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ABSTRACT 

 Helium nanodroplet isolation is used to facilitate the formation of van der Waals 

complexes in situ. Complexes are interrogated with infrared Stark, and Zeeman 

spectroscopies. Complexes are formed from sequential capture of gas phase transient 

radicals and stable species. Transient radicals in these complexes are atomic oxygen, 

O(3P), or the hydroxyl radical, ·OH. The complexes form along the ground vibronic 

surface and are trapped in shallow wells due to barriers for reaction. The complex formed 

between O(3P) and HCN is exclusively hydrogen bound despite there being a small well 

on the potential in which a nitrogen bound isomer could exist. The complexes formed 

from the hydroxyl radical are OH-CO, and OH-C2H2, which have a linear and T-shaped 

geometry respectively. The large amplitude zero point motion of the OH-CO complex 

leads to a reduction in the measured dipole moment from Stark spectroscopy. Eighty 

percent of the reduction can be accounted for via vibrational averaging along the large 

amplitude motion. Zeeman Spectroscopy of the hydroxyl radical and its complexes 

exhibit phenomenon not well understood. The linear OH-CO was easily modeled through 



a gas phase effective Hamiltonian, but both the OH radical and the OH-acetylene 

complex were perturbed significantly from gas phase predictions. As of yet, there is no 

theoretical understanding to which these perturbations can be attributed. 
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CHAPTER 1 

INTRODUCTION

 
1.1  Helium Droplets as a Spectroscopy Medium 

 
 In 1992, the Scoles group published1 the first spectroscopic investigation utilizing 

helium droplet beams as a matrix. Although they improperly assigned the droplet-SF6 

interaction to have been on the surface, Fröchtenicht, Tonnies, and Vilesov2 later 

reinvestigated SF6 in helium droplets and found the rovibrational band structure that 

suggested the SF6 was solvated inside the droplet. Since these seminal experiments, 

helium droplets have evolved to become an indispensable matrix for spectroscopy. They 

can be used to trap transient species that are otherwise hard to isolate;3-7 they have been 

used to facilitate reactions in situ,8-12 and can be used to investigate shallow wells along 

potential energy surfaces13-19 via their ability to remove energy from solvated species.  

 In experiments with OCS as a dopant, Tonnies and Vilesov20 highlighted one 

major benefit of 4He droplets as a matrix: superfluidity. They showed that droplets of 3He 

did not preserve the rotational fine structure of vibrational bands for solvated molecules. 

To further test this hypothesis, they doped a 3He droplet with 4Hen and an OCS molecule. 

Due to the higher zero-point energy of 3He, they anticipated 4He clustering around the 

OCS, and found that the rotational substructure of the vibrational transition began to 

return with as few as 60 4He atoms, motivating further that dopants have minimal 

interaction with the superfluid behavior of a 4He droplet. 4He droplets are not completely 

free of interaction with the dopant, however. In the SF6 experiment,2 the rotational profile 



2 

of the ν3 vibrational band was fit to a model which required the reduction of the 

rotational constant by a factor of 3. This reduction was attributed to helium atoms 

rotating along with the solvated species, increasing the moment of inertia. Furthermore, 

this experiment provided an approximation for the temperature of the droplet 

environment of ~0.37 K. Although this is just a rotational temperature, it suggests that the 

droplet-dopant coupling is strong enough to facilitate the dissipation of the dopant’s 

excess thermal energy and equilibrate to the droplet temperature. 

 
1.2  Stabilizing Highly Reactive Species and Complexes 

 
 The dissipative nature of the 4He droplet provides a useful way to stabilize highly 

reactive systems for interrogation. Thermal dissipation is often efficient enough to trap 

non-equilibrium complexes, such as the case with water clusters,21 as well as “freeze out” 

populations of rotamers that correspond to higher temperature equilibria.22-23 

Furthermore, the weakly perturbing matrix environment allows highly reactive species, 

e.g. the OH radical, to live long enough to perform investigations of the electronic 

structure. 

 It has been estimated24 that the thermal dissipation rate of a 4He droplet is on the 

order of 1012 K/s, and further this value predicts a cooling timescale for dopants to be on 

the order of nanoseconds. Therefore, sequential doping of the droplet ensemble is 

expected to lead to interactions between dopants along the ground rovibronic surface. 

Unless the potential energy surface (PES) lacks a barrier to reaction, this rapid cooling 

serves to prevent reactions. If this part of the potential was repulsive, then one would 

expect the dopants to remain separated. However, if there is a potential energy well 
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before the barrier to reaction, then droplets could stabilize a prereactive complex. Also 

known as entrance channel complexes, these complexes are typically stabilized by van 

der Waals interactions. Helium droplets are especially suited to study such elusive 

complexes, as binding energies are typically very low, making it difficult to trap with 

other methods. With such low binding energies, the importance of such features of a 

potential energy surface are often questioned. However, there have been experiments that 

reinforce their importance.25-26 In these cases, the van der Waals region of the potential 

modifies long range behavior that preferentially enhances some reaction channels over 

others such as through stabilized complexes which can tunnel to reaction. A further 

motivation to studying entrance channel complexes is a benchmark for theoretical 

pursuits. Indeed, the region dominated by long range interactions is difficult to model and 

predict, especially if the potential energy surface is particularly shallow, as is often the 

case. 

 
1.3  Probing Fundamental Interactions 

 
 The equilibrium temperature of the droplet also provides a degree of control in the 

investigation of fundamental molecular interactions. At 0.4 K, very few rovibrational 

levels are populated. This simplifies the spectra collected, especially in the case of small 

molecules and complexes, as anharmonic resonances are less prevalent than in larger 

systems. The simple spectra provide a sensitive probe to the environment in which the 

system resides, as subtle changes in the geometric structure are more easily identifiable. 

These perturbations include the droplet environment itself. In measurements of the 

hydroxyl radical3 in helium droplets, it was observed that the Λ-doubling increased 
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relative to the gas phase separation. It was rationalized as a solvation effect that depends 

on the parity of the solvated electronic state. Therefore, the nearly electronic degenerate 

states were further separated by their solvation energies in the helium bath. Both ground 

and excited (v=1) vibrational levels were affected, though the excited state was affected 

by a factor of two more.  

 Such fundamental interactions are of great interest as they improve understanding 

of the quantum mechanics at play in molecular interactions. Of particular interest to this 

work is the molecular Zeeman effect. The molecular Zeeman effect has been thoroughly 

studied in two broad classifications: diatomic molecules or radicals and closed shell 

molecules. There has been very little investigation on the molecular Zeeman effect in 

nonlinear radicals. The molecular Zeeman effect perturbs energy levels based on angular 

momentum-derived magnetic fields generated by the molecule or complex, which makes 

it especially suited to investigate electronic structure of van der Waals complexes. If a 

gas phase comparison exists within the literature, we have the added capability to 

investigate the extent that solvation affects such interactions.  

 In addition to the Zeeman effect, the Stark effect provides a useful probe of the 

electronic structure. The Stark effect facilitates the experimental determination of the 

equilibrium dipole moment of the molecule or complex, as Stark simulations are 

extremely sensitive to the value of the dipole moment in both the ground and excited 

vibrational states. The helium bath does not perturb these equilibrium dipole moments, as 

they tend to be within 5% of their gas phase values.27 The dipole moments further serve 

as a benchmark for computational endeavors on these species.  
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 The remainder of this dissertation will focus on the infrared investigations of 

small molecules and complexes doped into helium droplets, specifically the Stark and 

Zeeman effects in open shell species. 
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CHAPTER 2 

EXPERIMENTAL METHODS

 
2.1  Helium Nanodroplet Formation and Instrumental Consideration 

 
A rendering of the helium nanodroplet instrument is reproduced in Figure 2.1. 

The apparatus comprises three main regions: droplet formation, droplet doping, and 

detection. In the droplet formation region, helium gas thermally sunk to a cryostat is 

allowed to expand into vacuum through a pinhole nozzle. In the droplet doping region, 

molecular species are introduced to the droplet ensemble via gas phase collisions. Finally, 

in the detection region, droplets are ionized and resultant ions are analyzed with a 

quadrupole mass spectrometer. 

Droplet formation can proceed either through homogeneous nucleation or through 

liquid droplet fragmentation depending on the conditions of the expansion.1-2 Liquid 

fragmentation refers to a liquid jet of helium that fragments into droplets after exiting the 

nozzle, whereas homogeneous nucleation is a gaseous aggregation mechanism involving 

sufficient three-body collisions to facilitate coalescence of the helium into droplets. 

Temperature of the nozzle, stagnation pressure behind the orifice, and orifice diameter 

determine not only the type of formation mechanism, but also the size distribution of the 

droplets produced.3 Practically, temperature and stagnation pressure are the only feasible 

adjustable parameters to influence the droplet size distribution. The experiments 

presented herein were performed within the homogeneous nucleation regime of 
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Figure 2.1: The experimental apparatus used in the current work. From top to bottom: 
helium cryostat, expansion chamber, doping chamber, Stark/Zeeman chamber, 
quadrupole mass spectrometer. The droplet beam is visualized by a dashed light blue line. 
The red lines represent the two arrangements for laser irradiation. Collinear travels from 
right to left counter-propagating to the beam, and multipass arrangement is through the 
Stark/Zeeman chamber. 
  



10 

droplet formation and a 5 µm nozzle. The droplet size distribution for the nucleation 

mechanism can be modeled using a log-normal distribution according to the following 

equation: 

𝑃𝑃(𝑁𝑁) =
1

𝑁𝑁σ√2π
e−

(lnN-N�)2

2σ2 , (2.1) 

  
where N� is the average and σ is the standard deviation of the natural logarithm 

distribution.4 

 Droplet formation dies off rapidly as the gas moves away from the nozzle. The 

droplets experience no further collisions after traveling on the order of 103 times the 

nozzle diameter and begin to evaporatively cool to a final temperature around 0.4 K. The 

droplets formed are skimmed into a beam using a 400 µm skimmer. 

 After passing through the skimmer, droplets enter the doping region, which is 

comprised of “pick-up cells.” These are areas in the vacuum system where the local 

pressure is raised with the species of interest in the gas phase, facilitating collisions with 

the droplets. Collisions typically result in solvation of the species, and it is rapidly 

equilibrated to the droplet temperature. The collision frequency is statistical; that is, it is 

dependent on the physical cross section of the droplets, the partial pressure of the species, 

and the length of the gas-droplet beam interaction space. The statistical nature of the 

doping process can be modeled using a Poisson distribution5 

𝑃𝑃(𝑛𝑛) =
(𝜌𝜌𝜌𝜌𝜌𝜌)𝑛𝑛

𝑛𝑛!
e−𝜌𝜌𝜌𝜌𝜌𝜌 , (2.2) 

  
where n is the average number of dopants per droplet, ρ is the number density of the 

dopant, σ is the cross section of the droplet, and L is the distance over which the droplet 

encounters the dopant vapor. Because pick-up is statistical, each pick-up event is 
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independent of any previous pick up events, and thus it is true, on average, that the partial 

pressure which optimizes the doping of one dopant per droplet can be doubled to obtain 

the pressure that will optimize the doping of a second dopant per droplet. In addition, 

multiple pick-up cells can be used to dope a single droplet with two different dopants, 

which affords the ability to study complex formation and reactions. 

 After the doping process is complete, the droplets are irradiated with the tunable 

idler output of a continuous wave Aculight Argos optical parametric oscillator (OPO). 

There are two OPO cavities that together provide tunable infrared light from 2500 to 

4000 cm-1 at greater than 1 W of idler output.6 There are two configurations for the laser 

droplet interaction region: collinear and multipass. In the collinear mode, light is focused 

into the apparatus coaxially and antiparallel to the droplet beam. This provides the most 

droplet beam-laser overlap. The alternative multipass arrangement involves two 15 cm 

plane mirrors which allow the beam to make approximately 20 to 30 passes over the 

15cm. This arrangement is a fairly small interaction length, and as such signals will be 

diminished from their collinear counterparts. However, the benefit to the multipass 

arrangement is the ability to confine the entire laser-droplet interaction region entirely 

within an electric or magnetic field, facilitating the collection of Stark and Zeeman 

spectra. 

 Finally, the droplet beam enters the quadrupole mass spectrometer (QMS) 

chamber. The droplet beam is detected by electron ionization of the helium bath. The 

ionization of the helium droplet generates a He+ within the droplet. Because of the bulk 

nature of the droplet, the hole can begin to move within the droplet. In the case of a 

dopant-free droplet, the movement of the hole stops as He2
+ is formed from the droplet. 
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The formation of the dimer cation releases a significant amount of energy, which 

subsequently evaporates the rest of the droplet. This phenomenon manifests itself in the 

mass spectrometer as a progression of Hen
+ peaks. If, however, the droplet contains an 

impurity, the moving hole abstracts an electron from the dopant, given that the ionization 

potential difference between most organic molecules and He is around 12 to 15 eV. The 

charge transfer ionization process generates an impurity cation with the excess energy in 

excited internal degrees of freedom, which quickly evaporates the rest of the droplet. The 

bare ion is then detected by the mass spectrometer. 

 The method of collecting spectra is a type of action spectroscopy that relies upon 

the dependence of the ionization/detection scheme on the physical droplet cross section 

of a helium droplet. Upon vibrational excitation of a dopant within a droplet, the energy 

is coupled to the droplet modes and subsequent helium atom evaporation from the surface 

of the droplet removes excess energy. A single evaporating helium atom carries with it 

approximately 5 cm-1.7 Thus, the removal of energy from a 3000 cm-1 photon will require 

the evaporation of ~600 helium atoms. Evaporation reduces the cross section of the 

droplet and lowers the probability of ionization and its subsequent detection in the QMS. 

Any signal in the mass spectrometer that derives from the charge transfer ionization (and 

possible post-ionization fragmentation) of a dopant will have its intensity reduced when 

the laser is on resonance with a transition of the dopant. Thus, when the QMS is set to 

pass a specific mass-to-charge ratio, and the laser is modulated mechanically with a 

chopper, the current on the detector in the QMS will oscillate at the chopper frequency. 

The oscillating signal is processed via a lock-in amplifier using a reference signal from 
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the chopper. A spectrum is collected by monitoring the amplitude of the lock-in signal as 

a function of idler frequency. 

 
2.2  Radical Generation 

 
 Two methods were used to generate radicals for the experiments detailed in 

subsequent chapters. The first source generates the hydroxyl radical from the pyrolytic 

decomposition of tert-butyl hydroperoxide. The second source generates oxygen atoms 

from molecular oxygen using thermal catalytic dissociation.  

 Hydroxyl radicals are formed using a quartz pyrolysis source.8 The source 

consists of water cooled electrodes, which are connected through a Ta/W filament which 

is coiled around the tip of a 0.25 in. quartz tube with 0.125 in. inner diameter. Wall 

power, 120 VAC, is modulated by a Variac and then through a 10:1 step-down 

transformer to increase the current supplied to the filament. Typically operated between 

20 and 40 A of current, the filament resistively heats the quartz tube, and collisions of the 

pyrolysis precursor with the tube walls results in decomposition of the precursor into the 

desired product and any pyrolytic contaminants. In the case of the hydroxyl radical, the 

precursor tert-butyl hydroperoxide decomposes according to the following chemical 

equation 

(CH3)3COOH   
𝛥𝛥
⇒    (CH3)2CO  +   ⋅CH3  +  ⋅OH  

The end of the quartz tube is then oriented perpendicular to the droplet beam path so as to 

limit the length of the pyrolytic product droplet interaction. Due to the low effusive 

pressure of the precursor flow, it is expected that pyrolytic products will not likely collide 
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with one another to form secondary pyrolysis products. Though not specifically 

investigated, this assumption seems to be valid based on empirical evidence. 

 The thermal catalytic cracker is a commercial product from Mantis Sigma Ltd. 

The MGC-75 consists of an iridium tube secured in a molybdenum collar. The collar is 

sunk thermally to a beryllium oxide insulator which in turn is in thermal contact with a 

water cooled copper base. The BeO insulator allows the biasing of the tube to 2 kV while 

still allowing significant heat conduction from the collar to the copper base. Set into a 

copper shield that has been secured to the water cooled base, filaments are operated 

between 3.5 and 4.5 A. The extraction potential generated by biasing the iridium tube 

attracts electrons to the tube. The resultant electron bombardment heats up the iridium 

tube, and when molecular oxygen collides with the inner walls, it is catalytically 

dissociated into atomic oxygen, O(3P). When operating at peak efficiency, the iridium 

tube sources approximately 50 mA, which gives a “power” reading of 100 W. The 

efficiency of molecular oxygen dissociation is estimated at 60% through mass 

spectrometer ion yield, though no direct measurement has been performed. The resulting 

droplet beam doping efficiency, assuming optimal single doping conditions, is 25%.9-10 A 

3D CAD image of the thermal gas cracker can be seen in Figure 2.2. 

 
2.3  Stark and Zeeman Cells 

 
 In the laser interaction region of the apparatus, the Stark cell is a removable set of 

stainless steel electrodes suspended between the gold plane mirrors of the laser multipass 

arrangement. These electrodes are separated by 3.10(4) mm and one electrode is typically 
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Figure 2.2: The Mantis Sigma Ltd. MGC-75 thermal gas cracker. The cutaway view 
visualizes the important components discussed in the text.  
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biased between 0 and 10 kV, giving field strengths up to about 30 kV/cm. Further 

information about the stark cell can be found in Ref. 8. 

 The Zeeman cell was assembled from two commercially available 1 T Nd rare-

earth magnets. These two magnets are connected together with a steel frame to improve 

the strength and homogeneity of the field between the two magnetic faces. The faces are 

separated by 0.5 in. This was designed to provide 0.5 T field strength in the center of the 

two magnet faces. A commercial Hall probe was used to calibrate the field strength. 

Averaging several measurements conducted by multiple persons to remove measurement 

bias, the field strength was measured to be 0.425(2) T. The value was later corroborated 

from spectroscopic measurements and a theoretical simulation program written in 

LabVIEW. 
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CHAPTER 3 

SEQUENTIAL CAPTURE OF O(3P) AND HCN BY HELIUM NANODROPLETS: 

INFRARED SPECTROSCOPY AND AB INITIO COMPUTATIONS OF THE 

3∑ O–HCN COMPLEX

 

Catalytic thermal cracking of O2 is employed to dope helium droplets with O(3P) atoms.  

Mass spectrometry of the doped droplet beam reveals an O2 dissociation efficiency larger 

than 60%; approximately 26% of the droplet ensemble is doped with single oxygen 

atoms.  Sequential capture of O(3P) and HCN leads to the production of a hydrogen-

bound O−HCN complex in a 3Σ electronic state, as determined via comparisons of 

experimental and theoretical rovibrational Stark spectroscopy.  Ab initio computations of 

the three lowest lying intermolecular potential energy surfaces reveal two isomers, the 

hydrogen-bound (3Σ) O−HCN complex and a nitrogen-bound (3Π) HCN−O complex, 

lying 323 cm-1 higher in energy. The HCN−O to O−HCN interconversion barrier is 

predicted to be 42 cm-1.  Consistent with this relatively small interconversion barrier, 

there is no experimental evidence for the production of the nitrogen-bound species upon 

sequential capture of O(3P) and HCN. 

 
3.1  Introduction 

 
Reactions involving atomic oxygen are ubiquitous in both terrestrial combustion 

environments1 and in the chemistry of the interstellar medium.2,3  For example, O(3P) 
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electrophilic addition initiates the consumption of acetylene in flames.1, 4-5  However, 

reaction intermediates of O(3P) + CmHn chemistry have not been characterized 

spectroscopically, owing to the difficulty associated with producing large abundances of 

these species.  In this report, the weakly bound, 3Σ, O–HCN complex is characterized 

with infrared (IR) laser Stark spectroscopy.  The complexation between O(3P) and HCN 

occurs following the sequential capture of reactants by nanoscopic liquid helium droplets.  

The results presented herein demonstrate the feasibility for spectroscopic studies that 

probe either pre-reactive complexes or reaction intermediates of O(3P) + CmHn reactions 

carried out within the dissipative environment of a helium nanodroplet.6,7 

 O(3P) + HCN is of significance to combustion chemistry.8  HCN is a critical 

intermediate in the combustion of nitrogen-containing fuels,9 and it is consumed 

primarily via its reaction with O(3P).  The reaction has two exothermic channels and one 

endothermic hydrogen-abstraction channel, which is regarded as being accessible above 

1500 K.10  The primary exothermic pathway involves O(3P) addition to the C-N π-

system, which leads to the production of an H atom and the NCO radical.8, 10-12 However, 

the barrier to insertion is predicted to be ~10 kcal/mol,11 and it is unlikely that it can be 

overcome when O(3P) and HCN combine within a 0.4 K helium nanodroplet.  Instead, it 

is expected that energy dissipation via He atom evaporation will produce a long-range 

O−HCN complex stabilized by electrostatic interactions.   

In a solid-Argon matrix isolation study, in which ozone was photolyzed in the 

presence of HCN, Mielke and Andrews13 attributed a feature at 3263.3 cm-1 to the CH 

stretch vibration of a “weakly bound O–HCN complex”.  The spectral assignment was 

based on the band’s disappearance upon matrix annealing; however, the structure of this 



20 

postulated species was not discussed.  The helium droplet spectrum reported herein 

contains a band centered at 3285.89 cm-1, and via an analysis of rotational fine structure 

and comparison to ab initio computations, this band is assigned to the linear, 3Σ, O–HCN 

species.  In addition to this spectroscopy, we present a detailed non-relativistic ab initio 

characterization of the long-range O(3P) + HCN interaction potential. 

 
3.2  Experimental Methods 

 
The helium nanodroplet apparatus has been described in detail previously,14 thus 

only a discussion of relevant modifications related to the oxygen atom source and 

important experimental parameters is given here.  Helium nanodroplets are continuously 

generated from the supersonic expansion of helium through a 5 µm diameter nozzle (15 

K, 35 bar).  The droplet expansion is skimmed into a beam using a 400 µm skimmer 

cone.  The beam passes into a second differentially pumped chamber that contains 

separate sources for doping droplets with either O(3P) or HCN.  A molecule (or atom) of 

interest is introduced to a droplet via a statistical “pick-up” process.7  Given the number 

densities of the species contained in these pick-up cells (PUC), Poisson statistics can be 

used to estimate the composition of the doped droplet beam.15   

HCN is added to a differentially pumped PUC, isolated from the oxygen atom 

source, and the pressure is optimized for the production of droplets doped with single 

HCN molecules.  Downstream from the HCN source, O(3P) atoms are generated from a 

commercially available molecular gas cracker (MGC-75, Mantis-Sigma Ltd). The MGC 

is comprised of an iridium tube held at positive high voltage, which is heated through 

electron bombardment generated by hot filament emission.  Molecular collisions with the 
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hot iridium tube catalytically dissociate the O2 gas passing through it.  The O2 pressure 

within the Iridium tube is approximately 10-6 Torr. The cracker is situated in the 

instrument such that the droplet beam passes very close to the opening of the iridium 

tube.  Power is the quantity used to experimentally optimize O2 dissociation.  It is a 

measure of the current collected on the iridium tube, thus it is related to the temperature 

of the tube (~1500 K at the highest powers, according to vendor specifications).   

Upon pick-up, the dopant/helium internal degrees of freedom are brought into 

equilibrium at 0.4 K via the thermal evaporation of He atoms.  Each evaporating He atom 

removes ~0.014 kcal/mol (5 cm-1);16 therefore, the droplets used here (4000-6000 atoms) 

are capable of dissipating ~75 kcal/mol of internal energy, which is sufficient to remove 

both the internal energy of the “reactants” and the complexation energy associated with 

O–HCN production. 

Ancilotto et al.17 proposed a dimensionless parameter that we use to assess the 

solvation state of a captured O(3P) atom.  The Ancilotto Parameter (λ) is a measure of the 

ratio of dopant−helium attraction to the energy cost associated with forming a helium 

surface upon solute solvation.  It has been shown that a λ value greater than about 1.9 is 

necessary for solvation.17  From computations of the He−O(3P) potentials (see Figure 

A3.1 in the appendix), we find Ancilotto parameters of  λ = 6.5 and λ = 3.4 for Σ and Π 

potentials, respectively. Accordingly, we expect captured O(3P) atoms to become 

solvated and reside, on average, inside the helium droplets, as opposed to being located 

on the surface.   

 Detection of molecules or complexes trapped within helium droplets is achieved 

through electron impact ionization and quadrupole mass spectrometry.18  A continuous 
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wave, narrow linewidth (< 10 MHz) optical parametric oscillator is used to vibrationally 

excite the helium-solvated O–HCN complex.19  Vibrational excitation is followed by 

energy transfer to the droplet, leading to the evaporation of ~650 He atoms.  Evaporation 

reduces both the droplet’s geometric and ionization cross section, which manifests as a 

depletion in the ion current detected by the mass spectrometer.  By mechanically 

chopping the laser (80 Hz) and processing the mass spectrometer signal using a lock-in 

amplifier, an IR spectrum is generated as a background free depletion spectrum.  

Moreover, the recorded spectrum is made quasi-species-selective through a judicious 

choice of mass channel on which the depletion is detected.20 The laser is overlapped with 

the droplet beam in either a collinear, counter-propagating configuration (for survey 

spectra) or in a two-mirror multipass arrangement (for Stark spectra); in the multipass 

configuration, the laser-droplet interaction region is confined within the electrodes of a 

Stark cell.  Electric fields in the Stark cell are calibrated via measurements of the Stark 

spectrum of HCN.21 

 
3.3  Theoretical Methods 

 
  Minimum energy structures for OHCN complexes were optimized at the 

CCSD(T)/ANO1 level of theory with subsequent harmonic frequency computations at the 

same level of theory using the CFOUR computational package.22-27 The potential energy 

surface was computed with NEVPT2, as implemented in ORCA 4.0.28 The reference 

wavefunctions were CASSCF29-31 having 8 electrons in 7 orbitals. The active space 

orbitals were the three 2p orbitals of oxygen and the doubly-degenerate HOMO and 

LUMO orbitals of HCN. The CASSCF orbitals were averaged32 over the lowest three 
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triplet electronic states. State-averaging allows for a more streamlined computation of the 

specific electronic states. The internal coordinates of HCN were constrained to those of 

the NEVPT2(4,4)/aug-cc-pVTZ33-38 optimized structure. The effect of geometry 

relaxation was investigated, but it was deemed to be insignificant for this system. 

 
3.4  Results and Discussion 

 3.4.1  Mass Spectrometry and Thermal Gas Dissociation 

 
Figure 3.1 shows mass spectra of an HCN/O2-doped droplet beam for various gas 

cracker powers (CP).  The peaks observed every 4 u are due to the well-known (He)n
+

 

distribution associated with the ionization of neat helium droplets.39 The peaks observed 

at 27 u (HCN+) and 28 u (HCNH+) are due to droplets containing either HCN or (HCN)2, 

respectively.6  Ionization of helium-solvated HCN occurs via the He+ + HCN → He + 

HCN+ charge transfer mechanism, as the probability for direct HCN ionization by 

electron impact is far lower than the probability for ionizing the helium droplet.   

The largest change observed in the mass spectrum upon O2 doping is an increase 

in m/z = 32 u, along with small increases on some of the weaker channels.  For example, 

an increase on channel 29 u (HCO+) is found (vide infra) to be due to droplets containing 

both HCN and O2.  Ionization of droplets containing O2−HCN complexes leads to 

nascent OOHCN+ ions having ~14 eV of internal energy, which is derived from the 

ionization energy difference between the molecular complex and liquid helium.  

Fragmentation of the nascent molecular ion apparently leads to the production of HCO+ 

(among other ions), which is desolvated/ejected into the gas phase and detected with the 

mass spectrometer.



24 

 

Figure 3.1: Overlaid mass spectra taken with experimental conditions optimized to dope 
droplets with one HCN and one O2 molecule. Peaks at 27 and 32 u are HCN+ and O2

+, 
respectively. Inset enlarges m/z = 32 u, which shows the dependence of the ion signal on 
molecular gas cracker power (Watts). 
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Upon turning the MGC to about CP = 40 W, no change is observed in the mass 

spectrum.  As the CP increases beyond 40 W, ion signal at mass 32 u decreases, and 

integrated ion signals indicate that O2 dissociation can be made to be over 60% efficient 

(CP = 100 W).  Signals in mass channels 18, 28, and 44 u increase by ~10% in going 

from 40 W to 100 W, presumably due to baking of H2O, CO, and CO2 from the iridium 

tube and gas-cracker assembly.   

We note that a significant change with increasing CP is not observed on mass 

channel 16 u.  We postulated that this could be due to the production of 16O+(He)n ions, 

the distribution of which is mass-coincident with (He)+
n+4 cluster ions.  Helium-solvated 

atomic ion distributions, Atom+(He)n, have been observed in previous electron ionization 

measurements of atom-doped helium droplets, e.g. for Al-14, Ne-40, and Ar-doped41 

droplets.  We measured similar mass spectra using 17O2 in the MGC, and again we found 

no evidence for atomic oxygen ions or a distribution of 17O+(He)n ions.  The cross-section 

for He+ + O → He + O+ charge transfer ionization in the gas phase is on the order of 10-14 

cm3 s-1 (i.e. five orders of magnitude slower than the typical Langevin rate).42  As 

discussed in detail below, we have convincing spectroscopic evidence that we are 

producing O(3P)-doped helium droplets, and therefore we are left to conclude from the 

mass spectrometry results that, for droplets containing only O(3P) atoms, He+ + O → He 

+ O+ charge transfer cannot compete with the production of neat helium cluster ions 

(He)n
+.40,41, 43 

On the basis of the observed 60% O2 dissociation at CP = 100W, we can use the 

well-known Poisson capture statistics15 to estimate the composition of the droplet beam 

with the HCN pressure set to zero.  Under these conditions, we estimate that 26% of the 
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droplet ensemble is doped with single oxygen atoms; approximately 8% of the beam is 

doped with O2, and the remaining droplets are either devoid of dopants (42%) or are 

doped with more than one species (24%), i.e. with either (O2)2, O–O2, or (O)2, where the 

latter two pick-up events likely lead to reaction and dissipation of the entire droplet.  We 

benefit from the fact that O2 dissociation produces two oxygen atoms.  Indeed, the 

estimated O(3P) doping fraction is substantially larger than what we obtain with pyrolysis 

sources designed to dope droplets with molecular radicals, for which doping fractions are 

typically less than 10%, given the available organic precursors.44 By optimizing the 

pressure of HCN,  34% of all droplets are doped with single HCN molecules; therefore, 

under optimal conditions, ~9% of droplets capture both one O(3P) atom and one HCN 

molecule. 

 
 3.4.2  Survey Infrared Spectra 

 
  Figure 3.2 contains survey spectra from 3235 to 3315 cm-1, collected under three 

different sets of experimental conditions.  The black trace is a scan using mass 28 u 

(HCNH+), which selects for features that derive from HCN dimer or larger clusters.  The 

experimental partial pressure of HCN was optimized to favor the doping of two HCN 

molecules, and the effusive O2 flow through the MGC was turned off .7  The features 

found at 3237.6 cm-1 and 3308.1 cm-1 correspond to the H-bonded and “free” CH 

stretches of the linear HCN–HCN hydrogen-bonded complex, respectively.45  The small 

feature at 3313.56 cm-1 is the HCN monomer R(0) transition, which is observable on 

most mass channels due to it being an intense depletion that indirectly causes a depletion 

of all droplets in the beam. 
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Figure 3.2: Three survey spectra in the CH stretching region of the HCN monomer and 
dimer. The black trace is a spectrum collected when experimental conditions favored 
dimer formation within the droplets, and no O2 was present in the droplet beam. This 
scan illustrates which features belong to clusters containing primarily (HCN)n or 
complexes with impurities in the droplet beam. The red trace is a spectrum collected with 
experimental conditions that optimize doping of one HCN and O2 with the molecular gas 
cracker off (cracker power = 0 Watts). The peaks near 3308 and 3310 cm-1 are signatures 
of the O2–HCN complex formed in the droplets. The blue trace was collected with the 
same experimental parameters as the red trace except the molecular gas cracker was 
turned to 100 W. The feature near 3286 cm-1 is very sensitive to cracker power, and the 
effusive pressure of O2. 
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  The red trace was recorded with O2 flowing through the room temperature MGC.  

The experimental partial pressures of O2 and HCN were optimized to maximize the 

probability associated with the sequential capture of monomers (i.e. one of each O2 and 

HCN).  The spectrum corresponds to the depletion signal recorded in mass channel 29 u, 

which is likely the HCO+ ion.  The largest feature in the spectrum is observed in the 

vicinity of the free stretch of the HCN dimer; however, upon closer inspection, this 

feature is clearly different, and it is assigned to the CH stretch of a linear O2–HCN 

complex. The band origin is centered at 3307.9 cm-1, which is 0.2 cm-1 to the red of the 

(HCN)2 band.  The feature found near 3310 cm-1 is assigned to a second isomer of the 

O2–HCN van der Waals complex.  High resolution scans of the two HCN–O2 bands are 

shown in Figure A3.2 in the appendix.   

  The blue trace was recorded with the same experimental conditions used for the 

red trace (depletion in m/z = 29 u); the only difference being that the MGC was heated to 

CP = 100 W.  The most notable change in the survey spectrum upon heating the MGC is 

the new group of features located near 3286 cm-1.  It is important to note that we have 

previously measured high resolution spectra of the helium-solvated HCN–CO, HCN–

CO2, and HCN–H2O binary complexes.46  We have confirmed that the newly observed 

features near 3286 cm-1 do not correspond to any of these molecular complexes. 

Moreover, the 3286 cm-1 feature disappears upon turning off the O2 flow through MGC. 

 
 3.4.3  High Resolution Spectra 

 
  A higher resolution scan of the features near 3286 cm-1 reveals partially-resolved 

rotational structure, as shown in Figure 3.3.  The black trace is a spectrum recorded with 
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Figure 3.3: The black trace is a high resolution scan of the feature near 3286 cm-1. The 
red trace is a simulation using PGOPHER of a linear rotor with three parameters: band 
origin, the ground, and vibrationally-excited rotational constants. A fit to the rotational 
substructure using a linear least squares method determined the parameter values listed in 
the inset. Nine rovibrational lines were used in the fit. The simulation used a rotational 
temperature of 0.4 Kelvin and convoluted each transition with a Lorentzian line shape 
with 0.08 cm-1 linewidth. Uncertainties given in the last digit of each fitted parameter are 
the standard deviations of the fit. The unresolved P-Q-R contour to the blue of the main 
band is likely due to a complex containing multiple HCN molecules, for example, 
O-HCN-HCN. 
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parameters similar to those used to obtain the blue survey scan in Figure 3.2; however, 

the signal in Figure 3.3 corresponds to depletion on mass channel 42 u (CNO+).  It was 

found through difference mass spectrometry that the 3285.89 cm-1 band also appears as a 

depletion signal on channel 42 u, which provides somewhat higher signal to noise, in 

comparison to 29 u and other channels.  The observation of large depletions on mass 

channels 29 u and 42 u is consistent with a spectral carrier having both HCN and oxygen 

atom or oxygen-containing constituents. The absence of a Q-branch implies a spectral 

carrier with a linear structure.  The rotational substructure was fit to a linear rotor 

Hamiltonian using PGOPHER,47-49 in which the band origin and the rotational constants 

in the ground and excited vibrational states were optimized via a least squares fitting 

algorithm.  In total, nine rovibrational lines were used in the fit; the line centers were 

determined from Lorentzian line shape fits.  The constants obtained from the linear rotor 

fit are given in Table 3.1 and shown as an inset to Figure 3.3.   

When compared to the rotational constant of the linear, hydrogen-bound (H-

bound) O−HCN (3Σ) complex computed at the CCSD(T)/ANO1 level of theory, the 

experimental ground state constant is smaller by a factor of 2.5.  For similarly-sized 

helium-solvated systems,6,7 indeed, the average effect of helium solvation is to reduce the 

rotational constant by a factor of approximately 2.5.  We have also computed the 

frequency shift of the CH stretch upon complexation (-28.3 cm-1) for the H-bound 

species, and this compares favorably to the 25.4 cm-1 red shift observed experimentally 

(Table 3.1).  In contrast, the shift predicted for the nitrogen-bound (N-bound) complex is 

significantly smaller (~0.5 cm-1); an additional band near the free HCN band origin is not 

observed in the survey spectrum when the MGC is turned on.  In combination with its 
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Table 3.1: Experimental and Computed Properties of the Linear, Triplet Complexes 
between O(3P) and HCN. 
 

 O⋅⋅⋅HCNa HCN⋅⋅⋅Oa Experiment 
SCF Reference ROHF UHF ROHF UHF --- 

C-H Bond Distance (Å) 1.0690 1.0690 1.0668 1.0668 --- 

C-N Bond Distance (Å) 1.1606 1.1606 1.1602 1.1602 --- 

O⋅⋅⋅H Distance (Å) 2.4004 2.4002 --- --- --- 

O⋅⋅⋅N Distance (Å) --- --- 3.0496 3.0500 --- 

Rotational Const. B′′(cm-1) 0.0965 0.0965 0.1161 0.1161 0.0381b 

Dipole Moment (Debye) 3.23 3.23 3.09 3.09 3.24 

ωCH (cm-1) 3423.4 3423.4 3451.1 3451.1 --- 

ωHCN
c
 - ωCH (cm-1) 28.3 28.3 0.6 0.6 25.6d 

a Computed parameters are from a CCSD(T)/ANO1 optimization with subsequent harmonic frequency 
computation at the same level of theory.  
b For comparison to computed values, average reduction of rotational constants is by a factor of 2.5 due to 
helium solvation. 
c HCN CH harmonic frequency (3451.7 cm-1) computed at CCSD(T)/ANO1  
d Measured with respect to helium droplet HCN band origin reported by Nauta and Miller50 
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dependence on MGC power and HCN/O2 pick-up conditions, the comparison of 

experiment to theory motivates an assignment of the 3285.89 cm-1 feature to the CH 

stretch of a linear O–HCN (3Σ) van der Waals complex, whose ab initio optimized 

geometric parameters are given in Table 3.1.   

To further explore the new spectroscopic feature, Stark field dependence of the 

band structure was exploited.  It has been shown21 that dipole moments of helium-

solvated molecules are similar to the corresponding gas-phase values, differing by less 

than a few percent when comparisons are available.  Stark spectra recorded with four 

field strengths (including 0 kV/cm) are shown in Figure 3.4.  The evolution of the 

rotational structure with electric field strength was simulated to determine a dipole 

moment for the complex (red traces in Figure 3.4).47-49 The resulting ground state dipole 

moment (3.24(3) D) is comparable to predictions at the CCSD(T)/ANO1 level of theory 

for the H-bound O–HCN isomer in the ground 3Σ electronic state (3.23 D).  The dipole 

moment of the N-bound isomer is predicted to be 3.09 D, well outside the experimental 

error bar.  For comparison, the dipole moment of helium-solvated HCN is 2.95 D.21 

 
 3.4.4  Ab Initio Potential Energy Surface Computations 

 
To supplement the experimental data, a theoretical investigation involving high-

level single reference geometry optimization and harmonic frequency analysis was 

carried out.  Two isomers of the O + HCN system were identified as minima, both linear 

structures.  The energy difference between the linear isomers is 291 cm-1 with the 

H-bound isomer being the global minimum. CCSD(T) harmonic frequencies with both 

ROHF and UHF references are presented in Table 3.1.  The lack of reference dependence
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Figure 3.4: Stark spectra using perpendicular laser polarization (selection rule ΔM = ±1) 
with four different Stark field strengths (including 0 V/cm). Rotational parameters and 
band origin were fixed from the zero-field fit, and simulations included the same 0.4 K 
rotational temperature and 0.08 cm-1 Lorentzian linewidth for each transition as the zero-
field simulations. Dipole moments in the ground and excited vibrational states were 
empirically optimized to best reproduce experimental observations. Uncertainties are 
approximated. 
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suggests that there are no wavefunction instabilities compromising the results. 

When discussing these linear structures, there are three electronic states that are 

close in energy and depend on the orientation of the three 2p orbitals of the oxygen atom.  

One of these states in each geometry is non-degenerate (3Σ), with the doubly occupied p-

orbital oriented along the HCN internuclear axis.  The other two states are degenerate 

(3Π), with the doubly occupied p-orbital oriented perpendicular to the internuclear axis.  

To identify barriers heights, we computed the non-relativistic, adiabatic potential energy 

surfaces for interconversion between the two linear species. Between the Jacobi 

coordinate extremes of 0º and 180º (H- and N-bound, respectively) the symmetry of the 

molecule devolves from C∞v to Cs.  In this intermediate region, the potentials are no 

longer well-represented using single determinant methods, especially in the region 

around the barrier.  Therefore, the two-dimensional potential energy surfaces of the three 

lowest-lying electronic states for the complex were calculated with NEVPT2.  NEVPT2 

provides a qualitatively correct description of the low-lying electronic states in the 

regions of the PES where configuration mixing is strong.  Additionally it is size 

consistent; the quality of the energy computations does not degrade in the regions of the 

PES where O and HCN are far apart.   

The scan over the Jacobi coordinates R and θ for the 3A'' ground electronic state is 

shown in the top panel of Figure 3.5.  The R and θ coordinates are defined as shown in 

the inset.  The NEVPT2 predicted energy difference between linear isomers (323 cm-1) 

agrees qualitatively with the results from the CCSD(T)/ANO1 computations (291 cm-1).  

The barrier between linear isomers along the ground electronic surface is 42.4 cm-1 at the 

NEVPT2/aug-cc-pVTZ level of theory.  A slice of each two-dimensional surface at R=4.0 
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Figure 3.5: Top panel: NEVPT2/aug-cc-pVTZ potential energy scan of the ground 
electronic surface of triplet O–HCN. Inset shows the definition of the Jacobi coordinates 
used in the scan. Contours are spaced every 50 cm-1 from -550 cm-1 to 6000 cm-1 

measured relative to the asymptotic limit. The two minimum energy structures can be 
found at (R = 4.00 Å, θ = 0°) and (R = 3.65 Å, θ = 180°) with energies of -575 and -252 
cm-1. Bottom panel: A slice of all three electronic surfaces calculated with state-averaged 
CASSCF/NEVPT2 at R = 4.0 Å. Slices illustrate the correlation between the linear C∞v 
symmetry species and the three Cs symmetry electronic surfaces. 
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  Å is presented in the lower panel of Figure 3.5 to illustrate the correlation 

between the three electronic surfaces and the Σ/Π states of the linear species.  From this 

long-range potential surface, it is apparent that a large fraction of O + HCN approach 

geometries will favor the production of the lower energy H-bound species.  It is not 

obvious, however, that N-bound isomers would be completely absent.  We are left to 

conclude that either zero-point/non-adiabatic effects render the interconversion of N-

bound isomers barrierless or that, upon complexation in the vicinity of the N-bound 

potential well, the helium droplet is not capable of quenching the kinetic energy gain 

prior to its rearrangement over (or through) the ~40 cm-1 barrier.  This is not without 

precedent; previous work on (HF)n clusters51 and acetylene/furan clusters52 (for example) 

showed that barriers of similar magnitude could be overcome during the aggregation 

process within the helium droplet. Future computations of the O-HCN potential surfaces, 

including spin-orbit coupling and non-adiabatic effects,53-54 may be capable of providing 

further insight into this issue. 

 
3.5  Summary and Outlook 

 
  A commercial molecular gas cracker for the production of O(3P) atoms has been 

used to dope helium nanodroplets.  On the basis of mass spectrometry results, we 

estimate that with optimal conditions, 26% of the droplet ensemble is doped with single 

oxygen atoms.  Upon sequential capture of an O(3P) atom and HCN, a weakly bound 

complex is observed via measurements of beam depletion in the CH stretching region of 

the IR spectrum.  The analysis of rotational fine structure and comparisons to ab initio 

computations support an assignment of a band centered at 3285.89 cm-1 to a linear, H-
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bound, (3Σ) O−HCN van der Waals complex.  There is no experimental evidence for the 

production of an N-bound complex.  Multi-reference ab initio computations predict a 

relatively small barrier for interconversion from the higher energy N-bound complex to 

the more stable H-bound system.   

According to Smith et al.,55 for molecule + radical reactions, the energetic 

difference between the molecule’s ionization energy (IE) and the radical’s electron 

affinity (EA) can provide insight into the nature of the reaction barrier, either above or 

below the reactant asymptote.  They propose that a difference (IE − EA) greater than 8.75 

eV indicates a real barrier above the asymptotic limit, whereas a value below 8.75 eV 

indicates a submerged barrier.55 Indeed, this difference for the O(3P) + HCN system is 

12.2 eV.  Accordingly, the barrier11 to oxygen insertion into the CN π system is ~10 

kcal/mol above the reactant asymptote, and a van der Waals complex is observed when 

these species are brought together in a 0.4 K helium nanodroplet.  However, O(3P) 

reactions with alkenes are predicted to cross the postulated 8.75 eV threshold as the 

alkene substitution pattern evolves from ethene (no substitution) to propene (methyl 

group substitution) to butene (dimethyl substitution, of which there are four different 

isomers), and this trend was tested by Sabbah et al.56 Their findings corroborated the 

behavior predicted by Smith et al.55 The HCN + O(3P) results presented here demonstrate 

the feasibility for analogous alkene + O(3P) spectroscopic studies, in which O(3P) and 

alkenes of varying substitution are combined in helium droplets via the sequential capture 

scheme.  As the real reaction barrier (i.e. for the ethene and propene reactions) evolves to 

being submerged below the asymptotic limit (i.e. for the butene reactions), one might 

expect that strongly bound reaction intermediates, such as triplet biradicals,5, 57-66 will be 
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observed in helium droplets, rather than van der Waals complexes.  Given the fact that a 

10,000 atom helium droplet can dissipate 140 kcal/mol, it should be possible to quench 

the internal energy of these reaction intermediates and probe them for the first time 

spectroscopically. 

3.6  Appendix 

 3.6.1  Ancilotto Parameter 

 
  The Ancilotto parameter is a dimensionless number that provides a qualitative 

measure of the ratio between the energetic stabilization of helium solvation and the 

energetic cost of creating a cage around the dopant within the droplet.17 It has the 

following expression. 

𝜆𝜆 =  
𝜌𝜌𝜌𝜌𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 
𝜎𝜎21/6   (A3.1) 

ρ is the number density of atoms in the region of the solute, and σ is the surface tension 

of liquid helium; ε and rmin are the two parameters of a Lennard-Jones (LJ) potential, 

V(r). 

𝑉𝑉(𝑟𝑟) = 𝜖𝜖 ��
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟
�
12
− 2 �

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟
�
6
�  (A3.2) 

The Lennard-Jones potential is used to model the solute-solvent interaction, and a 

one-dimensional scan of the internuclear coordinate for a helium atom and the impurity is 

fit to the LJ potential to determine ε and rmin. ρ and σ were calculated using DFT, and 

have values177 of 0.0218 Å-3 and 0.179 cm-1Å-2. Ancilotto et al.17 further indicate that 

solvation of an impurity in a helium droplet is dependent on the value of λ with respect to 

the critical value: 1.9. Above the threshold, the energetic stabilization outweighs the 
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penalty of solvation and the impurity is predicted to be solvated. Below the threshold, the 

impurity remains on the surface of the droplet. 

  The pair potential of He and O(3P) was computed with CCSD(T) at the complete 

basis set (CBS) limit using a restricted open-shell reference wavefunction within the 

CFOUR computational package.22 The CBS limit was estimated using the basis set 

extrapolation methods of Feller67 and Helgaker et al.,68 which have been programmed 

into CFOUR. Extrapolation of the SCF energy was computed using the aug-cc-pVXZ 

(X= Q, 5, 6) basis sets.38 The dynamic electron correlation was computed using the aug-

cc-pVXZ (X=Q,5) basis sets. CFOUR approximated the energy at the CBS limit using 

the following scheme. 

𝐸𝐸∞(SCF) = 𝐸𝐸(SCF/cc – pVXZ) − 𝑎𝑎𝑒𝑒−𝑏𝑏𝑏𝑏 (A3.3) 

Δ𝐸𝐸∞(CC) = Δ𝐸𝐸(CC/cc – pVXZ) −
𝑐𝑐
𝑋𝑋3

 (A3.4) 

Here, X is the cardinality of the Dunning basis set used, and a, b and c are constants that 

are determined by solution to Eqs. (A3.3)67 and (A3.4)68. Final energy at the CBS limit is 

found from the sum 𝐸𝐸∞(SCF) + Δ𝐸𝐸∞(CC). The two low-lying electronic states on triplet 

potential surface of He + O(3P) were computed in CFOUR. The states are of Σ and Π 

symmetry. To scan the internuclear degree of freedom in these states, the irreducible 

representations of the occupied molecular orbitals were fixed at every scan point in the 

C2v point group (largest abelian subgroup of C∞v). The Σ electronic state occupation was 

α-spin(4 A1/0 A2/1 B1/1 B2) and β-spin(4 A1/0 A2/0 B1/0 B2), and α-spin(4 A1/0 A2/1 B1/1 

B2) and β-spin(3 A1/0 A2/1 B1/0 B2) was arbitrarily chosen as one of the Π electronic 

states. 

 Computed pair potentials were fit to a LJ potential using Wolfram Mathematica
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Figure A3.1: Potential energy surface scans of the internuclear degree of freedom in the 
He + O(3P) system. The alignment of the doubly occupied p-orbital determines the 
symmetry. Perpendicular to the scan coordinate, the system is a doubly degenerate Π 
state, and oriented along, the system is a Σ state. These two states were fit to a Lennard-
Jones (LJ) potential to determine the LJ parameters ε and rmin, which was computed in 
Mathematica 10.469 
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10.4’s FindFit algorithm.69 The fit provided the optimized (ε, rmin) from the theoretical 

data: (19.9 cm-1, 3.02 Å) for the Π electronic states and (8.8 cm-1, 3.57 Å) for the Σ 

electronic state. The scan data and fits are shown in Figure A3.1. From these parameters, 

we calculate Ancilotto parameters of 6.5 and 3.4 for the Π and Σ, respectively. Since the 

Ancilotto parameters of both states are above the critical value, these computational 

results predict the solvation of 3P atomic oxygen within a helium droplet. 

 
 3.6.2  Assignment of the Spectral Features of HCN-O2: 

 
  Figure A3.2 shows high-resolution scans of the two features centered at 3307.9 

and  3310.1 cm-1.  The absence of a Q-branch in the lower frequency band is indicative of 

a linear complex. The higher frequency band must then have a non-linear structure. Both 

features optimize under the same conditions, indicating they arise from a spectral carrier 

having the same composition. Moreover, both features optimize at the same experimental 

conditions that optimize the doping of the HCN monomer, indicating these features 

derive from complexes with one HCN. The O2 partial pressure is consistent with our 

previous experiments, wherein nascent radicals are reacted with O2 to form 

peroxyradicals.70-73 This motivates an assignment of the two bands to a linear and non-

linear HCN–O2. We have not attempted in this work to compute the structures of the two 

isomers.  

 3.6.3  Difference Mass Spectra 

 
  Difference mass spectra are obtained from a technique known as optically 

selective mass spectrometry (OSMS). Wherein the technique for obtaining infrared 

spectra requires the selection of a mass channel and scanning the infrared laser, OSMS
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3307.5 3308.0 3309.5 3310.0 3310.5

Wavenumber (cm-1)  
Figure A3.2: High resolution scans of the two features that arise from sequential capture 
of HCN and O2 in a helium droplet. Scans were obtained at the same experimental 
conditions, which were optimized to favor doping of one each of the monomers. 
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works in the opposite configuration. The laser frequency is fixed (usually to a resonant 

transition identified in an IR spectrum), and the mass is scanned. Masses, whose arrival at 

the detector is intensely modulated by the laser, have larger depletions as measured by a 

lock-in amplifier, and thus intensity in an OSMS is related to the amount of light 

absorbed by the droplet ensemble. A higher intensity in an OSMS indicates a favorable 

channel for spectroscopy at that frequency.  

 For this experiment, the signature of the 3Σ O–HCN complex has intense depletions 

on several channels, the largest of which is 27 u. However, this mass channel does not 

discriminate between other complexes that involve HCN, so to quasi-mass select, 

choosing 29 or 42 u requires the presence of an oxygen atom. We find that 42 u provides 

the highest signal to noise ratio on the 3286 cm-1 band. 
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CHAPTER 4 

INFRARED STARK SPECTROSCOPY OF OH–CO: THE ENTRANCE CHANNEL 

COMPLEX ALONG THE OH + CO → trans-HOCO REACTION PATHWAY

 
Sequential capture of OH and CO by superfluid helium droplets leads exclusively to the 

formation of the linear, entrance-channel complex, OH–CO. This species is characterized 

by infrared laser Stark spectroscopy via measurements of the fundamental OH stretching 

vibration. Experimental dipole moments are in disagreement with ab initio calculations at 

the equilibrium geometry, indicating large-amplitude motion on the ground state potential 

energy surface. Vibrational averaging along the hydroxyl bending coordinate recovers 

80% of the observed deviation from the equilibrium dipole moment. Inhomogeneous line 

broadening in the zero-field spectrum is modeled with an effective Hamiltonian approach 

that aims to account for the anisotropic molecule-helium interaction potential that arises 

as the OH–CO complex is displaced from the center of the droplet. 

 
4.1  Introduction 

 
The exothermic exchange reaction between OH and CO to give H and CO2 is one 

of the most important reactions in atmospheric and combustion chemistry.1 In both the 

terrestrial atmosphere2 and high temperature combustion environments,3 it is largely 

responsible for the oxidation of CO in addition to being an important sink for the OH 

radical. It is a prototypical example of a tetratomic “complex-forming” reaction,4 where 

the “complex” corresponds to the chemically bound hydroxycarbonyl intermediate 
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(HOCO).5, 6  At energies well below the exit channel barrier, HOCO dissociates to give H 

and CO2 via a deep-tunneling mechanism, which was revealed by dissociative 

photodetachment studies of the anion (HOCO−).1, 7-9 These measurements have spurred 

several recent theoretical investigations of the tunneling mechanism and its mode 

specificity,9-12 including full-dimensional quantum dynamics calculations.13-14 Here we 

investigate the outcome of the sequential capture of OH (or OD) and CO by superfluid 

helium droplets and the ensuing solvent-mediated reaction using infrared (IR) laser 

spectroscopy. 

The trans- isomer of HOCO has been characterized at high resolution by 

microwave,15-16 far-IR,17-18 and mid-IR spectroscopies.19-22 While the trans-HOCO 

isomer represents the global minimum on the reactive potential energy surface,8, 10, 23-24 

other minima include the cis-HOCO isomer and two weakly bound linear complexes 

(OH–CO and OH–OC), both of which lie in the entrance valley to the reaction. 

Vibrational frequencies for both trans- and cis-HOCO have been obtained via anion 

photoelectron spectroscopy25 and matrix isolation spectroscopy.26-28 A rotational 

spectrum of cis-HOCO has been reported by Endo and co-workers.16 The OH–CO 

complex is bound by ∼320 cm−1 and the interconversion barrier leading to trans-HOCO 

lies ∼330 cm−1 above the asymptotic OH + CO energy.8, 10, 23 The OH stretch overtone 

spectroscopy and photodissociation dynamics of OH–CO have been extensively studied 

by Lester and co-workers in a series of seminal papers.29-35 The other predicted entrance 

channel complex, OH–OC, has never been observed experimentally. 

Helium droplets provide a cold (0.4 K)36 liquid environment that very weakly 

interacts with foreign species.37-39 The highly dissipative nature of the liquid with respect 
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to heat means that foreign species very quickly thermalize to the droplet temperature, 

such that it is possible to trap molecular systems in local minima. For example, different 

conformers of molecules are readily “frozen out” in helium droplets with a relative 

abundance that is unchanged with respect to the gas phase.40-43 Other examples of kinetic 

trapping in helium droplets include the formation of the high energy cyclic isomer of 

(H2O)6,44 non-equilibrium clusters of HF,45 and pre-reactive complexes such as Cl–

HCN46 and Ga–HCN.47 The dissipative nature of helium droplets is ideally suited for 

trapping entrance channel complexes along bimolecular reaction paths, such as for the 

OH + CO reaction. 

The HOCO complex is not expected to be produced following the association 

reaction between OH and CO in helium droplets, because the zero-point corrected barrier 

in going from OH + CO to trans-HOCO is above the asymptotic reaction energy.10 The 

internal energy of the molecular fragments is expected to be dissipated on a time scale 

that is fast in comparison to the time scale for complex formation in helium droplets; 

therefore, the in situ bimolecular reaction is expected to occur between monomers 

lacking internal energy. In the absence of tunneling, any positive barrier in the entrance 

channel will thereby serve to trap the system in one of the pre-reactive OHCO wells. 

Nevertheless, we searched for spectroscopic signals corresponding to both trans- and cis-

HOCO. The search resulted in no evidence for either of these species, indicating that 

barriers are sufficiently high such that the reaction does not proceed in helium droplets on 

the time scale of the experiment (∼2 ms). Instead, we find that the helium-mediated 

OH + CO association reaction leads exclusively to the OH–CO entrance channel 
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complex. We report a detailed spectroscopic analysis of this species by employing high-

resolution Stark measurements in the vicinity of the fundamental OH stretching vibration. 

 
4.2  Experimental Methods 

 
 The apparatus used for measuring helium droplet depletion spectra has been 

described in detail earlier,37, 48-50 and we only include some important aspects here. 

Helium nanodroplets consisting of several thousand atoms are generated by expanding 

high pressure, low temperature helium gas through a 5 μm pinhole nozzle. The expansion 

is skimmed and the droplet beam passes into a pick-up chamber, which houses a 

pyrolysis source and pick-up cell. The pyrolysis source consists of a water cooled, 

resistively heated quartz tube that is used to produce the OH and OD radicals via thermal 

decomposition of tert-butyl hydroperoxide51 or tert-butyl deuteroperoxide,52 respectively 

(Eq. 4.1).  

TBHP
Δ
→  ⋅ OH +  ⋅ CH3  +  (CH3)2CO (4.1) 

The flow rate of precursor through the tube is adjusted to maximize the number of OH(D) 

doped helium droplets. The droplet beam subsequently passes through the pick-up cell, 

which contains a CO pressure optimized for the pick-up of one CO molecule per droplet 

(except for the OD–CO survey scan, for which the pressure was higher). Further 

downstream, the doped droplets are overlapped with the idler output from a continuous 

wave optical parametric oscillator (OPO).50 Subsequently, the droplet beam is detected 

with a quadrupole mass spectrometer (QMS). For the zero-field spectra, the IR output 

from the OPO system was aligned collinearly with the droplet beam, and for the Stark 

spectra, the output crossed (nearly perpendicularly) the droplet beam ∼30 times in a 
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multipass cell.51, 53 The polarization of the laser beam can be aligned either parallel or 

perpendicular to the electric (or magnetic) static field axis. The Stark field is calibrated 

via measurements of the field induced splitting of the HCN R(0) line into its two ΔMJ 

components.54 The separation between the Stark electrodes is found to be 3.10 ± 0.03 

mm. 

When the IR radiation is absorbed by the species in the helium droplet, energy 

transfer to the solvent occurs on a time scale that is fast in comparison to the flight time 

of droplets to the detector, which results in the evaporation of several hundred helium 

atoms. Thus, when on resonance, the ionization cross section of the droplet is smaller 

than when off resonance, and this photo-induced cross section reduction for ionization is 

detected by the QMS. The output from the QMS is processed with a lock-in amplifier 

(laser is amplitude modulated at ∼80 Hz) and plotted against the output from a high-

precision wavemeter (repeatability ±20 MHz) to give the depletion spectra. For the 

species investigated here, we tuned the quadrupole to pass either ions with mass 17 

(OH+), 29 (COH+), or 44 u (CO2
+), which all result from the ionization induced 

fragmentation of OH–CO. Except for the OH–CO survey spectrum, the spectra have been 

normalized to laser power. 

 
4.3  Theoretical Methods 

 
 Electronic structure computations were all carried out using the CFOUR software 

package.55 Geometries, harmonic frequencies, potential energy surfaces, and dipole 

moment surfaces were all computed at the CCSD(T)/Def2-TZVPD level of theory. The 

convergence of dipole moments was tested by single point energy computations 
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employing Dunning’s aug-cc-pVXZ basis sets.56 Dipole moments computed using the 

Def2-TZVPD basis are essentially the same as those computed with the aug-cc-pVQZ 

basis. 

To obtain the vibrationally averaged dipole moment for OH–CO, we calculate the 

ground state vibrational wave function in a two-dimensional representation consisting of 

the center of mass separation between the OH and CO fragments (R) and the angle (θ1) 

between the OH bond and a vector along R. In this picture, the CO bending motion is 

assumed to be negligible, and the angle (θ2) between the CO bond and the vector along R 

is fixed at 0° (θ1 = 180° and θ2 = 0° corresponds to the OH–CO equilibrium geometry). 

The calculation is carried out in two steps based on the Jacobi coordinate Hamiltonian, 

expressed in terms of R and θ1, their conjugate momenta and the reduced mass associated 

with the complex μR. 

𝐻𝐻 =
𝑝𝑝𝑅𝑅2

2𝜇𝜇𝑅𝑅
+

𝑗𝑗12

2𝜇𝜇𝑅𝑅𝑅𝑅2
+ 𝑉𝑉(𝑅𝑅,𝜃𝜃1) (4.2) 

First the vibrational energies and wave functions are obtained for the one-dimensional 

cuts through the potential in R at θ1 = 160° and in θ1 with R = 3.9856 Å using a discrete 

variable representation (DVR).57-58 These values are chosen to be close to the maximum 

in the probability amplitude. A direct product basis is generated from these wave 

functions, and the two-dimensional Schrödinger equation is solved in this basis. The 

procedure closely follows the approach we used to obtain the vibrational wave functions 

for ICN−.59 In the present work, the stretch wave function is based on 500 DVR points 

ranging from 3.2 to 4.8 Å, while 500 DVR points based on Legendre polynomials are 

used to describe the bend wave function. The lowest 100 and 60 solutions to stretch and 
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bend Hamiltonians, respectively, are used to generate the basis for the two-dimensional 

calculation.  

 
4.4  Results 

 
 A survey spectrum covering the 3500–3660 cm−1 region is shown in Figure 4.1, 

which was recorded with conditions optimized for sequential capture of OH and CO. 

Positive spectroscopic signal corresponds to ion current depletion in mass channel 17 u 

(OH+). Other than the Q(3/2) and R(3/2) transitions of OH and weak features due to 

H2O2,51, 60 one strong band is observed near 3551 cm−1. The dashed lines in Figure 4.1 

labeled as “OH–CO” and “OH–OC” represent harmonic band origin shifts from the OH 

monomer, which were computed at the CCSD(T)/Def2-TZVP level of theory. For the 

OH–CO complex, the computed 19 cm−1 red shift is in rather good agreement with the 

3551 cm−1 band (17 cm−1 red shift from OH monomer), whereas a 10 cm−1 blue shift is 

predicted for the OH–OC complex. The dashed line labeled as “trans-HOCO” represents 

the experimental gas-phase band origin for the OH stretch.22 Similar survey spectra were 

recorded in mass channels 29 u (HCO+) and 44 u (OCO+), and both contained the band at 

3551 cm−1. None of the survey spectra contain evidence for either the higher energy OH–

OC linear complex or the covalently bound HOCO radical. Sequential capture of OH and 

CO by helium droplets apparently leads to the exclusive formation of the linear OH–CO 

entrance channel complex. The analysis of high-resolution spectra in the vicinity of the 

3551 cm−1 band confirms this assignment. 

 Figure 4.2 contains several high-resolution scans (black traces) in the vicinity of 

the 3551 cm−1 band with different electric fields applied to the Stark electrodes. The 
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Figure 4.1:  Infrared survey spectrum measured as depletion in mass channel 17 u.  In 
addition to the rovibrational transitions associated with OH monomer and H2O2, a strong 
band centered near 3551 cm-1 is observed. Dashed lines labeled as OH−CO and OH−OC 
represent harmonic band origin shifts from OH monomer computed at the 
CCSD(T)/Def2-TZVP level of theory.  The dashed line labeled as trans-HOCO 
represents the experimental gas-phase band origin for the OH stretch.61 
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bottom spectrum corresponds to the zero-field condition. Cursory examination of the 

zero-field spectrum reveals P, Q, and R branches. The separation between the Q branch 

and the first P and R branch transitions is approximately equal to 5B (∼0.24 cm−1), which 

is consistent with the half-integer J quantum numbers and the 2Π3/2 electronic ground 

state expected for a linear complex containing the hydroxyl radical and a closed shell 

partner. Individual transitions are labeled in the figure with the standard convention 

ΔJ(J″). 

The effective Hamiltonian used to model the zero-field spectrum is given in Eq. 

4.3, which contains terms for rigid rotation and spin-orbit coupling.62 The tensor 

operators T𝟏𝟏(𝑱𝑱), T𝟏𝟏(𝑳𝑳), and T𝟏𝟏(𝑺𝑺) correspond to the total (less nuclear spin), orbital, and 

spin angular momenta, respectively. The parameters 𝐴𝐴SO and 𝐵𝐵 are the spin-orbit 

coupling constant and the rotational constant for the OH–CO complex, respectively. 

𝐻𝐻0 = 𝐻𝐻SO + 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐴𝐴SOT1(𝑳𝑳) ⋅ T1(𝑺𝑺) + 𝐵𝐵 T1(𝑱𝑱 − 𝑳𝑳 − 𝑺𝑺) ⋅ T1(𝑱𝑱 − 𝑳𝑳 − 𝑺𝑺) (4.3) 

  
Equation 4.4 is obtained upon expanding the dot products. The p and q indices span {− 1, 

0,+ 1} and are associated with laboratory-fixed and molecule-fixed components of the 

angular momenta, respectively. 

𝐻𝐻0 = (𝐴𝐴SO + 2𝐵𝐵)𝑇𝑇01(𝑳𝑳)𝑇𝑇01(𝑺𝑺)

+ 𝐵𝐵 �� (−1)𝑝𝑝𝑇𝑇𝑝𝑝1(𝑱𝑱)𝑇𝑇−𝑝𝑝1 (𝑱𝑱)
𝑝𝑝

+ � (−1)𝑞𝑞𝑇𝑇𝑞𝑞1(𝑺𝑺)𝑇𝑇−𝑞𝑞1 (𝑺𝑺)
𝑞𝑞

+ 𝑇𝑇01(𝑳𝑳)𝑇𝑇01(𝑳𝑳) − 2𝑇𝑇01(𝑱𝑱)𝔇𝔇00
(1)∗𝑇𝑇01(𝑳𝑳)

− 2� (−1)𝑝𝑝𝑇𝑇𝑝𝑝1(𝑱𝑱)𝔇𝔇−𝑝𝑝𝑝𝑝
(1)∗𝑇𝑇𝑞𝑞1(𝑺𝑺)

𝑝𝑝,𝑞𝑞
�

+ � �(−1)𝑞𝑞(𝐴𝐴SO + 2𝐵𝐵)𝑇𝑇𝑞𝑞1(𝑳𝑳)𝑇𝑇−𝑞𝑞1 (𝑺𝑺)
𝑞𝑞=±1

+ (−1)𝑞𝑞𝐵𝐵𝑇𝑇𝑞𝑞1(𝑳𝑳)𝑇𝑇−𝑞𝑞1 (𝑳𝑳) − 2𝐵𝐵� (−1)𝑝𝑝𝑇𝑇𝑝𝑝1(𝑱𝑱)𝔇𝔇−𝑝𝑝𝑝𝑝
(1)∗𝑇𝑇𝑞𝑞1(𝑳𝑳)

𝑝𝑝
� 

(4.4) 
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Figure 4.2:  Rovibrational spectra of the OH stretch band of the linear OH−CO hydrogen 
bonded complex.  Individual transitions are labeled above the zero-field spectrum 
(bottom).  Infrared Stark spectra were obtained with a perpendicular laser polarization 
configuration and three separate static field strengths, revealing the magnitude of the 
permanent dipole moments in both the ground and excited vibrational states.  The red 
traces are simulations using the effective Hamiltonian model described in the text
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We chose to omit the last group of terms falling under the q = ±1 summation, because 

they contribute to, respectively, off-diagonal spin-orbit coupling that shifts the electronic 

energy independent of J, a constant contribution to the electronic energy that can be 

absorbed into the vibronic band origin, and an L-uncoupling interaction that mixes Π and 

Σ states leading to Λ-doubling. The estimated Λ-doubling is several orders smaller than 

the experimental line widths (∼250 MHz). 

The Hamiltonian matrix is represented in a Hund’s case (a) primitive basis 

(Eq. 4.5). 

|𝜂𝜂,Λ; 𝑆𝑆, Σ; 𝐽𝐽,𝑀𝑀𝐽𝐽,Ω� (4.5) 

The quantum numbers Λ, Σ, and Ω correspond to projections of the orbital (η=1), spin 

(S=1/2), and total angular momenta of OH–CO onto the molecular frame z-axis (q=0), 

respectively. MJ is the projection of the total angular momentum onto the laboratory 

frame Z-axis (p = 0), which is defined as the axis of the static electric or magnetic field 

applied to the laser interaction region. Matrix elements in the primitive case (a) 

representation are derived by applying the Wigner-Eckart theorem and standard angular 

momentum algebraic manipulations (Eq. 4.6).62  

⟨−|𝐻𝐻0|−′⟩ = �{(𝐴𝐴SO + 2𝐵𝐵)ΛΣ + 𝐵𝐵[𝐽𝐽(𝐽𝐽 + 1) + 𝑆𝑆(𝑆𝑆 + 1) + Λ2 − 2Ω2]}𝛿𝛿Ω′Ω𝛿𝛿Σ′Σ

− 2𝐵𝐵� (−1)𝐽𝐽−Ω+𝑆𝑆−Σ[𝑆𝑆(𝑆𝑆 + 1)(2𝑆𝑆 + 1)]
1
2

𝑞𝑞=±1
[𝐽𝐽(𝐽𝐽 + 1)(2𝐽𝐽

+ 1)]
1
2 �

𝐽𝐽 1 𝐽𝐽
−Ω 𝑞𝑞 Ω′� �

𝑆𝑆 1 𝑆𝑆
−Σ 𝑞𝑞 Σ′�� 𝛿𝛿η′η𝛿𝛿Λ′Λ𝛿𝛿S′S𝛿𝛿𝐽𝐽′𝐽𝐽𝛿𝛿𝑀𝑀′M 

(4.6) 

  
The matrix elements given in Eq. 4.6 are almost completely diagonal, except for the term 

that falls under the q=±1 summation. This term corresponds to an off-diagonal spin-

rotation contribution to the energy that is expected to be small for J levels populated at 
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0.35 K; for example, it has a selection rule equal to ΔΩ = ΔΣ = ±1, and therefore couples 

different spin-orbit manifolds that are separated by ∼140 cm−1. 

 In an ad hoc manner, we include in the Hamiltonian matrix a single quadratic 

centrifugal distortion term that is diagonal in all quantum numbers, i.e., −DJ J2(J+1)2. We 

find this to be the simplest way to model the J-dependence of the molecule-helium 

interaction potential, which is expected to become more anisotropic with increasing J.63 

Unlike the typical definition that applies to gas-phase molecules, the centrifugal 

distortion term used here models the increase in the solvent-solute effective moment of 

inertia as J increases. The Hamiltonian matrices are diagonalized for both the ground and 

excited vibrational states. The spin-orbit coupling constant, 𝐴𝐴SO, is set equal to the OH 

monomer value (−139.05 cm−1), and the B and DJ constants are allowed to differ in the 

ground and excited vibrational manifolds. 

 The transition dipole moment operator projected onto the laser polarization axis 

and its matrix elements in the primitive case (a) basis are given in Eqs. 4.7 and 4.8, 

respectively. 

𝑀𝑀 = −𝐓𝐓𝟏𝟏(𝝁𝝁𝑡𝑡) ∙ 𝐓𝐓𝟏𝟏(𝑬𝑬𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) = −� (−1)𝑝𝑝𝔇𝔇𝑝𝑝𝑝𝑝
(1)∗𝑇𝑇𝑞𝑞1(𝝁𝝁𝑡𝑡)𝑇𝑇−𝑝𝑝1 (𝑬𝑬𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

1

𝑝𝑝,𝑞𝑞=−1
(4.7) 

⟨−|𝑀𝑀|−′⟩ = −𝛿𝛿Λ′Λ𝛿𝛿Σ′Σ𝛿𝛿η′η𝛿𝛿S′S𝑇𝑇01(𝝁𝝁𝑡𝑡)(−1)𝑀𝑀−Ω[(2𝐽𝐽′ + 1)(2𝐽𝐽

+ 1)]
1
2 � 𝐽𝐽 1 𝐽𝐽′
−Ω 0 Ω

�� (−1)𝑝𝑝𝑇𝑇−𝑝𝑝1 (𝑬𝑬𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) � 𝐽𝐽 1 𝐽𝐽′
−𝑀𝑀 𝑝𝑝 𝑀𝑀′�

1

𝑝𝑝=−1
 (4.8) 

  
The summation over the p index in Eq. 4.8 allows for the prediction of spectra obtained 

with either parallel, perpendicular, or random laser electric field polarizations relative to 

the lab-frame Z-axis. The M matrix is transformed via the matrix operation, Ue
†MUg = I, 

where Ug and Ue are the eigenvector matrices for the ground and excited vibrational 
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levels, respectively. The elements of the intensity matrix, I, correspond to �𝑰𝑰𝒊𝒊𝒊𝒊 𝑤𝑤⁄ , where 

𝑰𝑰𝒊𝒊𝒊𝒊 is the intensity of the transition from the j th ground-state level to the i th excited-state 

level, and w is a Boltzmann weight with Trot = 0.35 K. The simulation of the zero-field 

spectrum is shown as the red trace along the bottom of Figure 4.2, and the best fit band 

origin along with the rotational and centrifugal distortion constants are given in Table 

4.1. 

 We note that the simulations assume a 2Π3/2 electronic ground state for the 

spectral carrier, which is consistent with computations and previous OH stretch overtone 

spectroscopy of the OH–CO complex.29-30 We measured similar spectra for OD + CO. 

The survey scan (with higher CO pressure than for OH + CO) reveals bands that 

correspond to OD–CO and most likely OD–(CO)2 (see Figure A4.1 of the appendix), 

while there is no evidence for OD–OC. The high-resolution scan of the OD–CO band 

reveals a similar structure to that of OH–CO (see Figure A4.2 of the appendix). 

 The ground state rotational constants for OX–CO complexes are reduced to 

∼50% of their gas phase values, which is relatively similar to other helium-solvated 

rotors with rotational constants of similar magnitude.37 The solvent contribution to the 

effective moment of inertia arises from the anisotropy in the He–(OX–CO) interaction 

potential, resulting in a renormalization of the rotational constant in going from the gas 

phase to liquid helium.64 The vibrational red shift from OX monomer is 17.27 cm−1 for 

OH–CO, 14.82 cm−1 for OD–CO, and 19.4 cm−1 for OD–(CO)2. For comparison, the gas 

phase overtone (ν = 2-0) red shifts divided by two are 14.8 cm−1 for OH–CO and 13.0 

cm−1 for OD–CO, which are less than those observed here for the fundamental bands due 

to vibrational anharmonicity. Although the gas-phase fundamental OX stretching bands 
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TABLE 4.1.  Spectroscopic constants for OH−CO and OD−CO (in cm−1). 

 ν0 B′′ (Helium) B′′ (Gas)a B′ µ ′′ (D) µ ′ (D) 

OH–CO 3551.233(1) 0.0480(5) 0.0972(1) 0.0478(3) 1.852(5) 1.885(6) 

OD–CO 2616.478(2) 0.0490(7) 0.0961(5) 0.0481(7) 1.88(8) 1.94(5) 
a From IR photodissociation spectra of the 2ν1 bands; Refs. 32 and 33. 
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have not been observed, on the basis of an empirically observed dependence of the 

solvent shift on the complexation induced red shift of OX stretches,37 we estimate the 

solvent shifts for OX–CO complexes to be ∼2 cm−1 to the red. 

 The Stark effect is accounted for by appending the Stark operator62 (Eq. 4.9) to 

the zero-field effective Hamiltonian. Here, the tensor operators, 𝐓𝐓𝟏𝟏(𝝁𝝁) and 𝐓𝐓𝟏𝟏(𝑬𝑬) 

correspond to the molecular dipole moment and the external static Stark field, 

respectively. 

𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −𝑻𝑻𝟏𝟏(𝝁𝝁) ∙ 𝑻𝑻𝟏𝟏(𝑬𝑬) = −� (−1)𝑝𝑝𝔇𝔇𝑝𝑝𝑝𝑝
(1)∗𝑇𝑇𝑞𝑞1(𝝁𝝁)𝑇𝑇−𝑝𝑝1 (𝑬𝑬)

1

𝑝𝑝,𝑞𝑞=−1
 

(4.9) 
= −𝑇𝑇01(𝝁𝝁)𝑇𝑇01(𝑬𝑬)𝔇𝔇00

(1)∗ 
  

Matrix elements of the Stark operator in the primitive case (a) basis are given in the 

following equation, where the magnitude of the vibrationally averaged dipole moment 

and the applied electric field are |𝜇𝜇| and |𝐸𝐸|, respectively. 

⟨−|𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆|−′⟩ = −|𝜇𝜇||𝐸𝐸|(−1)𝑀𝑀−Ω[(2𝐽𝐽′ + 1)(2𝐽𝐽

+ 1)]
1
2 � 𝐽𝐽 1 𝐽𝐽′
−Ω 0 Ω′

� � 𝐽𝐽 1 𝐽𝐽′
−𝑀𝑀 0 𝑀𝑀′� 𝛿𝛿Λ′Λ𝛿𝛿Σ′Σ𝛿𝛿η′η𝛿𝛿S′S (4.10) 

  
Stark spectra acquired at three separate field strengths are shown in Figure 4.2 along with 

simulations, from which the magnitude of the permanent electric dipole moments in the 

ground and excited vibrational states are extracted. The Stark spectra were recorded with 

a perpendicular laser polarization configuration relative to the applied electric field. The 

agreement between experiment and simulation is generally excellent when the zero-field 

rotational constants are retained and the dipole moments are set equal to μ″ = 1.852(5) 

and μ′ = 1.885(6) D. The error bars are largely due to the uncertainty in the applied field 

strength. The vibrationally averaged induced dipole moment upon OH + CO 

complexation is ∼0.1 D. 
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4.5  Discussion 

 
 Sequential capture and solvation of OH and CO by helium droplets leads to the 

exclusive formation of the OH–CO linear complex, as confirmed by IR spectroscopy in 

the fundamental OH stretching region. We find no evidence for the formation of either 

cis- or trans-HOCO. This observation is consistent with estimates of the OH–CO → 

trans-HOCO entrance channel barrier from kinetics studies, namely, 140–315 cm−1.65-66 

In agreement with these experimental estimates, zero-point energy corrected ab initio 

calculations predict the barrier to be 330 cm−1 above the asymptotic OH + CO energy.8, 10, 

23-24 Furthermore, and perhaps surprisingly, we find no evidence for the OH–OC 

complex, which is predicted by ab initio theory to be bound by ∼160 cm−1 and separated 

from the OH–CO complex by a barrier of similar size.24, 29 It seems possible that as OH 

and CO approach within a helium droplet, long-range forces along the potential valley 

pre-orient the complex into the more electrostatically favorable OH–CO configuration 

and funnel the system into the OH–CO minimum, precluding the formation of OH–OC. 

An electrostatic pre-orientation mechanism was similarly invoked to rationalize the 

helium-assisted trapping of linear (HCN)n clusters upon sequential addition of HCN to 

droplets containing the (HCN)n−1 species.67 To test the feasibility of this mechanism, we 

have computed barrier heights along the OH–OC↔OH–CO interconversion pathway as a 

function of the intermolecular separation, R (Figure A4.3 of the appendix). As is evident 

from the potential slice shown in Figure 4.3 (R = 4 Å), interconversion between linear 

complexes largely involves motion along the θ2 coordinate, i.e., the internal rotation of 

the CO moiety. Computations find the OH–CO → OH–OC interconversion barrier to be 

∼3 kT at R = 20 Å, whereas the barrier in the reverse direction is ∼0.7 kT. This 
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theoretical result implies that the long-range reorientation of the complex into the more 

electrostatically favorable OH–CO configuration will have the effect of biasing the 

outcome of cluster formation events, which is consistent with the experimental 

observation. 

 The OH–CO experimental dipole moment for the ground vibrational state is 

1.852(5) D. Computations at the CCSD(T)/aug-cc-pVQZ level of theory predict an 

equilibrium dipole moment equal to 2.185 D, which differs from the experimental value 

by 0.333 D. An error of this magnitude is not expected at this level of electronic structure 

theory, as the dipole moment operator is a sum of one-electron operators and is easily 

converged with increasing level of theory and basis set size. We have confirmed the 

convergence of the computed dipole moment at the equilibrium geometry (e.g., at the 

CCSD(T)/aug-cc-pVTZ level, μ = 2.186 D), and we therefore take the observed 

difference as a relatively good measure of the deviation between the experimental dipole 

moment and the gas-phase equilibrium value. The experimental measurement necessarily 

probes the expectation value of the permanent dipole moment, and vibrational averaging 

must be taken into account. Moreover, it is necessary to assess the extent by which the 

helium solvent contributes to the measured dipole. 

 Miller and co-workers reported an electrostatic elliptical cavity model to estimate 

the dipole induced polarization of the helium solvent, which leads to a modification of 

the measured dipole moment: μHe = μgas + μind.54 The model was found to quantitatively 

reproduce the observed dipole change for both HCN and HCCCN in going from the gas 

phase to helium droplets. Using the elliptical cavity model, we estimate the magnitude of 

the induced moment to be |μind| ≲ 0.01 D (the sign of the induced moment is negative). 
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Figure 4.3:  Two-dimensional slice of the OH−CO intermolecular potential energy 
surface (black) and dipole moment surface (red).  The intermolecular separation, R, is 
fixed at 4.0 Å, which is approximately the optimal value for both the OH−CO (θ1=180º, 
θ2=0º) and OH−OC (θ1=180º, θ2=180º) linear configurations. The energy contours range 
from 0 to 800 cm-1 (50 cm-1 increments) where the zero is relative to the contour centered 
around the OH−CO complex.  The dipole contours range from 1.5 to 2.1 D (0.1 D 
increments). The dipole contour centered around the minimum energy configuration is 
2.1 D. 
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Therefore, on its own, the solvent polarization effect cannot account for the 0.333 D 

discrepancy between the experimentally measured and computed (equilibrium) dipoles. 

The most likely source of vibrational averaging is large-amplitude intermolecular 

motion about the two in-plane angles (θ1 and θ2), as shown in Figure 4.3. The black 

contours (50 cm−1) represent a slice of the CCSD(T)/Def2-TZVPD potential energy 

surface for �𝑅𝑅�⃗ �=4.0 Å. This combination of basis set and level of theory similarly gave a 

2.185 D dipole moment at the equilibrium OH–CO geometry (θ1, θ2) = (180°, 0°). The 

projection of the dipole vector onto 𝑅𝑅�⃗  is shown as the red contours (0.1 D). The largest 

variation in the dipole occurs for motion along θ1, which is expected because this internal 

coordinate corresponds to the large-amplitude bending motion of the lighter and more 

polar hydroxyl moiety (1.62 D dipole moment; B0 = 18.55 cm−1). 

 We chose both one-dimensional (Figure 4.4; θ1 scanned, R = Rmp = 3.9856 Å) and 

two-dimensional (scanning both θ1 and R) vibrational averaging schemes, which are 

carried out according to the procedures described in the theoretical methods section 

(more information can be found in the appendix; Figures A4.4–A4.8). Upon vibrational 

averaging about the θ1 in-plane angle (R is fixed at its most probable value, Rmp), we 

obtain a 0.2638 D reduction for the dipole projected onto 𝑅𝑅�⃗ . A relatively small additional 

reduction (0.007 D) is obtained via the 2D averaging scheme. About 80% of the 

difference between the experimental 〈𝜇𝜇𝑅𝑅�⃗ 〉 and ab initio 𝜇𝜇𝑒𝑒can already be accounted for 

by simply averaging over the large-amplitude bending motion of the hydroxyl moiety, 

which is clearly the leading effect. We estimate that the majority of the remaining 

difference is likely due to a combination of vibrational averaging due to OH stretching 

and bending motion of the heavier and less polar CO moiety.
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Figure 4.4: (Top frame) Probability amplitude for rotation about the θ1 coordinate, 
showing the most probable value at ~160º.  (Bottom frame) Projection of the dipole 
moment onto 𝑅𝑅�⃗  as a function of θ1.  The intermolecular separation is set to the most 
probable value of R (3.9856 Å). 
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 The zero-field spectrum is shown in greater detail in Figure 4.5 (black trace), 

which reveals substantial broadening of the P(5/2) and R(3/2) transitions (∼1.2 GHz). 

The other P- and R-branch transitions exhibit slightly asymmetric line shapes shaded 

towards the vibrational band origin. Moreover, the base around the Q-branch is 

broadened. These broadening effects are not reproduced in simulations of the zero-field 

spectrum (red trace), which assume a transition-independent Lorentzian line shape of 250 

MHz. We analyze this broadening in terms of the anisotropic solvent-solute interaction 

potential, which leads to J-dependent inhomogeneous broadening. Several authors have 

discussed potential sources of inhomogeneous broadening due to finite droplet size 

effects and the distribution of droplet sizes in the beam.68-75 Experimental evidence for 

some of the proposed inhomogeneous broadening mechanisms has been reported,69, 71, 73-

74, 76 such as the observation of the simultaneous excitation of translational motion (3D 

harmonic oscillator type states) and tunneling inversion in helium-solvated ammonia.76 

An early and relevant example of finite size effects in rovibrational spectra was reported 

by Nauta and Miller, who observed a zero-field splitting of the HCN R(0) transition into 

(at least what appeared to be) its ΔMJ components.69 They discussed the mechanism of 

this solvent-induced splitting in analogy to the Stark effect, for which a field strength of 

4.5 kV/cm (μ ⋅ E = 0.23 cm−1) leads to a similar splitting (~200 MHz) for the isolated 

species. The origin of this effect was posited as being due to the anisotropic nature of the 

molecule-helium interaction potential when the molecule is displaced from the center of 

the droplet. 

 In a seminal paper by Lehmann,68 a comprehensive overview of various 

inhomogeneous broadening mechanisms was reported along with rigorous calculations of
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Figure 4.5: Zero-field OH stretch rovibrational spectrum of the linear OH−CO complex 
(black). Simulations are shown that employ the zero-field Hamiltonian (red) and 
orientational anisotropy models (blue).  In both simulations, transitions are convoluted 
with Lorentzian functions having 250 MHz full-width at half maximum line widths. 
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the magnitude and expected importance of each. In this work, Lehmann computed the 

molecule-helium interaction potential, translational states, and radial distribution function 

for an HCN solute in a 3 nm diameter helium droplet. The long-range dispersion and 

induction interactions between the solute and the helium were found to lead to an 

anisotropic interaction potential. For example, as the HCN impurity approaches the 

surface of the droplet, the alignment of the molecular dipole parallel to the surface results 

in a larger dipole-induced polarization of the solvent, in comparison to a perpendicular 

alignment. The interaction potential can be expanded in Legendre polynomials (Eq. 

4.11), where θ is defined as the angle between the symmetry axis of the solute and the 

displacement vector connecting the solute’s center of mass to the center of the droplet, 

which has a normalized magnitude equal to r. 

Δ𝐸𝐸(𝑟𝑟,𝜃𝜃) = � 𝑐𝑐𝑛𝑛(𝑟𝑟)𝑃𝑃𝑛𝑛(cos𝜃𝜃)
𝑛𝑛

(4.11) 

For HCN at its most probable normalized displacement (0.4), the first four coefficients in 

the expansion are 0.43, 0.0036, 0.0098, and 0.000 17 cm−1 for n = 0–3, respectively.68 

The P0 (cos θ) term acts as a confining potential that keeps the HCN solute near the 

center of the droplet, whereas the anisotropic P1,2,3 ( cos θ ) terms couple the rotational and 

translational motions of the solute and therefore provide a mechanism for J-dependent 

inhomogeneous line broadening.68 

We have attempted to model the effect of the aforementioned broadening source 

by appending a single additional term to our effective zero-field Hamiltonian. However, 

for simplicity, we have neglected the coupling of OH–CO rotational angular momentum 

to its (translational) orbital angular momentum within the droplet, although the 

machinery necessary to do so for closed-shell linear molecules has been reported by 
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Lehmann.68 We instead model the problem approximately by treating the coupling of 

radial motion within the droplet to molecular rotational motion. The anisotropic part of 

the interaction potential is written simply as 𝑉𝑉′ = 𝑐𝑐1(𝑟𝑟)𝔇𝔇00
(1)∗ + 𝑐𝑐2(𝑟𝑟)𝔇𝔇00

(2)∗, where the 

higher-order terms in the potential expansion are assumed to be negligible. Matrix 

elements of the anisotropic potential are derived for the primitive case (a) representation 

(Eq. 4.12). 

⟨−|𝑉𝑉′|−′⟩ =  (−1)𝑀𝑀−Ω[(2𝐽𝐽′ + 1)(2𝐽𝐽

+ 1)]
1
2  �〈𝑐𝑐1(𝑟𝑟)〉 � 𝐽𝐽 1 𝐽𝐽′

−Ω 0 Ω′
� � 𝐽𝐽 1 𝐽𝐽′
−𝑀𝑀 0 𝑀𝑀′�

+ 〈𝑐𝑐2(𝑟𝑟)〉 � 𝐽𝐽 2 𝐽𝐽′
−Ω 0 Ω′

� � 𝐽𝐽 2 𝐽𝐽′
−𝑀𝑀 0 𝑀𝑀′�� 𝛿𝛿Λ′Λ𝛿𝛿Σ′Σ𝛿𝛿η′η𝛿𝛿S′S 

(4.12) 

  
The M quantum number is now defined as the projection of the total angular momentum 

(less nuclear spin and translational orbital angular momenta) onto the displacement 

vector connecting the center of the droplet and the OH–CO center of mass. 

In order to qualitatively reproduce the line broadening in the P(5/2), R(3/2), and 

Q-branch regions of the spectrum, the 〈𝑐𝑐2(𝑟𝑟)〉 term must be approximately equal to the 

rotational constant (0.048 cm−1). The blue spectrum in Figure 4.4 is a simulation using 

〈𝑐𝑐2(𝑟𝑟)〉 = 𝐵𝐵 and 〈𝑐𝑐1(𝑟𝑟)〉 = 〈𝑐𝑐2(𝑟𝑟)〉/3. The simulation is carried out with a random laser 

polarization configuration relative to the quantization axis, which is randomly oriented in 

the laboratory frame of reference. The splitting observed in the P(5/2), R(3/2), and 

Q-branch transitions is strongly affected by the 〈𝑐𝑐2(𝑟𝑟)〉𝔇𝔇00
(2)∗ anisotropy term, and with 

the aforementioned parameters, the model reproduces quite well the qualitative widths of 

these features. We find that upon reducing the value of 〈𝑐𝑐2(𝑟𝑟)〉 to that computed for HCN 

(∼0.014 cm−1),68 the splitting due to orientational anisotropy cannot account for the 

experimentally observed line widths and substructure (e.g., the simulated R(5/2) width is 
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now only ∼500 MHz), suggesting a more anisotropic interaction between OH–CO and 

(He)N, in comparison to HCN–(He)N. 

In the absence of an (OH–CO)–(He)N interaction potential, we are only able to 

say that the simulation can be made to qualitatively reproduce the experimental zero-field 

broadening. We emphasize however, to assess whether or not the values of 〈𝑐𝑐1(𝑟𝑟)〉 and 

〈𝑐𝑐2(𝑟𝑟)〉 used in the model are realistic, future calculations of the molecule-helium 

potential will be required, along with a complete treatment of angular momentum 

coupling that includes the orbital motion of the impurity about the center of the droplet. 

Other broadening sources, such as translational-rotational coupling due to hydrodynamic 

effects are also predicted to be J-dependent.68 These effects along with a realistic 

averaging over the spread of droplet sizes must also be accounted for to quantitatively 

model the broadening observed here for OH–CO. A future paper on this subject will 

address these issues along with a quantitative analysis of similar inhomogeneous 

broadening observed in the zero-field spectrum of HCCCN. We note in closing that like 

other systems studied in helium droplets,77-79 inhomogeneous line broadening of low-J 

transitions appears to be largely quenched upon application of a Stark field that produces 

a μ ⋅ E interaction on the order of ∼B. These phenomena have yet to be explained. 

 
4.6  Summary 

 
Sequential capture and solvation of OH and CO by helium droplets lead to the 

exclusive formation of the OH–CO linear complex, as confirmed by IR spectroscopy in 

the fundamental OH stretching region. A systematic spectroscopic study is reported for 

the OH–CO hydroxyl stretching band near 3551 cm−1. The ground state rotational 
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constant is observed to be reduced by about a factor of two in comparison to the gas-

phase value. Stark spectra reveal the vibrationally averaged dipole moments in the 

ground and excited vibrational states to be 1.852(5) and 1.885(6) D, respectively. The 

computed equilibrium dipole moment at the CCSD(T)/aug-cc-pVQZ level of theory is 

0.333 D larger than the experimental ground state value. Nearly 80% of this difference 

can be accounted for by averaging the dipole moment over the OH intermolecular 

bending coordinate on the A′ potential surface. Zeeman spectra reveal the magnitude of g-

factors to be the same as those expected for the isolated OH system, thereby indicating 

that, within the experimental error, neither complexation with CO nor solvation in 

superfluid helium results in any quenching of the orbital angular momentum. 

Strongly J-dependent inhomogeneous line broadening effects are observed in the 

zero-field rovibrational spectrum. We have attempted to simulate this broadening via the 

application of a model that partially accounts for the coupling of translational and 

rotational motions that arise from the anisotropic nature of the molecule-helium 

interaction potential as the impurity is displaced from the droplet’s center of mass. 

Qualitative broadening features are reproduced, although it is not yet clear if the 

parameters in the model are physically reasonable, the confirmation of which will require 

a calculation of the (OH–CO)–(He)N interaction potential averaged over both low-lying 

electronic states (A′ and A″). 
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4.7  Appendix
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Figure A4.1: Survey spectrum of OD + CO. The pick-up cell pressure of CO was 
somewhat higher than for the analogous scan as shown in Figure 4.1 (main text). The 
peak at 2611.93 cm-1 optimizes at twice the pressure needed to optimize the OD-CO band 
at 2616.48 cm-1. This pressure dependence indicates that the 2611.93 cm-1 band is due to 
the OD-(CO)2 complex (see inset for pressure dependence curves).
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Figure A4.2: High resolution experimental and simulated spectra of OD-CO at full 
power (collinear). The spectrum is saturated with a Q branch peak that is about factor of 
2 broader than that observed under non-saturating conditions.
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Figure A4.3:  Interconversion barrier between OH−CO and OH−OC linear isomers as a 
function of the separation between OH and CO centers of mass. The red and black curves 
are associated with barrier heights for interconversion starting from OH−CO and OH−OC 
complexes, respectively.
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Figure A4.4:  Two-dimensional intermolecular potential energy surface (black) (R, θ1) 
used for the two dimensional vibrational averaging of the dipole moment projection (red) 
(see text). Energy contours relative to the OH−CO complex (θ1=180º) are from 0 to 1750 
cm-1 in 50 cm-1 increments. The dipole moment surface (red) has a range of 0 to 2.7 D 
with increments of 0.1 D. The zero of the dipole surface is the seam at θ1=80º.
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Figure A4.5: Minimum energy path for hydroxyl radical rotation (black) and 
corresponding dipole moment projection onto the intermolecular axis connecting OH and 
CO centers of mass.
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Figure A4.6:  (Top frame) Probability amplitude for intermolecular stretching along the 
R coordinate, showing the most probable value at ~4.0 Å.  (Bottom frame) Projection of 
the dipole moment onto 𝑅𝑅�⃗  as a function of R.  The θ1 value is fixed at 160º, i.e. its most 
probable value.
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Figure A4.7:  Ground state probability amplitude on the potential surface shown in 
Figure A4.4.
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Figure A4.8:  Dipole moment surface (same as red contours in Figure A4.4). 
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CHAPTER 5 

INFRARED ZEEMAN SPECTROSCOPY OF COMPLEXES IN HELIUM 

DROPLETS: ANOMALOUS DROPLET EFFECTS?

 
The hydroxyl radical and its two van der Waals complexes with carbon monoxide and 

acetylene are interrogated with infrared Zeeman spectroscopy through the O–H stretch. A 

variational treatment is used to simulate and analyze spectra collected. The OH–CO 

complex is well characterized by an effective Hamiltonian based on a gas phase Zeeman 

effect, and corroborates the magnitude of the magnetic field of 0.425(2) T. In contrast, 

the hydroxyl radical exhibits about 21% larger Zeeman splitting than is expected. 

Moreover, the OH–C2H2 complex exhibits additional orbital angular momentum 

quenching when in the Zeeman field, with an increase in the magnitude of the quenching 

parameter of 30 cm-1 which indicates a separation between the low-lying electronic states 

of an additional 24 cm-1. It is unclear what is influencing the effective Zeeman interaction 

within the helium droplet environment and it will require further investigation into 

droplet-dopant interactions. 

 
5.1  Introduction 

 
 The application of the Zeeman effect to spectroscopy makes use of the interaction 

between an externally applied magnetic field and atomic or intramolecular magnetic 

moments. These interactions mix the rovibronic states within a system and as a result, the 

spectral signature of the system shifts. To a great approximation, the Zeeman effect is a 
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linear interaction, indicating that the shifting of states is directly correlated with the 

strength of the applied magnetic field.1 However, when the strength of the Zeeman effect 

reaches the energy of the spin-orbit coupling in the system, it can begin to uncouple the 

spin and orbital angular momenta. At this point, the interaction is deemed to have passed 

into the Paschen-Back regime.2 The understanding of molecular interactions within 

magnetic fields has led to the extensive use of the Zeeman and Paschen-Back effects to 

measure the magnetic field strengths in sun spots, dense interstellar clouds, and stars. 

Magnetic fields are purported to have a major impact on the formation of stars.2-4 It has 

even been postulated that the navigation of birds utilizes the Zeeman effect in radical-pair 

reactions within the retina.5-6 

 Due to its ubiquitous use in interrogating the star forming regions of the universe,4 

the majority of research on the Zeeman effect of open-shell radicals is for diatomics, and 

it has found very little application to the spectroscopy of small nonlinear open-shell 

radicals and complexes with radicals. However, it can be a very useful tool in 

understanding molecular structure and intermolecular interactions within small systems. 

The Zeeman effect can be used to identify the absolute direction of a dipole moment, 

measure the magnitude of the quadrupole moment, and identify the ground electronic 

structure of a molecule.7  

 The understanding of the Zeeman effect for linear radicals is thorough and well 

cataloged, both from a perturbation theory approach as well as with the variational 

method.1 As far as we are aware, there has been one attempt to apply the Zeeman effect 

for non-linear systems through a variational method approach,8 though the system was 

derived in a Hund’s case (b) basis. Additionally, perturbation theory corrections have 
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been applied with good success.7 Admittedly, the Zeeman effect in non-linear molecules 

is usually applied in microwave spectroscopy which affords much higher resolution than 

infrared spectroscopy in helium droplets. This limited resolution makes it impossible to 

use this technique to measure hyperfine interactions, such as nuclear spin angular 

momentum, as these contributions to the Zeeman effect are weak and therefore 

impossible to observe. Nevertheless, B affects the rotational fine structure of 

vibrational transitions, which is observable at the level of resolution afforded by 4He 

droplet infrared spectroscopy. We present here, a variational approach to the study of the 

Zeeman effect in helium droplets for linear and non-linear open-shell radicals and 

complexes.  

 
5.2  Experimental Methods 

 
 The helium droplet apparatus has been well described in the literature,9-11 

however this article will detail the implementation of a modification that facilitates the 

collection of Zeeman spectroscopy in helium droplets. The three test cases used in this 

investigation have all been interrogated previously in helium droplets,12-15 and thus 

further experimental parameters relevant to the production of these species can be 

obtained from the literature directly. Helium nanodroplets are generated by expansion of 

ultrapure (99.9999%) 4He gas through a 5 µm orifice maintained between 15 and 18 K. 

The expansion is skimmed into a beam using a 400 µm skimmer cone situated 

approximately 1 cm downstream from the orifice. The droplets formed in this manner 

cool through helium atom evaporation to a final temperature of ~0.4 K. Evaporation of a 

helium atom from the surface of the droplet carries with it ~5 cm-1 of energy. The beam 
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passes into a series of differentially pumped “pick-up” cells which facilitate gas phase 

collisions with the beam that embed molecular species of interest, and these species are 

quickly thermalized with the droplet via helium atom evaporation. After the doping 

process, the beam is allowed to interact with the tunable idler of a continuous wave 

infrared optical parametric oscillator (cw-IR-OPO).10 As used previously,16 the multipass 

cell arrangement will be used to contain the laser-droplet interaction region entirely 

within the magnetic field of the Zeeman cell. When the idler is resonant with a transition 

of a species contained in the droplet, the absorption of a photon induces helium atom 

evaporation as the molecule transfers the energy to the surrounding bath. This reduces the 

electron ionization cross-section of a droplet and hence presents itself as a reduction in 

current measured on a particular mass signal in the mass spectrometer that corresponds to 

the charge transfer ionization of the species within.  

 The Zeeman cell is shown on the right in Figure 5.1. It comprises two Nd rare-

earth magnets, each 4 in. x 2 in. x 0.5 in. and with a field strength of approximately 1 T. 

The magnetic field direction is along the shortest dimension (i.e. 0.5 in.). The magnets 

are separated by 0.75 in. with opposing poles facing. The inner poles are “capped” with a 

0.125 in. steel plate intended to homogenize the field contained within. The outward 

facing poles of the magnets are attached to 0.5 in. thick steel bars, which have themselves 

been connected via a steel crossbar to form a rectangular horseshoe shape. The crossbar 

has a 10 mm diameter hole through which the droplet beam continues into the mass 

spectrometer chamber. Finally, an aluminum support has been added opposite the 

crossbar to ensure the magnets do not detach themselves from the steel bars, as they are 

only affixed magnetically. This design was chosen to provide an approximate field
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Figure 5.1: (Left) Vizimag simulations of the magnetic field lines in the Zeeman cell. 
The red rectangles represent Neodymium rare-earth permanent magnets (~1 Tesla each), 
and the green rectangles represent high-permeability iron.  The thin iron caps attached to 
the magnets improved the field homogeneity in the droplet beam (blue arrow) laser 
interaction zone. The laser light passes through the static magnetic field at nearly right 
angles by reflection between two ~15 cm long rectangular gold-coated mirrors, which are 
oriented perpendicular to the Zeeman cell. The Zeeman field was calibrated with a 
commercial, hand-held, high-precision Hall probe (0.425(2) Tesla). The error bar in the 
field measurement is derived from the standard deviation of many successive 
measurements by multiple humans. (Right) Photograph of the Zeeman cell. An aluminum 
spacer provides support so that the magnets don’t crash into each other.  A 5 mm 
diameter hole is drilled in the iron circuit to allow the droplet beam to pass towards the 
mass spectrometer detector.  
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strength of 0.5 T along the centerline of the cell. When measured experimentally with a 

commercially available high-precision Hall probe, the field strength was determined to be 

0.425(2) T. Error in field strength was calculated from averaging several measurements. 

A Vizimag simulation is provided in the left panel of Figure 5.1, which showcases the 

favorable effect the steel frame has on the design. Figure 5.2 shows the cell in relation to 

the multipass mirrors. 

 
5.3  Simulation Methodology 

 
 To appropriately simulate spectra collected, it is necessary to derive an 

appropriate Zeeman effective Hamiltonian for use in a variational treatment of the 

interacting states. The most dominant interactions within the Zeeman effect involve the 

molecular magnetic dipole (µm) interacting with the magnetic field (B): 

𝐻௓௘௘௠௔௡ = −𝜇௠ ∙ 𝐵 (5.1) 
  

The molecular magnetic dipole is a vector quantity with contributions that derive from 

interactions such as electron orbital and spin angular momenta. Indeed, these 

aforementioned contributions dominate the dipolar Zeeman effect, with other 

contributions like rotational magnetic and nuclear spin magnetic momenta having much 

smaller magnitude.1 With the appropriate model for the effective Zeeman Hamiltonian, 

we may write Eq. 5.1 as 

𝐻௓௘௘௠௔௡ = −𝜇஻(𝑔௅𝐿 + 𝑔௦𝑆) ∙ 𝐵 (5.2) 
  

where L and S are the orbital and spin angular momentum operators, µB is the Bohr 

magneton, and the g’s are the g-factors for both orbital and spin angular momenta 

respectively. These have a value of gL = 1 and gS = 2.0023. We will use tensor algebra1 to 
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Figure 5.2: Image of Zeeman Cell situated between the plane mirrors that constitute the 
multipass cell. A HeNe laser shows the trajectory of light when incident correctly on the 
mirrors. 
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further derive the expressions for the effective Hamiltonian as it contains a simple 

expression for the transformation between lab fixed and molecule fixed axes. Equation 

5.2 in tensor form is 

𝐻௓௘௘௠௔௡ = −൫𝑔௅𝑇ଵ(𝑳) + 𝑔ௌ𝑇ଵ(𝑺)൯𝜇஻ ∙ 𝑇ଵ(𝑩)

=  −𝑔௅𝜇஻𝑇ଵ(𝑩) ∙ 𝑇ଵ(𝑳) − 𝑔ௌ𝜇஻𝑇ଵ(𝑩) ∙ 𝑇ଵ(𝑺) 
(5.3) 

  
where the tensor products are taken between all combinations of the axes. Since we will 

define the magnetic field to lie along the lab-fixed Z axis, we will omit p = ±1 terms from 

𝑇ଵ(𝑩) and represent L and S relative to the molecular axis frame to obtain 

𝐻௓௘௘௠௔௡ = −𝑔௅𝜇஻𝑇ଵ(𝑩) ∙ 𝑇ଵ(𝑳) − 𝑔ௌ𝜇஻𝑇ଵ(𝑩) ∙ 𝑇ଵ(𝑺)

= −𝜇஻ ෍ 𝑇଴
ଵ(𝑩)𝔇଴௤

(ଵ)∗
ൣ𝑔௅𝑇௤

ଵ(𝑳)+𝑔ௌ𝑇௤
ଵ(𝑺)൧

ଵ

௤ୀିଵ
 (5.4) 

  
and q can take the values {-1,0,1}, which are related to the three molecule-fixed axes. We 

simplify completely to 

𝐻௓௘௘௠௔௡ = −𝜇஻ ෍ 𝑇଴
ଵ(𝑩)𝔇଴௤

(ଵ)∗
ൣ𝑔௅𝑇௤

ଵ(𝑳)+𝑔ௌ𝑇௤
ଵ(𝑺)൧

ଵ

௤ୀିଵ
 

= −𝜇஻𝐵௭ ෍ 𝑔௅𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑳)+𝑔ௌ𝔇଴௤

(ଵ)∗
𝑇௤

ଵ(𝑺)
ଵ

௤ୀିଵ
  

(5.5) 

  
 The experiments presented herein will involve linear and T-shaped complexes, 

which will each have unique matrix elements as they will be simulated with different 

basis sets. In the case of the linear complexes, the matrix elements will be calculated 

using primitive Hund’s case (a) basis functions, while for T-shaped complexes, the parity 

conserving Hund’s case (a) basis functions will be used. The primitive Hund’s case (a) 

basis functions have the form 

ห𝜂, 𝛬; 𝑆, 𝛴; 𝐽, 𝑀௃, 𝛺ൿ (5.6) 

  
where , S, and J represent the orbital, spin, and total angular momenta, with their 

respective projections on the cylindrical axis, , , and . MJ represents the projection of 
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the total angular momentum on the lab fixed Z axis. In the case of the parity conserving 

case (a) basis, the complexation spoils the cylindrical symmetry of the hydroxyl radical, 

leading to a descent in symmetry. Thus, we use the non-linear labels for the primitive 

basis which is used to build the parity conserving basis: 

ห𝐽, 𝑝, 𝑀௃, 𝜆, 𝜎ൿ (5.7) 

  
with the  and  retaining their previous meaning, and p replacing  for the projection of 

the total angular momentum on the symmetry a-axis in the molecule fixed representation. 

We further omit  and s for clarity. The parity conserving basis is derived from the 

primitives in the following manner17 

ห𝐽, |𝑝|, 𝑀௃ , 𝜆, 𝜎, 𝜖ൿ =
1

√2
൤ห𝐽, |𝑝|, 𝑀௃, 𝜆, 𝜎ൿ + 𝜖(−1)௃ି

ଵ
ଶห𝐽, −|𝑝|, 𝑀௃, −𝜆, − 𝜎ൿ൨ (5.8) 

  
where  is given a value of either 1 or -1. 

 We begin deriving from Eq. 5.5 using the basis set of Eq. 5.6.  

ൻ𝜂, 𝛬; 𝑆, 𝛴; 𝐽, 𝑀௃, 𝛺ห𝐻௓௘௘௠௔௡ห𝜂ᇱ, 𝛬ᇱ; 𝑆ᇱ, 𝛴ᇱ; 𝐽ᇱ, 𝑀௃
ᇱ, 𝛺ᇱൿ = 

−𝜇஻𝐵௭ ෍ ቀർ𝜂, 𝛬; 𝑆, 𝛴; 𝐽, 𝑀௃, 𝛺ቚ𝑔௅𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑳)ቚ𝜂ᇱ, 𝛬ᇱ; 𝑆ᇱ, 𝛴ᇱ; 𝐽ᇱ, 𝑀௃

ᇱ, 𝛺ᇱ඀
ଵ

௤ୀିଵ

+ ർ𝜂, 𝛬; 𝑆, 𝛴; 𝐽, 𝑀௃, 𝛺ቚ𝑔ௌ𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑺)ቚ𝜂ᇱ, 𝛬ᇱ; 𝑆ᇱ, 𝛴ᇱ; 𝐽ᇱ, 𝑀௃

ᇱ, 𝛺ᇱ඀ቁ 

(5.9) 

  
Using the Wigner-Eckart Theorem1,  

ർ−ቚ𝑔௅𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑳)ቚ−ᇱ඀

=   𝑔௅⟨𝐽, 𝑀௃ , 𝛺|𝔇଴௤
(ଵ)∗|𝐽′, 𝑀௃′, 𝛺ᇱ⟩⟨𝜂, 𝛬|𝑇௤

ଵ(𝑳)|𝜂′, 𝛬ᇱ⟩⟨𝑆, 𝛴|𝑆′, 𝛴ᇱ⟩ 
(5.10) 

  

ർ−ቚ𝑔௅𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑳)ቚ−ᇱ඀

=   𝑔௅ ൜(−1)ெିஐ[(2𝐽ᇱ + 1)(2𝐽 + 1)]
ଵ
ଶ

× ൬
𝐽 1 𝐽ᇱ

−𝑀 0 𝑀′
൰ ൬

𝐽 1 𝐽ᇱ

−Ω 0 Ω′
൰ൠ ⟨𝜂, 𝛬|𝑇௤

ଵ(𝑳)|𝜂′, 𝛬ᇱ⟩𝛿ௌ,ௌᇲ𝛿ஊ,ஊᇲ 

(5.11) 
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Tq
1(S) is derived exactly as Eq. 5.11. We note here that specifically in the case of 

⟨𝜂, 𝛬|𝑇௤
ଵ(𝑳)|𝜂′, 𝛬ᇱ⟩, we will not resolve effects due to coupling between states of different 

, therefore q = 0 (molecular z-axis) is the only term with which we will concern 

ourselves. This leaves us with the spherical tensor operator Lz, which has the eigenvalue  

⟨𝜂, 𝛬|𝐿௭|𝜂′, 𝛬ᇱ⟩ = Λ𝛿ఎ,ఎᇲ𝛿ஃ,ஃᇲ (5.12) 
  

Plugging this into Eq. 5.11 we obtain 

ർ−ቚ𝑔௅𝔇଴௤
(ଵ)∗

𝑇௤
ଵ(𝑳)ቚ−ᇱ඀

=   𝑔௅Λ ൜(−1)ெିஐ[(2𝐽 + 1)(2𝐽ᇱ + 1)]
ଵ
ଶ

× ൬
𝐽 1 𝐽ᇱ

−𝑀 0 𝑀′
൰ ൬

𝐽 1 𝐽ᇱ

−Ω 0 Ω′
൰ൠ 𝛿ఎ,ఎᇲ𝛿ஃ,ஃᇲ𝛿ௌ,ௌᇲ𝛿ஊ,ஊᇲ 

(5.13) 

  
Substituting the two matrix elements (Eq. 5.13 and its equivalent for Tq

1(S)) into Eq. 5.9, 

we obtain 

⟨−|𝐻௓௘௘௠௔௡|−ᇱ⟩

=  𝜇஻𝐵௓(−1)ெିஐ[(2𝐽 + 1)(2𝐽ᇱ + 1)]
ଵ
ଶ

× ቀ
𝐽 1 𝐽ᇱ

−𝑀 0 𝑀ᇱቁ ቐ𝑔௅Λ ቀ
𝐽 1 𝐽ᇱ

−Ω 0 Ωᇱቁ 𝛿ஊᇲஊ

+ ൬
3

2
൰

ଵ
ଶ

𝑔ௌ(−1)ௌିஊ ෍ ൬
𝐽 1 𝐽ᇱ

−Ω 𝑞 Ωᇱ൰ ൬
𝑆 1 Sᇱ

−Σ 𝑞 Σᇱ൰
ଵ

௤ୀିଵ
ቑ 𝛿ஃᇲஃ𝛿஗ᇲ஗𝛿ୗᇲୗ 

(5.14) 

  
This is the matrix element for the primitive case (a) basis. To obtain a similar result for 

the parity conserving case (a) basis, we need the matrix elements 

ൻ𝐽, |𝑝|, 𝑀௃, 𝜆, 𝜎, 𝜖ห𝐻௓௘௘௠௔௡ห𝐽′, |𝑝′|, 𝑀௃′, 𝜆′, 𝜎′, 𝜖′ൿ (5.15) 

  
which involve combinations of the primitives 

1

√2
൤⟨⊕| + 𝜖(−1)௃ି

ଵ
ଶ⟨⊝|൨

1

√2
൤|⊕⟩ + 𝜖′(−1)௃ᇲି

ଵ
ଶ|⊝⟩൨ (5.16) 
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1

2
൤⟨⊕ | ⊕⟩ + 𝜖(−1)௃ି

ଵ
ଶ⟨⊝ | ⊕⟩ + 𝜖ᇱ(−1)௃ᇲି

ଵ
ଶ⟨⊕ | ⊝⟩

+ 𝜖𝜖ᇱ(−1)௃ା௃ᇲିଵ⟨⊝ | ⊝⟩൨ 
(5.17) 

  
where HZeeman has been omitted for clarity and the quantum numbers are defined as 

follows 

⊕= (𝐽, |𝑝|, 𝑀௃, 𝜆, 𝜎) 
⊝= (𝐽, −|𝑝|, 𝑀௃, −𝜆, − 𝜎) 

(5.18) 
(5.19) 

  
Working through the tensor algebra, and applying a similar constraint to Eq. 5.12, we 

learn that the only two allowed combinations from Eq. 5.17 are 

1

2
ൣ⟨⊕ | ⊕⟩ + 𝜖𝜖ᇱ(−1)௃ା௃ᇲିଵ⟨⊝ | ⊝⟩൧ (5.20) 

  
As J and J are half integer in this case, the quantity J + J – 1 will always be even, and 

hence we have 

1

2
[⟨⊕ |𝐻௓௘௘௠௔௡| ⊕⟩ + 𝜖𝜖ᇱ⟨⊝ |𝐻௓௘௘௠௔௡| ⊝⟩] (5.21) 

  
This result gives the following matrix element 

⟨−|𝐻௓௘௘௠௔௡|−ᇱ⟩

= 𝜇஻𝐵௭(−1)ெା௉[(2𝐽 + 1)(2𝐽ᇱ + 1)]
ଵ

ଶൗ

× ቀ
𝐽 1 𝐽ᇱ

−𝑀 0 𝑀ᇱቁ ቀ
𝐽 1 𝐽ᇱ

−𝑃 0 𝑃ᇱቁ

× ቄ𝑔௅(−1)ℓାఒ[ℓ(ℓ + 1)(2ℓ + 1)]
ଵ

ଶൗ ቀ
ℓ 1 ℓᇱ

−𝜆 0 𝜆ᇱቁ

+ 𝑔ௌ(−1)ௌାఙ[𝑆(𝑆 + 1)(2𝑆 + 1)]
ଵ

ଶൗ ቀ
𝑆 1 𝑆ᇱ

−𝜎 0 𝜎ᇱቁቅ

× 𝛿௉,௉ᇲ𝛿ெ,ெᇲ𝛿ఒ,ఒᇲ𝛿ఙ,ఙᇲ𝛿ఢ,ఢᇲ 

(5.22) 

  
 
5.4  Results 

 
 The hydroxyl radical stretch of the OH-CO van der Waals complex has been 

studied previously,15 and therefore serves as a simple probe to investigate the Zeeman 

effect within helium droplets. The Zeeman spectra collected for the OH-CO complex in 
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Figure 5.3:  Infrared Zeeman spectra of the OH stretch band of the linear OH−CO 
hydrogen bonded complex. Zeeman spectra were obtained with both (a) perpendicular 
and (b) parallel laser polarization configurations. The red traces are simulations using the 
effective Hamiltonian model described in the text and a field strength of 0.425(2) Tesla. 
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helium droplets is shown in Figure 5.3. Simulations using the variational treatment are 

provided in red below their corresponding experimental traces. The simulation uses 

constants from the complex determined by previous zero-field and Stark measurements. 

As such, when 0.425 T is used to simulate the hydroxyl stretch in the complex within the 

magnetic field, there are no adjustable parameters in the system. Despite the rigid 

simulation, agreement in Figure 5.3 is surprisingly excellent, and provides another 

positive confirmation that the chosen effective Hamiltonian and derived matrix elements 

appear to be accurate. 

 Figure 5.4 presents the perpendicular and parallel Zeeman spectra of the hydroxyl 

radical. The Zeeman mixing in the first term of the summation only mixes J levels, while 

the second matrix term is responsible for mixing the different spin-orbit levels, 

⟨𝐽 ± 1; 𝑆 ± 1; 𝛺 ± 0,1; 𝛴 ± 0,1|𝐽, 𝑆, 𝛺, 𝛴⟩, within the radical. As noted in Figure 5.4 with 

the dashed lines, the magnitude of the splitting in the perpendicular spectrum is identical 

for both the ef and fe zero-field transitions, at 0.19 cm-1. The parallel spectrum is 

missing this particular splitting due to the mixing constraint imposed by the 

multiplicative 3-j symbol ቀ 𝐽 1 𝐽ᇱ

−𝑀 0 𝑀ᇱቁ in Eq. 5.14. This term prevents coupling 

between states of different M. Therefore, in the parallel spectrum, the selection rule 

M = 0 does not allow transitions between states that have not been mixed (i.e. initial 

and final states were shifted equivalently), leading to identical transition frequencies as 

found in the zero-field spectrum.12 

 Simulations of the Zeeman perpendicular spectrum using the variational treatment 

described in Section 5.3 underestimate the observed splitting, with a predicted value of 

about 0.157 cm-1. The increased splitting implies a stronger Zeeman 
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Figure 5.4: Zeeman Spectra for OH radical in helium droplets. Note that the parallel 
spectrum mimics the zero-field spectrum,12 and the dashed lines are a visual aid to 
illuminate the identical nature of the splittings observed. 
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interaction by about 21%. To diagnose the discrepancy as an issue with the derived 

Zeeman Hamiltonian matrix elements, a perturbation theory approach was employed, as 

the Paschen-Back effect for the ground electronic state of OH is known to be several 

orders of magnitude larger than those used in this experiment.2 Perturbation theory 

predicts the Zeeman interaction energy for a good case (a) molecule according to the 

following formula1 

∆𝐸௓௘௘௠௔௡ = 𝜇஻𝐵௓𝑚௝𝑔௝ (5.23) 
  

where,  

𝑔௝ =
(Λ + Σ)(Λ + 𝑔௦Σ)

𝐽(𝐽 + 1)
 (5.24) 

  
For the ground rovibronic state of OH, 23/2,  = 1,  = 1/2, J = 3/2, and gs = 2.00232. 

Using the value of the Bohr magneton18 in GHz T-1, with a BZ = 0.425 T and an mj = 3/2, 

the result of the perturbation theory calculation is  

∆𝐸௓௘௘௠௔௡ = (13.996)0.425

ቀ1 +
1
2

ቁ ቆ1 + ቀ2.00232 ∗
1
2

ቁቇ

ቀ
3
2

ቁ ቀ
3
2

+ 1ቁ
 

= 4.66 GHz 

(5.25) 

  
which is 0.155 cm-1. This is nearly equivalent to the value obtained by the variational 

calculation, indicating the discrepancy did not arise from the effective Hamiltonian or the 

derived matrix elements. 

 Non-linear complexation of the hydroxyl radical results in orbital angular 

momentum quenching, which adds complexity to the molecular Zeeman effect. The 

effective Hamiltonian now includes a quenching parameter as derived by Marshall and 

Lester.19 This has been previously applied to hydroxyl radical systems in helium droplets 

quite successfully,13-15 including non-linear complexes. The T-shaped complex of 
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Figure 5.5: Experimental trace in black. Blue traces use parameters fixed with zero-field 
values. Red traces use a modified value of  to fit the experimental spectrum. 
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OH-C2H2 is the final test case for the Zeeman interactions, as it provides the most general 

case thus far investigated. Zero-field parameters for the complex in helium droplets were 

determined by Douberly et al.13 and were used for simulation of the Zeeman spectra. 

 Zeeman spectra of the OH-C2H2 complex measured in helium droplets is shown 

in Figure 5.5. Simulations implemented with the T-shaped matrix elements from Section 

5.3 were used in a variational treatment of the complex. In a manner similar to the OH-

CO complex, parameters were fixed for the simulation. The results of this simulation can 

be found in Figure 5.5, underneath the corresponding experimental spectrum. It is 

interesting to note that in this case, agreement is not even qualitative. In contrast to the 

OH-CO complex effective Hamiltonian, the new Hamiltonian has an additional 

parameter, which in theory need not be constrained in order to remain consistent with 

previous results. The magnitude of the quenching parameter , when increased relative 

the zero-field value, provides a nearly satisfying agreement with the measured spectra. 

One might argue that due to complexation, the value of the associated orbital angular 

momentum g-factor would deviate from its nominal value of 1. While this does provide a 

method of bringing simulation in agreement with experiment, it was impossible to choose 

a value of gL such that simulations agreed satisfactorily with both perpendicular and 

parallel spectra simultaneously. Furthermore, the deviation was quite large, about 50%, 

for parallel spectrum, which seems unphysical at present. The new value of the 

quenching parameter  which provided the greatest agreement was -195 cm-1. 

Simulations compared to experiment for the new value of  are presented in Figure 5.6.
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Figure 5.6: Simulation from Figure 5.5 recomputed using  = -195 cm-1. Agreement 
between simulation and experiment motivate an assessment of the splitting between the 
two states may actually be around 240 cm-1, especially when juxtaposed to the rigid 
simulation in Figure 5.5. 
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5.5  Discussion 

 
 The Zeeman spectra of the OH-CO complex unequivocally identify the ground 

electronic state as 23/2. Although perhaps an expected result, it does confirm that the 

application of the Zeeman effect within a helium droplet environment can be straight-

forward. Additionally, this system confirmed the magnetic field strength of the Zeeman 

cell spectroscopically, providing a sensitive investigation of the effect the droplet may 

have on the effective field strength experienced by molecular dopants. It is interesting to 

note that the Zeeman field had a similar effect as the Stark field for the OH-CO complex. 

As mentioned in Section 4.5, the Stark field removed inhomogeneous broadening 

observed in the zero-field measurement, which has been attributed to anisotropic 

interaction potential between the droplet and the dopant. Likewise, the Zeeman field 

removes this inhomogeneous broadening, but just like the Stark effect, this result is not 

well understood. 

 The OH-C2H2 complex is a very interesting deviation from the simplistic case of 

OH-CO. The angular momentum quenching in zero-field helium droplets is already 

larger than that of the gas phase values measured by Marshall and coworkers.20 This 

quenching is indicative of the separation between two low lying electronic states in the 

complex: 2B1 and 2B2.13 The increase in the zero-field splitting of these two states in 

helium droplets is attributed to differing free solvation energies of the two states. Rather 

unexpectedly, interaction of the complex with a magnetic field appears to have increased 

the coupling between the states, suggesting an even larger electronic separation. 

Currently there is no mechanism in the Zeeman matrix elements to account for this result, 

and the easiest way to account for such an interaction is via the parameter . Figure 5.7 
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Figure 5.7: Simulation from Figure 5.6 recomputed using different values of the 
quenching parameter, . The sensitivity of the rotational fine structure to the quenching 
parameter, especially that farthest from the band origin, largely motivates it as a sensitive 
probe of not only the electronic separation between low lying states, but also the extent to 
which they are coupled through the addition of the Zeeman interaction. 
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illustrates how sensitive the rotational substructure of the Zeeman spectrum is to the 

quenching of the orbital angular momentum. This strongly motivates the use of this 

parameter to achieve the best agreement between simulation and experiment. 

 The largest interactions of the Zeeman effect act through the dipolar interaction, 

which is a first rank tensor. The angular momentum quenching operator from Ref. 13 is 

reproduced in Eq. 5.26 

𝑯௤ =
𝜌

ℓ(ℓ + 1)
[𝑇ଶ

ଶ(𝑳) + 𝑇 ଶ
ଶ (𝑳)] (5.26) 

  
This second rank tensor formulation allows for the coupling between the two, low lying 

electronic states via the matrix element Kronecker delta term 𝛿ఒ,ିఒᇲ. To couple these two 

electronic states would require a second rank Zeeman tensor. Such second-rank Zeeman 

terms would need to come from the magnetic susceptibility interaction.1 These 

interactions are already very weak and unlikely to cause an interaction of this magnitude. 

Therefore, it is unlikely that improving the effective Hamiltonian in such a way will 

improve the theoretical results. 

 Although it was shown that the matrix elements in the linear case were accurate to 

the order of the experimental error, the matrix elements used to simulate the C2V spectra 

are formulated using a modified parity conserving basis set. Without another system to 

corroborate the derived matrix elements, the accuracy of these elements cannot be 

confirmed. These matrix elements could be derived again in two alternate methods. In the 

first, one assumes the quenching is complete and “unquenches” the angular momentum, 

using the Hund’s case (b) primitive basis as a starting point. While a good exercise to 

confirm that the derived matrix elements agree from both starting cases, it would require 

extensive re-derivation of the zero-field and quenching simulations in addition to the 
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Zeeman elements. The second, perhaps more straight-forward, approach involves using 

the primitive case (a) basis. Elements derived for the linear case could be easily extended 

into the C2V framework. Once the appropriate primitive Hamiltonian was generated, it 

could be transformed into the parity conserving basis from Eq. 5.8 and used to simulate 

spectra. This method would provide a secondary check for the matrix elements without 

requiring extensive re-derivation. At this time, neither method has been attempted, 

though the latter of the suggested methods is the most promising. It seems prudent to note 

at this juncture, while the agreement simulated for this complex is qualitatively 

satisfying, both simulations generate extra features that are not present in the 

experimental spectra. It is unclear from what these simulated features derive, but it is 

expected these are extraneous features of the simulation and not a consequence of droplet 

effects such as those that have been seen for other molecules and complexes 

previously.21-22 

 Much like the unexpected behavior of the hydroxyl–acetylene complex, the 

hydroxyl radical exhibits inconsistent Zeeman splitting. In this case, the Zeeman 

interaction is ~21% stronger in helium droplets than when compared to gas phase 

predictions. As the OH–CO system confirmed the validity of the effective Hamiltonian 

and the variational treatment, we are left to speculate on the origin of the increased 

splitting. The Zeeman splitting could increase due to a reduction in the spin-orbit 

coupling constant, which would bring the two spin-orbit manifolds closer together 

increasing the interaction. However, this is in direct contrast to previous work,12 which 

has found that in helium, the differing solvation effects lead to a larger separation of these 

states, increasing the overall spin-orbit coupling constant. Furthermore, it is well 
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accepted1 that additional terms truncated from the current effective Hamiltonian are much 

smaller in magnitude than B(L+S) , and we would not expect their addition to improve 

the agreement to more than an extra percent at best. It is in this anomalous result that we 

are completely without future direction. Likely, some possible manifestation of angular 

momentum in the helium bath is generating an additional magnetic effect which is 

expressed as an increase in the Zeeman interaction. However, postulating and identifying 

such interactions are well beyond the scope of this work. 

 
5.6  Summary 

 
 The Zeeman spectra of three van der Waals complexes were collected via 

sequential capture and association along their respective ground vibronic surface in 

helium droplets. A variational treatment was developed to simulate and assign the 

features of the spectra. Due to the experimental linewidths, only terms involving the 

electron spin and orbital angular momentum interacting with the magnetic field were 

included in the effective Hamiltonian, as other terms such as rotational and nuclear spin 

angular momenta are much less intense.1 The Zeeman effect in the OH–CO van der 

Waals complex confirmed the validity of the Hamiltonian treatment as well as the 

applicability of measuring such spectra within a superfluid helium bath. The Zeeman 

spectra were readily simulated without the need for adjustable parameters in the 

theoretical treatment. Furthermore, it confirmed the accuracy of the laboratory 

measurements of the magnetic field of the Zeeman cell, which were performed using a 

commercial Hall probe. 
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 Zeeman spectra of the hydroxyl radical–acetylene complex were complicated by 

the quenching of orbital angular momentum upon complexation. Derivation of the matrix 

in a C2V parity conserving basis led to extraneous simulated transitions that were not 

observed in the experimental spectra. Furthermore, simulations required the modification 

of zero-field parameters, unlike the OH-CO complex. The magnitude of quenching 

parameter, , increased by approximately 25% upon application of the Zeeman field. A 

larger quenching parameter indicates a larger separation of the two low-lying electronic 

states in the Zeeman field relative to zero-field and even Stark field measurements. It is 

not inherently apparent what induces the increased separation, however, at this time we 

cannot eliminate the simulation as the origin in the discrepancy between Zeeman and 

zero-field parameters. 

 The Zeeman spectra of the hydroxyl radical in helium droplets presents another 

puzzling result. Zeeman splitting calculated in two different ways – through perturbation 

theory equations given in the literature1 and a variational treatment – agree on the 

magnitude of the expected splitting. Experimental spectra show a splitting that is ~21% 

larger than simulations predict. Much like the unexpected behavior in the OH-C2H2 

Zeeman spectra, there is very little that can be rationalized to compensate for such a large 

deviation. We leave this anomalous results as a call to the community at large to 

investigate and identify the potential causes of such interactions between the droplet 

environment and the dopants. 
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CHAPTER 6 

CONCLUSION AND OUTLOOK

 

 As demonstrated in the previous three chapters, helium nanodroplets are a 

versatile tool to interrogate fundamental molecular interactions. This dissertation has 

presented three investigations of the intermolecular interactions of van der Waals 

complexes formed from sequential doping in helium droplets. These studies employed 

the Stark and Zeeman effects to enhance understanding of these systems as well as 

droplet-dopant interactions. 

 Triplet atomic oxygen was generated through a commercial thermal catalytic 

cracker and successfully doped inside helium droplets. The association of O(3P) and 

HCN along the ground vibronic surface formed a weakly bound complex, which was 

interrogated via infrared Stark spectroscopy. The rotational substructure of a band 

centered at 3285 cm-1 is consistent with a linear O–HCN complex with a  3 ground state. 

The observed complex demonstrates the feasibility of studying interactions of O(3P) with 

other unsaturated closed shell species. Furthermore, highly branched unsaturated alkenes 

have a submerged barrier to reaction, thus association with O(3P) could have interesting 

results. It is still somewhat unclear how quickly the helium bath is capable of removing 

translational energy from dopants, and thus it is within the realm of possibility that a 

highly saturated alkene could react even at 0.4 K. 
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 The fate of the reaction between the hydroxyl radical and carbon monoxide was 

investigated within the cold environment of a helium droplet. It was expected that the 

barrier to reaction would be too high to proceed to products, and a stretching band near 

3551 cm-1 confirms a complexation induced frequency shift of the hydroxyl stretch. The 

rotational constant of the complex in helium is consistent with a reduction relative to the 

gas phase value due to helium solvation increasing the inertia on the molecular axes. The 

complex exhibits a dipole moment, of 1.852 D, which is smaller than the equilibrium 

dipole moment calculated at the CCSD(T) /aug-cc-pVQZ level of theory. This 

experimental dipole is reduced as a consequence of large amplitude motion in the O-H-C 

bending angle, which accounts for 80% of the discrepancy when the motion is included 

in the theoretical calculation.  

 Molecular Zeeman spectroscopy was employed for the first time in helium 

droplets to clarify what role, if any, the helium bath has on the resulting spectra. It was 

predicted, based on Stark Spectroscopy in helium droplets, that the implementation 

would be facile and straight-forward. The Zeeman spectra for the OH-CO van der Waals 

complex was easily modeled using a rigid Hamiltonian with no fitting parameters. 

However, when moving to other systems, the Hamiltonian and variational treatment were 

insufficient to adequately model the interactions. These anomalous results were quite 

puzzling and most likely derive from a dopant-droplet effect that is not well understood. 

That is why we call the droplet community to start investigating these interactions so we 

can better understand the way in which this cryogenic matrix behaves. 

 The ability for Zeeman spectroscopy to extract information about the electronic 

states of a molecule offer a very enticing way of interrogating species inside helium 
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droplets. Cooled near absolute zero, the simplified spectra evolve within the magnetic 

field according to the electronic structure of the state being interrogated, which if 

modeled correctly, could allow for extraction of that information from the spectra. Future 

directions for such spectroscopic investigations could be the ethynyl radical or the 

methoxy radical. Both have very complicated low-lying excited states which will behave 

uniquely within the confines of a helium droplet. The information extracted can only 

serve to better understand the fundamental interactions and quantum mechanics behind 

chemistry. 
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