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High-resolution spectroscopy of [H,C,N]+: III.

Infrared Ã2Σ+ ← X̃2Π electronic transition of

HCN+.

Samuel J. P. Marlton,∗ Philipp C. Schmid, Weslley G. D. P. Silva, Oskar

Asvany, and Stephan Schlemmer∗

I. Physikalisches Institut, Universität zu Köln, Zülpicher Str. 77, 50937, Cologne,

Germany.

E-mail: marlton@ph1.uni-koeln.de; schlemmer@ph1.uni-koeln.de

Abstract

The Ã2Σ+ ← X̃2Π electronic transition of the fundamental HCN+ ion is reported. The

spectrum exhibits rotational, fine, and hyperfine structure that provide insights about

the geometries and wavefunctions of the Ã2Σ+ and X̃2Π states. The extracted spec-

troscopic constants for the Ã state include (in cm−1) Te=3238.8224(2), B=1.39568(3),

D=2.27(9)×10−5, γ=–0.07332(7), γD=1.87(3)×10−4, and the Fermi contact hyperfine

constant for the HCN+ nitrogen atom bF=0.0059(1). Based on this value, the Ã2Σ+
1/2

state electronic wavefunction is estimated to have 11.5±0.2% s orbital character. The

spin-orbit coupling constant for the X̃ state was also determined with high precision

ASO=−49.3122(4) cm−1. This work illustrates that leak-out spectroscopy can be ap-

plied to measure high-resolution spectra of low energy electronic transitions.
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Introduction

The HCN+ cation is a fundamental molecule with interesting electronic structure; however,

limited detail has been reported about its electronic excited states. HCN+ is highly reac-

tive,1,2 making it difficult to isolate for spectroscopic interrogation, so the only reported

infrared spectra of HCN+ are vibrational spectra in inert Ne matrices,3 and rovibrational

and rotational spectra that have recently been measured in cryogenic ion traps as part of

this series of publications.4,5

No electronic transitions of HCN+ have been directly measured, however, individual states

of HCN+ have been observed by photoionisation and photoelectron spectroscopy of the

less reactive neutral HCN.6–10 In these investigations, several bands from the HCN+ X̃2Π

ground state and a low lying Ã2Σ+ state were observed. These states are separated by only

≈ 3250 cm−1 because of the similar energies of the 1π and 5σ orbitals, which are illustrated

in Figure 1.6–10

Figure 1: Relevant molecular orbitals of HCN+.

In most of these photoelectron and photoionisation spectra, only vibronic transitions are

resolved.7–10 The highest resolution was achieved using zero electron kinetic energy (ZEKE)

photoionisation spectroscopy (∆v̄ =1 cm−1), which exhibited partially resolved rotational

structure.6 From the ZEKE spectra it was possible to extract first experimental values of

spin-orbit coupling of the ground state (ASO = −49.8(1) cm−1), the rotational constant of

the X̃2Π ground state (B
′′
= 1.36(1) cm−1), and the rotational constant of the Ã2Σ+ excited

2
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state (B
′
= 1.37(1) cm−1). Despite being high-quality spectra, it is not clear from these

results whether the rotational constant significantly changes in the Ã2Σ+ excited state. This

is in contrast to high-level multireference configuration interaction calculations that include

vibronic coupling, which predict a significant excited state CN bond contraction, which signif-

icantly changes the rotational constant in the excited state.11 Furthermore, higher resolution

experimental studies are required to characterise the more subtle spectroscopic properties

of HCN+. For example, the couplings between electronic orbital angular momentum (Λ),

electron spin (S), nuclear rotation, and nuclear spin of the nitrogen (IN) and hydrogen (IH)

are of fundamental interest.

In particular, the hyperfine coupling between electronic angular momenta and nuclear spin

is valuable because it facilitates quantitative experimental characterisation of the electronic

wavefunction.12 Some of these couplings have now been described for the X̃2Π state vibra-

tional levels,4,5 but not for excited electronic states. The ability to characterise these subtle

couplings in the excited state is also a necessary step towards finding promising candidate

polyatomic molecular ions for which laser-cooling might be possible.13

It is often challenging to characterise the more subtle couplings between angular momenta

for gas-phase ions in excited electronic states. For example, hyperfine splitting in excited

electronic states is typically on the order of less than 0.1 cm−1, and has been observed for only

a few gas-phase molecular ions, almost all of which are diatomics.14–24 To our knowledge,

the only polyatomic ions for which excited state hyperfine splitting has been observed in

the gas-phase are isotopologues of HCP+ and N2O
+.22,23 One reason for this is that excited

electronic states often have picosecond or femtosecond lifetimes, and so lifetime broadening

makes small splittings between rovibronic lines unresolvable.25 Lifetime broadening becomes

an increasingly common feature of larger molecules because they have more degrees of free-

dom and higher densities of states, which can facilitate fast excited state deactivation by

dissociation, internal conversion, or intersystem crossing.

Well established methods for measuring electronic spectra of gas-phase ions are generally not

3
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suitable for resolving splittings smaller than 0.01 cm−1. For example, single-photon resonance

enhanced photodissociation spectroscopy is often lifetime broadened,25 one-colour multipho-

ton dissociation can produce broad peaks that are slightly shifted,26,27 messenger tagging

does not provide a spectrum of the bare ion,28–30 and one-colour photoionisation spectroscopy

of neutral precursors with high energy photons are more Doppler broadened because this

broadening increases proportionally to the photon energy. High-resolution infrared spec-

tra of the HCN+ Ã2Σ+ ← X̃2Π transition are probably achievable with techniques such

as laser induced reactions (LIR),31 laser induced inhibition of cluster growth (LIICG),32 or

multiple-colour spectroscopy.29,30 However, these methods typically require sophisticated un-

derstanding of some reaction scheme, spectroscopic levels, or subtle experimental conditions

to implement. Finally, ions like HCN+ are too reactive to be straightforwardly investigated

in jets, discharges, and absorption cells.

In this study, we show that the recently developed leak-out spectroscopy (LOS) method33—

which was recently applied to electronic spectroscopy for the first time34—overcomes some

of these disadvantages and yields a high resolution single photon electronic spectrum of bare

HCN+. This is the first spectrum of the Ã2Σ+ ← X̃2Π transition for HCN+, and the spec-

trum is sufficiently high-resolution to resolve rotational, fine, and hyperfine structure. This

is encouraging for the potential to measure single-photon electronic spectra of bare gas-phase

ions far below the dissociation threshold using leak-out spectroscopy.

This article is a part of a series of publications reporting high-resolution infrared rovibra-

tional4 and pure rotational5 spectra of HCN+. The previous parts of this series described

the couplings between electronic and nuclear angular momenta of HCN+ in the X̃ electronic

state. This electronic spectrum was shown in Publication I of this series without analysis.4

In this part, we describe the couplings between electronic and nuclear angular momenta of

HCN+ in the X̃ and Ã states. We then discuss the rovibronic structure of the experimen-

tal Ã2Σ+ ← X̃2Π LOS spectrum. The experimental spectrum is fitted with a rovibronic

Hamiltonian to extract several spectroscopic constants. These results are contextualised

4
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by comparison with a calculated potential energy surface. We then discuss the hyperfine

splitting observed in the Ã2Σ+ ← X̃2Π spectrum, which provide further insights into the

electronic wavefunction of the HCN+ Ã state. Finally, we report a further rovibrational tran-

sition of HCN+ that overlaps with the rovibronic Ã2Σ+ ← X̃2Π spectrum. We argue that

this rovibrational transition excites an upper (κ) Renner-Teller component of an X̃ state

combination band composed of two quanta of ν2 and one quantum of ν1. Together with

the previous studies and the earlier parts of this series,4–6,11 these results provide a detailed

experimental foundation for understanding the Renner-Teller vibronic coupling in HCN+, as

well as the vibronic, rovibronic, fine, and hyperfine structure of the HCN+ Ã electronic state.

Experimental details

Spectra were measured using leak-out spectroscopy (LOS) in the cryogenically cooled 22-pole

ion trap referred to as LIRtrap.31,35 This method has been described in detail previously.33

Briefly, HCN+ ions were generated from acetonitrile vapour, which was bombarded with

70 eV electrons in a storage ion source. The ions in the source were pulsed out every 500ms

into a quadrupole mass filter (QMF1), which was set to select m/z 27. The mass selected

ions exiting the QMF1 were then trapped and stored in a 22-pole ion trap mounted on

a 10K cold-head.36 After 10ms of cooling with the neutral Ne (with a continuous number

density of approximately 1014 cm−3) in the trap region, the ions were irradiated by light from

a continuous laser OPO system (Toptica TOPO, ≈ 100W/cm2, linewidth ≈ 10−4 cm−1) for

300ms, the timing of which was controlled with a mechanical shutter. The light frequency

was measured using a wavemeter (Bristol 621 B, resolution ≈ 10−3 cm−1). Photoexcited ions

could collide with neutral Ne buffer gas to convert some of their internal energy into kinetic

energy. The ions with enhanced kinetic energy could overcome the low potential barrier at

the trap exit and leak out of the trap. After exiting the trap, ions pass through a second

5
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quadrupole mass filter (QMF2) set to select m/z 27, before being detected using a Daly

type detector.37,38 This process was repeated while scanning the OPO frequency to record a

rovibrational LOS spectrum.

Several experimental configurations that differed slightly from one another were employed in

this study. The spectrum was measured at a trap temperature of 27K with continuous Ne as

the buffer gas (n ≈ 2× 1014 cm−3). This configuration was optimised to observe transitions

involving the Ω = 1/2 component of the ground state, which requires elevated temperatures

because the Ω = 3/2 component is lower in energy by ≈50 cm−1. This configuration was also

optimised to suppress background peaks from isobaric C2H
+

3 by lowering the trap potential,

which increased the trap strength and reduced the leak-out signal of C2H
+

3 more than that

of HCN+. This difference between the leak-out signal of C2H
+

3 and HCN+ probably reflects

a difference in their vibrational to kinetic energy transfer characteristics. A small range of

the spectrum was measured at 9K, with a 1:3 mixture of Ne:He that was pulsed into the ion

trap. This configuration was optimised to provide a contour fit of the hyperfine splitting,

which required low temperature to reduce Doppler broadening and care to avoid saturating

the transitions as a result of near-total leak-out of the trapped ion population. Finally, the

spectrum was remeasured at 4K, with a 1:3 mixture of Ne:He that was pulsed into the ion

trap, using the COLtrap machine.38 This configuration was optimised to provide the line

positions of hyperfine components.

Computational details

The geometries of the X̃2Π and Ã2Σ+ states were optimised using the CASPT2(9,8)/cc-

pVQZ method39,40 in the OpenMolcas program.41 The PES in Figure 4 is constructed by

linear interpolation of the xyz coordinates from the optimised X̃2Π geometry (interpolated

coordinate=0) to the optimised Ã2Σ+ geometry (interpolated coordinate=1). The electronic

energies in Figure 4 are calculated using the SOC+MRCI+Q(9,8)/cc-pVQZ method40,42 in

the ORCA/5.0.2 program.43

6
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Results and discussion

Angular momenta and splitting

HCN+ has relatively complex electronic structure because it has several angular momenta

that couple differently in the X̃ and Ã states. These include the rotation of the nuclear

framework R, electronic orbital angular momentum Λ, electron spin S, nuclear spin of the

nitrogen IN and nuclear spin of the hydrogen IH . We also refer to the total angular mo-

mentum exclusive of electron and nuclear spin N , the total angular momentum exclusive of

nuclear spin J , the total angular momentum exclusive of the hydrogen nuclear spin F1 and

the total angular momentum F . The splittings in the ground X̃ and excited Ã states are

illustrated in Figure 2 for a level with one quantum of nuclear rotation (R = 1), and will be

discussed with reference to the experimental spectrum.

Figure 2: Summary of relevant splittings for HCN+.

The couplings between these angular momenta were described in detail in Parts 1 and 2 of

this series for the X̃ state,4,5 and the couplings of a Σ symmetry vibrationally excited state

were also described in Part 1 of this series.4 Nevertheless, it will be necessary to describe

how these couplings split rovibrational levels in order to understand the experimental spectra

7
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reported here.

Leak-out spectroscopy

The experimental spectrum of the Ã2Σ+ ← X̃2Π vibronic origin transition measured using

leak-out spectroscopy (LOS) is shown in Figure 3 (black trace). This spectrum was mea-

sured at 9K. Spin-orbit coupling (SOC) splits the X̃2Π state into two components—X̃2Π3/2

and X̃2Π1/2—which are distinguished by the quantum number of the total electron angular

momentum Ω = |Λ+Σ| = |1±1/2|, where Λ and Σ are the quantum numbers for the orbital

and spin angular momenta associated with L̂z and Ŝz, respectively. The Ω = 3/2 component

is lower in energy because the ...1π3 configuration is more than half-filled (Figure 1). The

experimental spectrum exhibits both the Ã2Σ+
1/2 ← X̃2Π3/2 and Ã2Σ+

1/2 ← X̃2Π1/2 compo-

nents, with the Ã2Σ+
1/2 ← X̃2Π3/2 transition being more intense. The Ã2Σ+

1/2 ← X̃2Π3/2

transition is recognisable as an Ω = 1/2← 3/2 type transition because there are no transi-

tions involving J ′′ = 1/2, but there are transitions involving J ′ = 1/2.

Coupling of the angular momenta of HCN+ split the rovibronic levels of the ground and

excited state, as summarised in Figure 2. For the X̃2Π state, the largest splitting arises from

spin orbit coupling giving rise to X̃2Π1/2 and X̃2Π3/2 components with a spin-orbit constant

of ASO = −49.3122(4) cm−1 (indicated in Figure 3). This value is reasonably close to previous

MRCI calculations (−49.9 cm−1)11 and ZEKE measurements (−49.8 cm−1),6 and from the

rovibrational spectra reported in Part I of this series −49.3113(3) cm−1.4 Each J rotational

level in the X̃2Π state is split by Λ-doubling into e and f components. The Ã2Σ+ state does

not split by spin orbit coupling because it has Λ = 0. However, the spin (S = 1/2) couples

with nuclear rotation to split each N rotational level into two components with J = |N±S|.

Additional splitting from hyperfine coupling will be discussed later.

These couplings between nuclear rotation and electronic angular momenta give rise to a level

structure that is shown in Supporting Information, which also illustrates the various possible

8
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3200 3210 3220 3230 3240 3250 3260 3270 3280

Ã2⌃+
1/2  X̃2⇧1/2 Ã2⌃+

1/2  X̃2⇧3/2

wavenumber (cm–1)

LOS
fit

�N = 0

�N = +1�N = �1

�N = +1�N = 0�N = �1

Te

ASO = �49.3122(4) cm�1

Figure 3: Electronic spectrum of the HCN+ Ã2Σ+ ← X̃2Π origin transition (black trace)
measured using LOS at 27K compared with a simulation (grey sticks) based on a fit using
the PGOPHER program.44

branches that are observed in the rovibronic spectrum. The selection rules are ∆J = 0,±1,

with e ↔ f for ∆J = 0, or e ↔ e and f ↔ f for ∆J = ±1. This means that there

are six branches expected for the Ã2Σ+
1/2 ← X̃2Π3/2 transition, and six branches for the

Ã2Σ+
1/2 ← X̃2Π1/2 transition, which we label by ∆N (in lower case) and ∆J (in upper case).

Eleven of these twelve branches were observed, with the exception of the weak oP branch

(∆N = −2,∆J = −1) of the Ã2Σ+
1/2 ← X̃2Π1/2 transition. The observed branches were

included in a global fit with a nearby HCN+ combination band of Π symmetry that has not

been reported before, with the rovibrational ν1 spectrum reported in Ref. 4, the rovibrational

spectrum of a combination band with Σ symmetry reported in Ref. 4, and the rotational

spectra reported in Ref. 5. We refer to this fit as ”fit 1”, which does not include hyperfine

coupling. The observed rovibronic and rovibrational lines of HCN+ are captured well by fit

9
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1, with average residuals lower than the wavemeter resolution (0.001 cm−1). Additional lines

are observed that arise from isobaric C2H
+

3 .

The experimental spectrum in Figure 3 is compared to a fit produced using the PGOPHER

program44 using the Hamiltonian:

Ĥrve = Te + ASOL̂zŜz +BN̂2 −DN̂4 + γN̂ · Ŝ +
1

2
γD[N̂ · Ŝ, N̂2]+

− 1

2
p(N̂+ · Ŝ+e

−2iϕ + N̂− · Ŝ−e
+2iϕ) +

1

2
q(N̂2

+e
−2iϕ + N̂2

−e
+2iϕ) (Equation. 1)

Where N is the total angular momentum without nuclear spin or electron spin, S is the

electron spin, L is the electron angular momentum, Te is the term energy, ASO is the spin-

orbit coupling constant, B is the rotational constant, D is the centrifugal distortion constant,

γ is the spin-rotation coupling constant, γD is the spin-rotation distortion constant, p and q

are the Λ doubling constants.

The spectroscopic constants from fit 1 are shown in Table 1. The B rotational constant is

3% larger in the Ã state (B′ = 1.39568(3) cm−1) than the X̃ state (B′ = 1.35278(2) cm−1).This

result is in good agreement with the B constants from sophisticated MRCI calculations that

take into account vibronic coupling (B′ = 1.3974 cm−1, and B′′ = 1.3533 cm−1).11 This

agreement also indicates that the Ã state is mixed with the excited (ν1 + ν2)µ vibrational

level of the X̃2Π ground state, and that vibronic mixing beyond the Born-Oppenheimer

approximation is particularly important for HCN+ as calculated in ref 11. Because the

rotational constant B is determined by the moment of inertia, which is determined by the

molecular structure, these values validate the calculated result that the CN bond distance

contracts significantly in the Ã state. Based on previous ZEKE experiments, it was ambigu-

ous whether the CN bond length significantly contracts in the excited state (B′ = 1.37(1)

cm−1, and B′′ = 1.36(1) cm−1).6 This ambiguity between experiment and theory is now re-

solved by the higher resolution spectra presented here.
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To illustrate the electronic states and their geometry changes investigated in this work, a

potential energy surface (PES) for HCN+ is shown in Figure 4. The PES follows the X̃2Π3/2

(purple curve) and X̃2Π1/2 (green curve) spin-orbit components of the ground electronic state

and the Ã2Σ+ excited state (blue curve). The x axis in Figure 4 shows the optimised X̃ state

geometry at x = 0, and the optimised Ã state geometry at x = 1. Other x axis values repre-

sent interpolation (or extrapolation) between the xyz coordinates of the X̃ and Ã optimised

geometries. Both states have linear C∞v optimised geometries, and the CH bond length is

similar in the X̃ ground state (CHX̃=1.087 Å) and the Ã excited state (CHÃ=1.086 Å). The

calculated CN bond length is much larger in the X̃ ground state (CNX̃=1.222 Å) than in

the Ã excited state (CNÃ=1.150 Å). Based on our calculations, the Ã2Σ+ ← X̃2Π origin

transition can be expected to be weak because of a low oscillator strength (f = 0.0004 as

calculated using MRCI+Q) and unfavorable Franck-Condon factors due to the change in CN

bond distance.
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Table 1: Spectroscopic constants of HCN+ states determined by a simultaneous fit of the
Ã2Σ+ ← X̃2Π electronic spectrum, pure rotational transitions, rovibrational spectrum of
the fundamental C-H stretch ν1, and the rovibrational spectra of two combination bands—
ν3(σ)+2ν2(π) and (ν1(σ)+ν2(π). Fit 1 refers to this global fit. Fit 2 of the Ã state refers to
a line fit of the 4K spectrum, which includes hyperfine splitting. The symmetry of single
quanta of the ν1(σ) and ν2(π) vibrations are indicated. All units are cm−1. The hyperfine
constants from fit 2 are shown in Table 2.

X̃2Π
Fit 1a Fit 2a rovibb MRCIc ZEKEd rote

B 1.35276(1) 1.35278(2) 1.35275(1) 1.3533 1.36(1) 1.3527672(2)
A -49.3120(3) -49.3122(4) -49.3113(3) –49.9 –49.8(2)
AD -0.00145(4) -0.00146(3) -0.00144(1)
p 0.0245(1) 0.0250(1) 0.02440(6)
q -0.00201(1) -0.001995(6) -0.002001(6) -0.0020026(3)

D (×10−6) 3.3(2) 3.1(4) 3.3(1) 3.28(3)

Ã2Σ+ ν3(σ)+2ν2(π) ν3(σ)+2ν2(π)
fit 1a fit 2a MRCIc ZEKEd fit 1a MRCIc

Te 3238.8216(2) 3238.8224(2) 3233.1 3231 3272.955(3) 3269.0
B 1.39581(3) 1.39568(3) 1.3974 1.37(1) 1.3610(1) 1.3562
A -4.587(8) –4.6
γ -0.07202(2) -0.07332(7)
p -0.89(2)
q 0.0034(1)

D (×10−6) 27(1) 22.7(9) 1.0(1)
H (×10−7) 70(8)

γD 0.00012(1) 0.000187(3)

ν1 (σ) ν1(σ)+ν2(π)
fit 1a rovibb MRCIc fit 1a rovibb MRCIc

Te 3056.3413(2) 3056.3412(1) 3071.9 3340.8480(2) 3340.8480(2) 3352.0
B 1.34340(1) 1.343387(9) 1.3445 1.36993(2) 1.36993(1) 1.3710
A -48.5992(3) -48.5987(3) -49.1
AD -0.00138(1) -0.001364(6)
γ -0.07294(9) -0.00463(5) -0.00457(3)
p 0.0287(1) 0.02862(6)
q -0.00236(1) -0.002355(7)

D (×10−6) 3.0(1) 2.94(7) 2.8(4) 2.8(2)

Values taken from this work (a), Ref. 4 (b), Ref. 11 (c), Ref. 6 (d), and Ref. 5 (e).
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Figure 4: Potential energy surface linearly interpolating between the X̃2Π and Ã2Σ+ opti-
mised geometries. An enhanced view of the avoided crossing between the Ã2Σ+

1/2 state and

the X̃2Π1/2 component is shown in (b).

There is an avoided crossing between the Ã2Σ+
1/2 state and the X̃2Π1/2 component close

to the Ã2Σ+
1/2 state minimum (see Figure 4b), which involves the two states repelling each

other and exchanging electronic character due to SOC (note the selection rule for spin-orbit

interactions between electronic states is ∆Ω = 0). Although the states do not cross, the lower

energy Ω = 1/2 state has Ã2Σ+
1/2 character at CN=1.132 Å, the higher energy Ω = 1/2 state

has Ã2Σ+
1/2 character at CN=1.138 Å, and the electronic character of both states are mixed

at CN=1.1355 Å as visualised by the changing colour in Figure 4b. Although this avoided

crossing is close to the minimum of the Ã2Σ+
1/2 state, there are no apparent effects from this

avoided crossing causing distortions of the experimental spectrum. It is possible that this is

because the Ã2Σ+ ← X̃2Π origin transition we report here is actually below the energy of

the avoided crossing. We also note that this crossing is avoided while the molecule is linear
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(as assumed in Figure 4), but these states may cross if the bending motion is considered.

Future studies could target transitions to vibrationally excited levels of the Ã state, which

are probably more dramatically perturbed by this avoided crossing. Indeed, recent work by

Jusko and coworkers investigates a transition to an excited vibrational level state of the Ã

electronic state.45

Hyperfine splitting

At low temperature (4K and 9K), the Doppler width of the bands is small enough that

hyperfine splitting is observed (see Figure 5). This splitting is on the order of 0.004 cm−1,

and splits most bands into three observable components. To simulate the spectrum includ-

ing hyperfine splitting, Ĥhfs was added to the Hamiltonian of Eq. 1 as implemented in

PGOPHER:44

Ĥhfs = aÎ · L̂ + bF Î · Ŝ +
eQq0

4I(2I − 1)
[3Î2z − Î2] (Equation. 2)

where I is the nuclear spin, L is the electronic orbital angular momentum, and S is the elec-

tron spin. The hyperfine constants quantify the splitting arising from coupling between the

electron orbital angular momentum and the nuclear spin (a), the Fermi-Contact parameter

describing coupling between the electron spin and the nuclear spin (bF ), and the nuclear

quadrupole coupling constant (eQq0).
46 The first and second terms in Equation 2 will ap-

pear once for the splitting arising from the nitrogen nuclear spin, and once for the hydrogen

nuclear spin. As illustrated in Scheme 2, the nitrogen (with nuclear spin IN = 1) splits each

J level into F1 = J + 1, J, and J − 1. Within the coupling scheme employed here, each of

these F1 levels are split by the hydrogen (with nuclear spin IH = 1/2) into F = F1+1/2 and

F = F1 − 1/2. However, the hyperfine splitting from the hydrogen is too small to resolve

transitions to different F levels in our spectrum. The hyperfine structure shown in Figure 5
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is dominated by transitions with ∆F1 = 0 and ∆F = 0.

The experimental electronic spectrum was then refit including hyperfine coupling in PGO-

PHER.44 This fit included lines from the pure rotational spectrum in Ref. 5. This was

done because fewer hyperfine constants were required to understand the hyperfine splitting

for the electronic spectrum in this work than for the pure rotational spectrum in Ref 5,

and this provided a good constraint of the ground state constants. This resulted in a fit

with an average residual of less than 0.001 cm−1 and is referred to here as ”fit 2” in Table 2.

The magnitude of the hyperfine splitting arises mostly because of the isotropic interaction

between the nuclear spin of the N atom and the electron spin in the Ã state, which is quan-

tified by the Fermi-contact parameter bF . This large change in bF—five times larger in the

X̃ state than the Ã state—reflects the dramatic change in the electronic structure from X̃ to

Ã. Therefore, the surprising fact that hyperfine splitting is resolved in these infrared spectra

is definitive evidence that this is an electronic transition.

The Fermi contact parameter (bF = 0.0059(1) cm−1) of the N atom in the Ã state provide

a direct way of quantifying the electronic wavefunctions in the X̃ and Ã states. Comparing

the bF parameter in the Ã state of HCN+ with the borb of an isolated nitrogen (0.0514 cm−1)12

atom gives bF
borb

= 0.115, which means that the Ã state has only 11.5± 0.1% s orbital char-

acter on the nitrogen. This is small compared to other similar nitrogen containing neutral

molecules in 2Σ+ states.47,48 The relatively low s orbital character is because the singly oc-

cupied molecular orbital resembles mostly a pz atomic orbital on the nitrogen atom (see

Scheme 1).

Another possible effect that could be lowering the percentage of s orbital character in the

ÃΣ+
1/2 state could be mixing with the X̃Π1/2 state as a result of the avoided crossing in Fig-

ure 4. This would result in the upper state having a linear combination of the Σ+
1/2 and Π1/2

state configurations. Because the bF is five times lower in the Π state (see Table 2), a greater

mixing between the Π and Σ configurations will reduce the bF value in the Ã state. However,
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3259.6 3259.8 3260.0 3260.2 3260.4 3260.6

3259.60 3259.62 3259.64 3259.92 3259.94 3259.96
wavenumber (cm–1) wavenumber (cm–1)

qQ1(4.5)

F1=3.5
5.54.5 F1=5.5

3.5
4.5

qP21(4.5)

(a)

(b) (c)
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qQ1(3.5) qP21(3.5)

LOS
fit

Figure 5: Portion of the HCN+ Ã2Σ+ ← X̃2Π electronic spectrum (purple trace) measured
using LOS at ≈9K compared with a simulation (red trace) based on a contour fit using the
PGOPHER program. Simulated rovibronic hyperfine transitions are shown as red sticks.
The P , Q, and R branches are labelled with respect to ∆N (lower case) and ∆J (upper
case). (b) and (c) show a closer view of some of the lines shown in (a).

this is quite speculative, and the subtle properties of avoided crossings are challenging to

calculate.

We have also calculated the HCN+ nitrogen bF parameter of the Ã state using the equation

of motion coupled cluster method EOM-CCSD/cc-pVTZ in the Gaussian/16 program.40,49–51

This yielded an Ã state value of bF = 0.014 cm−1, which is significantly larger than the exper-

imental value (bF = 0.0059(1) cm−1). This could be a further indication of the importance

of vibronic coupling for HCN+, and suggests that the Ã state is not well described within

the Born-Oppenheimer approximation .

There are very few polyatomic molecular ions for which hyperfine structure is observed in

excited electronic states. Serendipitously, one of these states is the Ã2Σ+ state of HCP+. Be-
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cause phosphorus is directly below nitrogen on the periodic table, the Ã2Σ+ states of HCP+

is analogous to the Ã2Σ+ states of HCN+ investigated here. The Ã2Σ+ states of HCP+ has

a Fermi contact parameter bF = 0.106(5) cm−1, which is over an order of magnitude larger

than the value we measure for HCN+ (bF = 0.0059(1) cm−1). Additionally, the HCP+ Ã2Σ+

state wavefunction has an s orbital character of 24%, which is significantly larger than for

HCN+ (11.5±0.1%). This might reflect a larger mixing of the phosphorous pz and s orbitals

in the highest occupied molecular σ orbital of HCP+, or be the result of the HCN+ avoided

crossing discussed above.

Table 2: Hyperfine constants included in the line fit of a 4K Ã2Σ+ ← X̃2Π3/2 spectrum

(cm−1). When sufficiently resolved, lines from a 35K spectrum of the Ã2Σ+ ← X̃2Π1/2

transition and high J lines of the Ã2Σ+ ← X̃2Π3/2 transition were also included. Non-
hyperfine constants from fit 2 are given in Table 1.

X̃2Π X̃2Π Ã2Σ+

fit 2 Ref. 5 fit 2
a(N) 0.0013(2) 0.0012(1)
bF (N) 0.0012(3) 0.0012(1) 0.0059(1)
d(N) 0.0012(1)
a(H) 0.0013(4) 0.00013(3)
bF (H) -0.00192(7) -0.0018(1) 0.0002(3)
eQq0 -0.00018(8) -0.00019(4) -0.0005(40)
eQq2 -0.0005(2)

A contour fit of the experimental lines in Figure 5 was attetempted to capture some of

the unresolved hyperfine structure from the hydrogen nucleus, however, no significant infor-

mation about the hydrogen hyperfine splitting could be observed. Nevertheless, the contour

fit was used to estimate the rotational and translational ion temperature. The rotational

temperature was estimated to be 18±5K based on the relative intensities of the bands in

Figure 5, which arise from the differences in population of the ground state J = 1.5, J = 3.5,

and J = 4.5 levels. The fitted Gaussian width was 0.0020(5) cm−1, which corresponds to a

translational temperature of 20±5K. As expected, these values are higher than the tempera-

ture of the trap itself (≈9K) because of RF heating.52 Additionally, no Lorentzian lineshape
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was convoluted to account for lifetime broadening, which would further decrease the fitted

Gaussian linewidth. The reason we did not include a Lorentzian in the fit is because there

is considerable uncertainty about the splitting due to IH , which can lead to dubious results

if one attempts to interpret subtle changes in the widths of these lines. It is clear from

the narrow linewidths and the fact that the individual hyperfine lines have similar width to

the rovibrational lines that the excited state has a fairly long lifetime and, therefore, the

low lying avoided crossing (Figure 4) does not lead to fast internal conversion to the ground

state. Assuming a lifetime broadening of 0.0025 cm−1 yields an extremely conservative lower

limit for the excited state lifetime of 2 ns.

Π [ν3(σ) + 2ν2(π)] combination band

Although the focus of this article is the Ã ← X̃ transition of HCN+, we observed an addi-

tional vibrational transition that partially overlaps with the Ã ← X̃ band, which warrants

further discussion. This vibrational transition is centered around 3295 cm−1 and was fit with

the same Hamiltonian form as described in Ref. 4 (red sticks in Figure 5). The P , Q, and

R branches are clearly apparent, and feature Λ type doublets characteristic of a Π ← Π

transition. We were unable to assign any lines associated with the Π1/2 ← ΠΩ components.

Nevertheless, the P , Q, and R branches can only be reasonably fit to a Π← Π transition—

rather than a ∆ ← Π or Σ ← Π transition—and so the upper state must have Π vibronic

symmetry.

The vibronic symmetry of HCN+ energy levels requires consideration of the Renner-

Teller effect. Figure 7 illustrates the states generated by Renner-Teller coupling in HCN+.

The vibrational angular momentum from the ν2(π) bending mode (with quantum number

l = v2, v2 − 2, ...0 or 1) couples with the total electronic angular momentum (with quantum

number Ω) to form the resulting vibronic angular momentum P = | ± Ω ± l |. The quan-
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3210 3230 3250 3270 3290 3310
wavenumber (cm–1)

R
Q

P

Ã2⌃+(0, 0, 0) X̃2⇧(0, 0, 0) X̃2⇧(0, 2, 1) X̃2⇧(0, 0, 0)

3305.6 3305.8 3306.0 3306.2 3306.4 3306.6

ef

wavenumber (cm–1)

(a)

(b)

Figure 6: (a) Portion of the HCN+ Ã2Σ+ ← X̃2Π electronic spectrum and rovibrational
spectrum exciting the ν3(σ) + 2ν3(π) combination band in the X̃ ground state (black trace)
measured using LOS at ≈35K. The experimental spectrum is compared with a simulation
of the electronic transition (grey lines) and the vibronic transition (red lines) using the
PGOPHER program. The vibrational levels are labelleled by (v1, v2, v3), which are the
vibrational quantum numbers of the CH stretch (v1), the HCN bend (v2), and the CN
stretch (v3). The quantum number κ indicates that this band is the upper Renner-Teller
component for this vibration (see term diagram in Figure 7). (b) Example of a Λ doublet in
the ν3(σ) + 2ν3(π) combination band spectrum.

tum number K = | ± Λ ± l | results from coupling between vibrational and orbital angular

momenta. The vibronic term symbols are then 2S+1KP . One quantum of the ν2(π) mode

(l = 1) couples with the orbital angular momentum (Λ = 1) to generate two Σ and two ∆

vibronic states. Two quanta of the ν2(π) mode (l = 2, 0) couples with the orbital angular

momentum Λ = 1 to generate four Π and two Φ vibronic states. The upper components

being labeled κ and the lower components being labeled µ.
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2⇧3/2

2⇧1/2

2⇧3/2()
2⇧1/2()

2�5/2()

2�7/2(µ)

2⇧3/2(µ)

2⇧1/2(µ)

Renner-Teller
2⌫2(⇡)

spin-orbit

2⇧

2⇧3/2

2⇧1/2

2⌃1/2()

2�5/2(µ)

2⌃1/2(µ)
Renner-Teller

⌫2(⇡)

spin-orbit

2⇧

2�3/2()

Figure 7: Schematic illustration of the Renner-Teller splitting for the X̃2Π state as a result
of one (bottom) or two (top) quanta of the HCN bending mode ν2(π). The term symbols
on the right hand side are then 2S+1KP . The levels observed in this study are highlighted
in light red. Excitation from the ground state to levels with Φ symmetry is forbidden, and
these states are shown in black.

The extracted spectroscopic constants from our fit (Table 1) agree well with the calcu-

lated values from Ref. 11 for the upper (κ, Π3/2) Renner-Teller component of the ν3(σ) +

2ν2(π) combination band, including the surprisingly low spin-orbit coupling constant (ASO =

−4.91(1) cm−1). However, the ASO value here only provides an effective fit, because the split-

ting of the Πp=1/2 and Πp=3/2 vibronic components will need to be treated differently to the

splitting of ΠΩ=1/2 and ΠΩ=3/2 spin-orbit components. This is consistent with the fact that

transitions to Πp=1/2 levels were not observed. Considering the good agreement with calcu-

lations, we assign this band as excitation of the upper κ,Π Renner-Teller component of the

ν3(σ) + 2ν2(π) combination band (Π(0, 2, 1)κ) as listed—but not analysed—in Part I of this
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series of publications.4

The fact that this combination band is ν3(σ) + 2ν2(π) with Π symmetry validates the pre-

vious assignment in Ref. 4 that a band with Σ vibronic symmetry corresponds to the lower

(µ,Σ) Renner-Teller component of a ν1(σ) + ν2(π) combination band. If the Σ symmetry

ν3(σ)+ ν2(π) combination band from Ref. 4 arose from the upper (κ) Renner-Teller compo-

nent, then one would expect to observe ∆← Π transitions slightly lower in energy. Because

no such transitions are observed, the Σ symmetry ν3(σ) + ν2(π) combination band observed

in Ref. 4 can be assigned to the lower (µ) Renner-Teller component.

A thorough analysis of the Renner-Teller coupling of HCN+ is not within the scope of this

work. Nevertheless, our results provide a promising indication that the calculations in Ref.

11 are accurately capturing the strong Renner-Teller coupling of HCN+.

The Π(0, 2, 1)κ band reported here is the first experimental spectrum of a κ Renner-Teller

component of HCN+. The Π(0, 2, 1)µ component has been measured at 2523 cm−1 using

ZEKE spectroscopy in Ref. 6. These experimental values enable a preliminary estimate of

Renner-Teller parameters of HCN+ based on only experimental values. We employed the

equations describing a Renner-Teller and spin-orbit active system given in Ref. 53, the fun-

damental vibrational frequency of the CN stretching mode (0, 0, 1) measured at 1785 cm−1 by

Wiedmann et al., and the spin-orbit constant for HCN+ determined with our high-resolution

spectra (ASO = −49.3113 cm−1). From these results, we estimate an effective Renner-Teller

vibrational constant of ω = 580 cm−1 and a splitting parameter of ϵ = 0.45. However, be-

cause of anharmonicity, these values differ from those required to fit the fundamental bending

mode µ (292 cm−1) and κ components (821 cm−1).6,11

Future high-resolution experimental studies could provide a detailed characterisation of

the Renner-Teller coupling of HCN+ by combining our results with measurements of the

∆(1, 1, 0) components and the Σ(1, 1, 0)κ component (calculated to occur at 3881 cm−1) as

well as the Π(0, 2, 1)µ combination band component (measured at 2523 cm−1 using ZEKE).6

The Π(0, 2, 1)κ component in Figure 6 is the first measured κ Renner-Teller component for
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HCN+, and serves as a valuable experimental reference point for analysing the vibronic

coupling of HCN+.

Conclusions and outlook

In summary, we have measured high resolution electronic spectra of the infrared Ã2Σ+ ←

X̃2Π electronic transition origin band of HCN+, which resolved rotational, fine, and hy-

perfine structure. Although both states have been observed before, the transition between

these states has never been reported, and the spectra presented here are significantly higher

resolution. Furthermore, the hyperfine splitting has not been observed before, and provides

a lens with which the electronic wavefunction can be interrogated. In this case, we find that

the Ã state electronic wavefunction has 11.5(2)% s orbital character on the N atom. The

fact that we can observe hyperfine splitting in the infrared is unusual and makes it clear that

the observed spectrum is of an electronic transition.

The quality of these spectroscopic constants easily affords accurate simulations of the rovi-

bronic Ã → X̃ emission of HCN+ for comparison with astronomical measurements such as

those possible with the James Webb Space Telescope.54,55 However, the fact that the elec-

tronic transition appears to have comparable intensity to vibrational excitation of a nearby

ν3(σ)+2ν2(π) combination band indicates that the electronic transition is fairly weak, and

will probably be challenging to detect astronomically.

We have recently reported electronic spectra measured using LOS with a low resolution white

light fibre laser.34 The electronic spectrum of HCN+ presented here illustrate that electronic

transitions can be measured with LOS with very high resolution for a mass-selected, highly

reactive bare ion that is excited well below the dissociation threshold.
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