical full width half

height of the transitions was 300 kHz leading to experimental

line uncertainties of 20 to 60 kHz. In total, 116 lines (over-

lapping asymmetry doublets only counted once) were fitted to

a Watson-type Hamiltonian using Pickett’s program SPFIT.22

III. Results and discussion

For the PAH molecules acenaphthene (C12H10), acenaphthy-

lene (C12H8) and fluorene (C13H10), which are similar in size to

phenanthridine, theoretical B3LYP/cc-pVTZ predictions

proved to be useful as a starting point for spectral searches

and proved to agree with the experimental constants within

1%.19 Corresponding quantum chemical calculations were

carried out on phenanthridine here and the results are shown

in Table 1. The eventual comparison of rotational constants

with experiments is again within 1%, whilst the dipole moment

component predictions are greater than 1D for both ma and mb
and much greater than the dipole moments of the polar PAH

species of similar size and shape, indicating that they are a

good prospect for laboratory rotational spectroscopy and a

better prospect for astronomical detection if present in similar

densities to PAHs. We estimate the dipole moment calculation

to be accurate within 10%.23 As seen from Table 1 the

B3LYP/6-311G** calculated rotational constants match the

experimental rotational constants extremely closely indicating

that this level of theory may be more than adequate for the

prediction of rotational constants of this kind of species

without resorting to scaling.

Phenanthridine is a prolate asymmetric top molecule (Ray’s

asymmetry parameter k ¼ (2B � A � C)/(A � C) ¼ �0.77

where at first glance there are few patterns in the spectrum to

assist assignment. For all but low J and K transitions however

even such asymmetric molecules have patterns of approxi-

mately equally spaced transitions that can easily be discerned

in high resolution infrared bands using computer techniques

based on the Loomis-Wood approach. In our laboratory we

have successfully used this technique to assign vibration–rota-

tion structure for molecules with comparable asymmetry, such

as 1,1-difluoroethane, HFC 152a (k ¼ �0.75).24 We employed

a similar approach to obtain initial assignments in the present

study from measurements in the V band region (48–72 GHz).

The individual branches located were essentially fitted to a

high order polynomial (up to 6th order) to enable prediction

of new branch members. Once branches were found quantum

numbers were assigned, using predictions from the ab initio

constants as a starting guide, and the data fitted to a Watson

asymmetric top Hamiltonian in the Ir representation.25 A

sample spectrum is shown in Fig. 2 to indicate the typical

Table 1 Rotational constants, 14N nuclear quadrupole coupling
constants (MHz) and dipole moment components (D) of phenanthri-
dine

Constant B3LYP/cc-pVTZ B3LYP/6-311G** Observed

Aa 1656.1 1647.2 1642.5
Ba 559.4 556.7 557.6
Ca 418.1 416.6 416.6
waa �0.54 —
wbb �2.18 — —
wcc 2.72 — —
ma 1.37 1.43 —
mb 1.84 1.97 —

a Quantum chemical calculations give Ae, Be, Ce whereas experimental

values correspond to A0, B0, and C0, respectively.

Fig. 2 Sample spectrum of phenanthridine at 52.3 GHz showing the

2911,19–2810,18/2911,18–2810,19 asymmetry doublet.
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S/N and line shapes obtained. The eventual assignment, listed

in Table 2, was arrived at by the ability of the fit to predict new

transitions both within V band and in W band (72 to 85 GHz).

The final fitted constants are given in Table 3. Despite

comparably high J and K transitions in the data set for such

a large rigid molecule, except for DJ and DK no other higher

order centrifugal distortion constants were needed or deter-

mined in the fit. All of the transitions observed are b-type

connecting rotational levels of comparably low energy (corre-

sponding to FJ00 o 36 cm�1) and are accessible to our system

because of the cold rotational temperature (ca. 10 K) and the

sizeable value of mb. A search for a-type transitions was

unsuccessful because strong transitions do not appear in the

millimetre wave region accessible to us at the temperature of

our jet expansion.

The value of the inertial defect D0 ¼ I0c � I0b � I0a in Table 4 is

large and negative, which is indicative of either non planarity

or a large contribution from out of plane vibrations. While it

appears reasonable to assume planarity for the present kind of

Table 2 Experimental transition frequencies and fit residuals o–c for
phenanthridine (MHz)

J0Ka
0 ,Kc

0–J00Ka
00 ,Kc

00 Frequency o–c

2212,11–2111,10/2212,10–2111,11 48021.75(3) 0.01
1515,0–1414,1/1515,1–1414,0 48119.82(3) �0.02
2013,7–1912,8/2013,8–1912,7 48392.05(3) �0.03
309,21–298,22 48480.86(2) �0.01
2511,15–2410,14/2511,14–2410,15 48570.98(3) �0.03
329,24–318,23 48595.44(2) 0.02
1814,4–1713,5/1814,5–1713,4 48747.88(3) �0.02
2810,19–279,18 48952.29(3) �0.07
2810,18–279,19 48978.81(3) 0.03
2312,12–2211,11/2312,11–2211,12 48989.94(4) �0.01
1615,1–1514,2/1615,2–1514,1 49098.35(4) 0.01
2113,8–2012,9/2113,9–2012,8 49366.65(3) 0.01
319,22–308,23 49513.24(2) 0.03
1914,5–1813,6/1914,6–1813,5 49725.25(3) �0.02
2910,19–289,20 49892.92(3) 0.03
2412,13–2311,12/2412,12–2311,13 49955.68(2) �0.02
1715,2–1614,3/1715,3–1614,2 50076.79(6) 0.05
329,23–318,24 50629.17(2) 0.00
2014,6–1913,7/2014,7–1913,6 50702.05(3) �0.02
3010,21–299,20 50710.91(3) �0.08
3010,20–299,21 50802.27(3) 0.07
1815,3–1714,4/1815,4–1714,3 51054.93(4) �0.01
2313,10–2212,11/2313,11–2212,10 51311.84(3) 0.03
1616,0–1515,1/1616,1–1515,0 51404.56(4) �0.04
3110,22–309,21 51547.72(3) �0.07
3110,21–309,22 51710.12(3) 0.05
2612,15–2511,14/2612,14–2511,15 51878.32(3) �0.05
1915,4–1814,5/1915,5–1814,4 52032.90(3) 0.03
2413,12–2312,11/2413,11–2312,12 52281.98(2) 0.03
2911,19–2810,18 52332.66(3) �0.06
2911,18–2810,19 52336.41(3) 0.07
3210,23–319,22 52341.52(3) �0.02
1716,1–1615,2/1716,2–1615,1 52383.11(4) 0.00
3210,22–319,23 52622.32(2) 0.00
2214,8–2113,9/2214,9–2113,8 52653.37(6) �0.02
2712,16–2611,15/2712,15–2611,16 52834.47(4) 0.03
2015,5–1914,6/2015,6–1914,5 53010.41(3) �0.01
3310,24–329,23 53075.61(3) �0.05
2513,13–2412,12/2513,12–2412,13 53250.13(3) 0.01
1816,2–1715,3/1816,3–1715,2 53361.51(4) �0.01
3310,23–329,24 53548.21(3) �0.02
2314,9–2213,10/2314,10–2213,9 53627.57(3) �0.01
3410,25–339,24 53728.16(3) 0.00
2115,6–2014,7/2115,7–2014,6 53987.48(5) 0.00
2613,14–2512,13/2613,13–2512,24 54216.00(3) �0.05
3510,26–349,25 54271.89(3) 0.01
1916,3–1815,4/1916,4–1815,3 54339.81(4) 0.04
3410,24–339,25 54501.76(3) �0.01
2414,10–2313,11/2414,11–2313,10 54600.52(3) �0.04
1717,01616,1/1717,1–1616,0 54689.31(3) �0.02
2215,7–2114,8/2215,8–2114,7 54963.96(3) 0.02
2016,4–1915,5/2016,5–1915,4 55317.81(4) 0.03
2514,11–2413,12/2514,12–2413,11 55572.16(3) 0.02
1817,1–1716,2/1817,2–1716,1 55667.87(4) 0.02
2315,8–2214,9/2315,9–2214,8 55939.70(3) 0.03
2116,5–2015,6/2116,6–2015,5 56295.46(3) �0.01
2614,12–2513,13/2614,13–2513,12 56542.14(3) 0.02
1917,2–1816,3/1917,3–1816,2 56646.25(4) �0.03
2415,9–2314,10/2415,10–2314,9 56914.53(3) �0.01
2216,6–2115,7/2216,7–2115,6 57272.75(4) 0.02
2017,3–1916,4/2017,4–1916,3 57624.56(5) 0.00
2515,10–2414,11/2515,11–2414,10 57888.42(6) 0.03
1818,0–1717,1/1818,1–1717,0 57974.01(5) �0.04
2316,7–2215,8/2316,8–2215,7 58249.47(5) �0.02
2117,4–2016,5/2117,5–2016,4 58602.68(6) 0.04
2615,11–2514,12/2615,12–2514,11 58861.04(3) �0.04
1918,1–1817,2/1918,2–1817,1 58952.54(3) �0.02
2416,8–2315,9/2416,9–2315,8 59225.63(3) 0.01
2217,5–2116,6/2217,6–2116,5 59580.40(3) �0.04
2018,2–1917,3/2018,3–1917,2 59931.00(3) �0.01

Table 2 (continued )

J0Ka
0,Kc

0–J00Ka
00 ,Kc

00 Frequency o–c

2516,9–2415,10/2516,10–2415,9 60201.03(2) 0.02
2317,6–2216,7/2317,7–2216,6 60557.88(4) 0.01
2118,3–2017,4/2118,4–2017,3 60909.33(4) 0.01
1919,0–1818,1/1919,1–1818,0 61258.74(4) 0.00
2417,7–2316,8/2417,8–2316,7 61534.87(3) 0.01
2218,4–2117,5/2218,5–2117,4 61887.49(4) 0.04
2019,1–1918,2/2019,2–1918,1 62237.29(4) 0.04
2517,8–2416,9/2517,9–2416,8 62511.33(3) 0.02
2318,5–2217,6/2318,6–2217,5 62865.36(4) 0.02
2119,2–2018,3/2119,3–2018,2 63215.74(3) 0.03
2418,6–2317,7/2418,7–2317,6 63842.89(4) �0.02
2219,3–2118,4/2219,4–2118,3 64194.09(3) 0.04
2020,0–1919,1/2020,1–1919,0 64543.39(3) �0.01
2319,4–2218,5/2319,5–2218,4 65172.22(3) 0.00
2120,1–2019,2/2120,2–2019,1 65521.93(4) 0.01
3315,19–3214,18/3315,18–3214,19 65621.25(3) 0.04
3116,15–3015,16/3116,16–3015,15 66030.40(3) 0.01
2220,2–2119,3/2220,3–2119,2 66500.43(4) 0.05
2721,6–2620,7/2721,7–2620,6 73697.57(4) 0.01
2522,3–2421,4/2522,4–2421,3 74048.05(4) 0.03
3020,10–2919,11/3020,11–2919,10 74320.16(4) �0.01
2323,0–2222,1/2323,1–2222,0 74397.20(5) �0.01
2821,7–2720,8/2821,8–2720,7 74675.14(3) 0.00
2622,4–2521,5/2622,5–2521,4 75026.24(4) �0.06
3120,11–3019,12/3120,12–3019,11 75295.80(4) 0.02
2423,1–2322,2/2423,2–2322,1 75375.73(2) �0.01
2921,8–2820,9/2921,9–2820,8 75652.36(4) �0.04
3419,15–3318,16/3419,16–3318,15 75902.33(2) �0.03
2722,5–2621,6/2722,6–2621,5 76004.44(4) 0.03
3220,12–3119,13/3220,13–3119,12 76270.72(4) �0.03
2523,2–2422,3/2523,3–2422,2 76354.21(3) 0.00
3021,9–2920,10/3021,10–2920,9 76629.26(5) �0.01
2822,6–2721,7/2822,7–2721,6 76982.25(5) �0.08
2623,3–2522,4/2623,4–2522,3 77332.64(4) 0.02
2424,0–2323,1/2424,1–2323,0 77681.73(3) �0.03
3023,7–2922,8/3023,8–2922,7 81244.79(3) 0.01
2824,4–2723,5/2824,5–2723,4 81595.50(4) 0.01
3322,11–3221,12/3322,12–3221,11 81867.23(3) �0.02
2625,1–2524,2/2625,2–2524,1 81944.79(4) 0.00
3123,8–3022,9/3123,9–3022,8 82222.33(3) 0.06
3621,15–3520,16/3621,16–3520,15 82478.92(3) 0.02
2924,5–2823,6/2924,6–2823,5 82573.67(2) 0.00
2725,2–2624,3/2725,3–2624,2 82923.28(4) 0.01
2825,3–2724,4/2825,4–2724,3 83901.74(3) 0.05
2626,0–2525,1/2626,1–2525,0 84250.72(3) �0.03
2726,1–2625,2/2726,2–2625,1 85229.24(3) �0.03
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aromatic system an additional test geometry optimization at

the B3LYP/6-311G** level of theory was performed starting

with a non planar geometry which converged at the planar

structure. Oka26 has thoroughly investigated a number of

planar molecules with low out-of-plane vibrations and for

aromatic and aliphatic molecules with a single large out-of-

plane vibration successfully derived empirical formulae to

calculate and explain negative inertial defects as low as D ¼
�0.8 amu Å2. For molecules with more than just one low out-

of-plane mode this is not possible in a straightforward manner,

but, qualitatively, by comparing the out-of-plane modes of a

range of molecules such as quinoline, azulene and carbazole in

Table 4 it can be seen that the trend is to larger negative

inertial defects as the number of low frequency out-of-plane

modes increases and the magnitude of the vibrational fre-

quency decreases. Some experimental vibrational frequencies

and/or vibrational frequency calculations have been reported

in the literature (quinoline/isoquinoline, e.g. ref. 27; azulene,

e.g. ref. 28; carbazole, e.g. ref. 29) but for the sake of

comparability we have performed here calculations at a single

level of theory (B3LYP/6-311G**) and provide the results in

Table 4. As can be seen from this comparison, the vibrational

frequencies in phenanthridine are generally lower than those

for (iso)quinoline, azulene and carbazole and a large negative

inertial defect is thus expected as a result of these four very low

frequency out-of-plane modes.

IV. Conclusions

The gas-phase rotational spectrum of a small PANH, phenan-

thridine, has been measured for the first time. The resultant

molecular constants given in Table 3 are of sufficient accuracy

to provide useful transition frequencies for a radio astronom-

ical search for this species in space. At arbitrary temperatures

of 20 and 100 K, respectively, which span an excitation range

commonly found in interstellar and circumstellar media the

strongest transitions are b-type and peak around 65 and

145 GHz. Predicted uncertainties for those transitions should

be better than 1 km s�1 in equivalent radial velocity corre-

sponding to a fraction of the linewidth for most astronomical

sources with the exception of dark clouds (such as TMC-1),

where typical linewidths are of the order of 0.5 km s�1.

Follow-up laboratory investigations of the phenanthridine

rotational spectrum require a different spectrometer, such as a

molecular beam Fourier transform microwave system [e.g. ref.

30, and references therein] capable of measuring a-type and

low J transitions as well as resolving the hyperfine structure

(hfs) due to nitrogen quadrupole coupling. Since no hfs was

observed in the present study, the nuclear quadrupole coupling

constants could not be determined experimentally. However,

they were obtained theoretically at the B3LYP/cc-pVTZ level

of theory to be waa ¼ �0.54 MHz, wbb ¼ �2.18 MHz, and

wcc ¼ þ2.72 MHz.

The success of this study indicates that other PANH species

with similar vapour pressures and sizes to phenanthridine,

such as the tricyclic molecules acridine, a monoaza derivative

of anthracene, and 1,10-phenanthroline, a diaza variant of

phenanthrene (see Fig. 3), and probably also tetracyclic sys-

tems such as the ones shown in ref. 10 are amenable to be

studied by free-jet microwave absorption spectroscopy. Larger

PANH molecules, though, have even lower vapour pressures

and may require a different experimental approach for vapor-

ization. Additionally, their small rotational constants demand

a different spectral region for optimal detection and measure-

ment. Here, a combination of laser ablation and Fourier

transform microwave spectroscopy [e.g. ref. 31] is expected

to be very powerful.
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