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ABSTRACT
The aim of the work detailed in this thesis was to study small radical species of astrochemical
relevance through Matrix Isolation Electron Spin Resonance Spectroscopy (MI-ESR) and compare
those results to ab initio calculations. The MI-ESR technique is powerful in this regard as it allows
very reactive radical species, which play a large role in astrochemistry, to be studied in the
laboratory. Four different radical species, MgN, MgCH, ZnN, and Mg+-N2, were studied in the course
of this work, and each is the subject of a scientific paper published, submitted or prepared for
publication.
Isotopologues of the MgN radical were formed by the reaction of a plume of magnesium
metal, or magnesium-25 enriched magnesium metal, produced with laser ablation and either
acetonitrile vapour or nitrogen atoms. The ground electronic state was determined to be 4-.
Magnetic parameters were determined experimentally for MgN and are compared to theoretical
predictions from ab initio calculations. The low-lying electronic states of MgN were also investigated
using the complete active space multiconfigurational self-consistent field (CASSCF) technique. By
plotting the potential energy surface (PES) verses bond length, theoretical parameters such as
dissociation energy were able to be determined for the ground state.
The MgCH radical was formed through the reactions of laser ablated natural abundance
magnesium metal and magnesium-25 enriched magnesium metal with carbon-13 and deuterated
isotopologues of acetone. The radical was shown to have a X4- ground electronic state and
experimental magnetic parameters were determined for this state. Comparisons are made between
the electronic structure of this radical and the MgCH3 and MgN radicals. Theoretical hyperfine
parameters were also evaluated for the MgCH radical and a PES for the low-lying electronic states
was constructed using the CASSCF methodology.
The ZnN radical was formed by the reaction of a plume of zinc metal produced with laser
ablation and either ammonia vapour or nitrogen atoms. The ground electronic state of ZnN was
determined to be X4- using electron spin resonance (ESR) spectroscopy and its magnetic
parameters were determined. The low-lying electronic states of ZnN were also investigated using the
CASSCF technique and a PES was plotted.
The complex formed by reaction of Mg+ with N2 has been formed through the interaction of
laser ablated magnesium and nitrogen gas. The radical species was found to have a ground
electronic state of 2+ in a linear configuration. Fitting the ESR spectra allowed magnetic parameters
to be determined. Ab initio calculations were undertaken to further elucidate the bonding in this
species and to provide comparison with the experimental results.
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Investigation of Mg+-N2” are also formatted for submission to the Journal of Chemical
Physics. Chapter 8 – “A Matrix Isolation ESR and Theoretical Study of ZnN” is formatted for
submission to the Journal of Physical Chemistry A, and hence has a number of stylistic
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An Electron Spin Resonance Investigation of Small
Astronomically Relevant Radicals
1 – Astrochemistry
Dust clouds in circumstellar and interstellar space are difficult entities to study; spectra
obtained through telescopes are complex and not easily interpreted, and these chemical
systems are challenging to recreate in a laboratory environment. However, it is extremely
important to understand these systems, as the reactions occurring within these domains lead
to the formation of planets and other cold solar bodies.1 The chemistry occurring within these
domains is currently only partially understood, but further research into individual processes
will help construct a viable model of circumstellar dust cloud mechanics. For a long time, the
composition of the interstellar medium was relatively unknown, containing large amounts of
hydrogen, and some organic dust. However, research over the last century has revealed a rich
system of cosmic chemistry involving species unique to that particular environment. 2-3
Interest in interstellar chemistry began in 1937 when Swings and Rosenfeld attempted
to compute the numbers of certain molecules in interstellar space.4 Since then, around 180
molecules have been identified within our galaxy. Molecules in interstellar space are
primarily detected by observing their rotational transitions in a spectrum obtained by a radio
telescope, typically in the mm or sub-mm region of the electromagnetic spectrum. Prominent
researchers in this area include the Ziurys group, who in a 2006 study of an interstellar dust
cloud found 55 individual molecules in the system.2 Of these, there were two molecules
containing magnesium, three containing aluminium, two containing sodium and two
containing potassium. The rest were combinations of carbon, hydrogen, nitrogen, oxygen,
phosphorus and silicon. The low level of metal-containing molecules compared to their
cosmic abundances suggests that there are more such species to discover. Along this vein,

recent studies from the Ziurys laboratory have categorised and detected FeCN5, KCN6 and
AlOH7.
Some aspects of the chemistry of these clouds are understood better than others. For
example, many silicon molecules are easily detected, and they were among the first to be
discovered, providing a detailed picture of the way these molecules interact with their
environment.8-9 Organic chemistry is also relatively well understood, 10 but with astronomers
searching for more complicated molecules, an emphasis is placed on laboratory studies into
species of interest to astrochemistry. Organometallic chemistry here represents a junction
between the more well-studied carbon chemistry, and the relatively unknown behaviour of
heavier metals in circumstellar space. One key element whose speciation in interstellar space
is largely unknown is magnesium. Magnesium is the ninth most abundant element in the
universe, present on a similar magnitude to silicon, and should form many molecules with a
dipole moment suitable for discovery through radio astronomy. 11 However, presently there
are only three magnesium containing species that have been verifiably identified in
interstellar space. These are MgNC, MgCN, and HMgNC.
The lines for MgNC were first observed by Guelin et al. in 1986 in the circumstellar
envelope of the carbon-star IRC+10216,12 although they were not correctly identified as
being due to MgNC until 1993 when Kawaguchi et al. recorded the microwave spectrum of
the molecule,13 and by comparing their results to previous ab initio studies by Bauschlicher et
al.14 and Ishii et al.15 were able to make a confident assignment for the lines. The papers
reported a 2Σ+ ground state for the molecule, with a theoretical B0 of 5939.7 MHz, and an
experimental B0 of 5966.82 MHz. Closely following the work performed by the various
groups mentioned in 1993, MgCN, the slightly less stable isomer of MgNC, was identified in
the same region of space by Ziurys et al. in 1996.16 The discovery came after research into
the molecule through both ab initio and experimental means. Bauschlicher et al. first
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published research into the radical, finding its dissociation energy (De = 3.45 eV) and
geometry (Mg-C = 2.09 Å, C-N = 1.14 Å) through SCF calculations. 14 The results closely
agreed with those published by Ishii et al. latter in 1993.15 Anderson et al. were able to
produce the millimetre and submillimetre rotational spectrum of MgCN for the ground state
in the laboratory, revealing an experimental value for B0 that agreed well with the Be values
from the two ab initio papers (5094.8 MHz compared to 5077 MHz and 5078 MHz).17
Petrie proposed a mechanism for the formation of MgCN, and related metal cyanides,
in 1996.18 He found that the most likely path of formation in the circumstellar envelope IRC
+10216 was through the radiative association of Mg+ and cyanopolyynes such as HC5N and
HC7N. Further studies on MgCN and MgNC include an ab initio study of the ionization and
protonation properties of the two radicals,19 a detailed theoretical study into their rotationalvibrational spectra,20 and a theoretical study into the double Renner effect revealing higher
ro-vibrational states in the Ã2Π electronic state.21.
Also detected in the circumstellar envelop of IRC+10216 were lines that were
attributed to HMgNC. Cabezas et al. were able to produce the HMgNC species in the gas
phase and measure its spectrum in a molecular beam microwave Fourier transform
spectrometer.22 They observed the J = 1-0 and J = 2-1 lines and derive the rotational constants
B0 = 5481.4333(6) MHz, D0 = 2.90(8) KHz. Four rotational lines were observed in space that
corresponded to the calculated J = 8-7, J = 10-9, J = 12-11, and J = 13-12 transitions of
HMgNC. Agúndez et al. made a tentative assignment of MgCCH to further lines originating
from IRC+10216, but this assignment has yet to be verified. 23 There have also been
unsuccessful astrochemical searches for MgO, 24-26 MgS,27 MgH,26, 28 and MgOH26. Recently,
weakly bound molecular complexes have been observed in interstellar space. 29 These
complexes could have a binding energy as low as 5 kcal mol-1 and still be observable in the
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interstellar medium.30 Hence, it is possible that magnesium too could exist in significant
quantities in an association species with another common astrochemical constituent.
The chemistry of different cosmic clouds can be extremely complex. Herbst explains
that interstellar chemistry takes place in three environments; the free gas phase, the surface of
dust grains, and the ice coverings over dust particles.31 He explains that laboratory data is
crucial for understanding the output of modern high-resolution telescopes. Turner, in 1974,
writes at length on the problems associated with determining the chemical properties of dust
clouds and the reactions occurring within them.32 He explains that laboratory research into
the formation and energy states of individual interstellar molecules is needed in order to
better understand the chemical workings of dust clouds. Turner also examines the issue of
refractory elements in interstellar molecules, observing how elements such as magnesium are
underrepresented compared to their cosmic abundance.11 These issues are still prevalent in
astronomical science to this day, as argued in a recent review of carbon-containing species by
Zack and Maier.33 One of the spectroscopic methods they advocate is matrix isolation.
Another area of current interest that is closely related to astrochemistry is atmospheric
chemistry. Similar to the conditions of interstellar dust clouds, the upper atmosphere is cold
and diffuse. Furthermore, it is constantly bombarded with radiation and meteoric material,
resulting in cycles of chemical species that can have an important impact on conditions on the
ground. For example, the dispersion of iron in the Earth’s atmosphere is thought to provide
iron fertilisation to areas of the Southern ocean near Antarctica that do not have continental
sources of iron.34-35
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2 – Matrix Isolation
The Matrix Isolation (MI) technique was developed as a method of isolating and
stabilising reactive species for chemical analysis. The reactive species are generated within a
solid, inert matrix at low temperatures. MI offers many advantages over gas flow systems; it
allows the accumulation of diverse spectral data and is a relatively simple technique to
employ, with lower costs while retaining experimental accuracy.36 Ideally, the matrix traps
the reactive species, preventing them from interacting with each other or other species, whilst
remaining chemically inert and transparent to spectroscopy. Once the reactive species is
formed and trapped, it can be held indefinitely, and studied with a range of spectroscopic
techniques, including ESR, laser-induced fluorescence, Fourier transform-infrared and
ultraviolet/visible.36-38 The availability and utility of the MI technique has seen it used in
countless scientific applications. It is especially suited to ESR studies, which require species
of interest to possess unpaired electrons, which generally makes them very reactive. The
matrix is also transparent to ESR spectroscopy, and although matrix-species interactions will
alter the ESR spectrum, results in close agreement to gas-phase studies can be obtained.39
In 1954, Norman and Porter40, and Pimentel and co-workers41 were the first two
groups to develop the MI technique. Norman and Porter generated radicals in situ by
irradiating molecules trapped in an hydrocarbon glass. Pimentel and co-workers generated
reactive species in the gas phase with the chosen matrix material (carbon tetrachloride or
xenon), then freezing the mixture at 66 K. Pimentel and co-workers further developed the
technique, first employing liquid hydrogen as a coolant to study NO2, HBr, HCN, HN3, NH3
and H2O in xenon, argon and nitrogen matrices at 20 K.39 Next, they used liquid helium to
cool the matrix down to 4 K in the study of N3.42 This research group studied many molecules
through the technique, including H2O43, HNO244, and HCO45. More progress occurred in
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1982 when Bondybey et al. used the technique of laser vaporisation in conjunction with MI to
study the SiC2 molecule.46
Pimentel and Becker refer to four desirable properties of a matrix material. The matrix
must be inert towards the active species, rigid enough to prevent the active species from
diffusing, transparent towards the type of spectroscopy employed, and volatile enough to be
able to be used in the gas line.39 The noble gases neon, argon, and xenon are often used in MI
investigations, as they satisfy all of Pimentel’s criteria. When performing ESR spectroscopy,
noble gases are nearly always the chosen matrix material. However, other materials such as
nitrogen42 or carbon tetrachloride41 have seen use in the past. Also, more exotic materials
such as crystals, zeolites or clays, polymers or boric acid glasses can be used to trap active
species.47
There are a few disadvantages associated with the MI technique. Firstly, the size of
the active species is limited, as it must have a stable gas-phase precursor in order to mix with
the matrix material.47 Noble gas matrices are poor heat conductors, meaning hot active
species often decompose in the matrix, preventing their study. There is also a strong “cage
effect” that arises from the use of MI; the matrix prevents the active species from splitting or
receiving any adducts, which limits the utility of the technique.48 This cage effect also hinders
the rotation of the molecule, which affects interrogation using ESR spectroscopy, a technique
that depends on the orientation of the probed molecules verses the direction of the external
field applied. This can be desirable in some cases, as the use of the MI technique allows ESR
information on the geometry and arrangement of the species of interest, which would
otherwise be unavailable in a free rotating ESR study. Hence, ESR results obtained from a
MI study will be different from free gas-phase results. Noble gas matrices do not generally
interfere with spectroscopy. However, at short wavelengths they absorb radiation, obscuring
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data below the vacuum-UV region.48 The noble gases are also slightly polarisable, which
affects ESR spectroscopy, estimated at a 0.03% shift in the g value.49
Despite these setbacks, the MI technique can allow certain species to be studied in
ways that would be impossible without MI, and the technique was popular enough to have a
dedicated bi-annual Gordon Research Conference (Physics and Chemistry of Matrix-Isolated
Species) held from 1983 to 2009. Modern experiments using the MI technique generally use
liquid helium to cool neon or argon gas down to 4 K or lower in some cases50, and are the
focus of increasing attention from astrochemists, as the very low temperatures and
concentrations mimic those found in space.
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3 – Laser Ablation
Laser ablation is the process of directing a laser beam at a certain material, in order to
vaporise that material into a plume. The plume is generally a mixture of different ions, atoms
and clusters.51 These particles can be manipulated in chemical reactions, and studied through
free gas-phase observations, or by trapping the species produced in matrix isolation.
A laser, standing for light amplification by stimulated emission of radiation, produces
a high intensity, monochromatic light beam with strong temporal and spatial coherence and a
low angle of divergence. Lasers can be continuous wave or pulsed. With pulsed lasers the
pulse width can be of the order of nanoseconds or less and with high pulse energy such that
peak powers of megawatts can be easily achieved. When this beam is focussed onto the
surface of a solid, it imparts its energy into the solid over a very small area in a very short
time. This can result in temperatures as high as 20,000 K at the site of ablation. The local
material is vaporised, resulting in a region of high pressure that ejects vaporised material at
angles related to the incidence of the beam on the solid’s surface.52 Whether or not a suitable
plume is produced depends upon the binding energy of the target, and the fluence (the
product of irradiance and pulse duration) of the laser.
The properties of the plume generated by a laser were of interest as early as 1969,
when Dhez et al. studied the spectral emissions of plasma ejected from an aluminium target
when irradiated with a Ruby laser or with a Nd:YAG laser. 53 Over the next decade, scientists
became increasingly interested in the novel species produced in laser ablation. The field
diversified in the 1980s, with some scientists such as Dietz et al. working on free gas-phase
studies of laser ablation generated species54, whilst others, following Bondybey and coworkers, studied the species in matrix isolation55-56.
The ability of laser ablation to generate high temperature ions, atoms, and clusters
makes them useful in ESR studies. The ions generated in the plume can be examined, or the
8

plume can be mixed with a second gas to form species of interest. The first use of laser
ablation for ESR studies dates to 1986 when Knight et al. performed ESR spectroscopy on
the AlF+ ion generated through laser ablation, and trapped in a neon matrix.57 Knight and coworkers refined the process later in the year58, and have conducted many successful studies
using ESR spectroscopy on species generated through laser ablation.47-57
There are many studies examining the properties of a magnesium plume generated
from laser ablation. Qaisar and Pert modelled ablation of different materials including
magnesium, finding it to ablate more readily than other metals, and to favour shortwavelength lasers for ablation. They determined that fluences of 10 J/cm2 were sufficient to
ablate magnesium, resulting in local temperatures up to 4900 K.59 Nedanovska et al. studied
the magnesium plume in more detail, observing the Thomson scattering resulting from a
magnesium plume generated by a Nd:YAG laser producing radiation at 532 nm.60 In terms of
MI-ESR studies, McKinley and Karakyriakos, successfully produced MgCH3 through laser
ablation of magnesium and the reaction of the plume with isotopologues of acetone.61
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4 – Electron Spin Resonance Spectroscopy1
Electron spin resonance (ESR) spectroscopy, also known as electron paramagnetic resonance
(EPR) spectroscopy, is a powerful tool in chemical analysis. For active species containing
unpaired electrons, ESR spectra can be interpreted to determine important chemical
information on the species, such as its electronic structure and geometry. Zavoisky et al.
recorded the first case of electron paramagnetic resonance, observing an absorption line for
CuCl2.H2O in a magnetic field back in 1945.62 After the conclusion of World War Two, the
field rapidly expanded as microwave equipment previously used for radar became widely and
cheaply available.63
Modern ESR applications are the fruit of work done early in the 20th century on the
electronic behaviour of atoms and molecules. The Stern-Gerlach experiment in the 1920’s
importantly demonstrated that an electron magnetic moment can only occupy discrete
orientations in a magnetic field.63 For paired electrons, this result has little practical bearing
as they do not poses a net magnetic moment, however for unpaired electrons it became clear
that separate orientations in the magnetic field have different energy levels, and that the
electron can be promoted to the higher energy level through the absorption of
electromagnetic radiation. Any species with an unpaired electron can be probed with ESR
spectroscopy, this includes radicals, transition metal ions, rare earth ions, point defects in
crystals and even single electrons held in a trap.63

In order to understand and interpret ESR spectra, it is necessary to have background
knowledge of the underlying physics behind the technique. The energy of an electron can be
determined using the Schrödinger equation:
Hψ = Eψ.

1

The theory covered in this section is taken primarily from a combination of references 27, 28 and 29
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In the case of ESR, we need only consider the spin-dependent parts of the Hamiltonian
operator; these four terms are the electronic Zeeman, zero field splitting, hyperfine and
nuclear Zeeman. The four terms are shown in the following equation:64
H = β 𝐁 ⋅ 𝐠 ⋅ 𝐒 + 𝐒 ⋅ 𝐃 ⋅ 𝐒 + ℎ𝐒 ⋅ 𝐀 ⋅ 𝐈 − β 𝐁 ⋅ 𝐠 𝒏 ⋅ 𝐈 ,
where

g = the g-matrix,
𝐁 = the magnetic field vector,
𝐒 = the electron spin angular momentum operator,
D = the zero field matrix,
A = the hyperfine coupling matrix,
𝐈 = the nuclear spin angular momentum operator,
gn = the nuclear g-matrix,
β = 9.2740154 x 10-28 J G-1,2
β = 5.0507866 x 10-31 J G-1, and
h = 6.6260755 x 10-34 J s.

The g, D and A matrices in the equation are the three experimental parameters determined in
ESR analysis. Also important to note here is that the constant β for the nuclear Zeeman term
is three orders of magnitude lower than β the constant for the electronic Zeeman term. The
size of the constant means that the nuclear Zeeman term is often negligible and in many cases
can be ignored. Also, some heavy atoms have a nuclear quadrupole effect that should be
considered when treating ESR results, but for the atoms involved in this work (Mg, N, C, Zn
and H), this effect will also be neglible.
The unpaired electron’s net magnetic moment arises from the combination of its spin
angular moment and orbital angular moment. Generally, the spin angular momentum
quantum number (ms) – which can be positive or negative one-half – contributes most
2

10,000 G = 1 T
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significantly to the electron’s magnetic moment; the orbital angular moment is omitted from
the above equation. The electronic Zeeman term arises from the interaction of the electron’s
spin angular momentum with an external magnetic field. When an electron experiences an
external magnetic field, the opposite states of electron spin cease to be degenerate. The
energy for each state of ms arises from the orientation of the electron’s magnetic dipole
relative to the direction of the external magnetic field. The ground state will be whichever
orientation aligns the spin moment with the magnetic field, and the higher energy state will
be that which aligns the spin moment against the magnetic field. If the electron is excited
through the absorption of electromagnetic radiation of the correct energy, a transition can
occur between the two spin states.
This is a first approximation of ESR, and the other three terms in the Hamiltonian
complicate this picture. The hyperfine interaction is so termed as it splits each spin energy
level further depending on the spin of an atom’s nucleus. The spin magnetic moment of the
electron interacts with the spin magnetic moment of the nucleus which creates separate
energy levels based on the spin magnetic moment of the nucleus. The nuclear spin I splits the
line into 2I+1 lines. These groupings are then either slightly expanded or contracted by the
nuclear Zeeman interaction, however as stated this effect is normally negligible. Figure 1
demonstrates the combined effects of these three interactions.
Zero field splitting arises in cases where there is more than one unpaired electron in a
species of interest. In these cases, the different electrons interact to further complicate the
ESR picture. It is named zero field splitting as the interaction occurs regardless of the
presence of an external magnetic field.
In a system with a single unpaired electron, the difference between the two spin states
is given by:
∆E = β 𝐁 ⋅ 𝐠.
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Figure 1 – This figure shows the electronic Zeeman interaction separating the electron’s spin states
with the red terms. Then the hyperfine splitting caused by a nucleus with spin I = ½ at the purple terms,
and finally the nuclear Zeeman interaction with the terms in blue. The green arrows represent allowed
transitions, although forbidden transition can be observed at low temperatures and low field strengths.

In ESR spectroscopy, ∆E (which is equal to hν where ν is the frequency of the
radiation used in the experiment) and β are constant, and 𝐁 is the vector field of the magnetic
field, controlled by the ESR instrument. Therefore, the g-matrix can be determined from the
relative position of spectral lines. For a free electron, g is equal to 2.002319304362(15),65
written as ge. This value relates the electron’s total magnetic moment and its spin angular
momentum. The deviation from ge in ESR spectroscopy depends on degrees of spin-orbit
coupling interactions, and the orientation of the molecule causing the magnetic field (B) at
the electron to deviate from the value set by the ESR instrument. This information on the
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degree of spin-orbit coupling provides valuable insight into the nature of the species of
interest.
In the isotropic case, the g value is the same along all axes, and the g-matrix
can be collapsed to give the single g value. In the anisotropic case, the values of g along
different axes are non-identical. For molecules with axial symmetry, the two identical g
values are defined as pertaining to the x-axis and y-axis, while the differing value is assigned
to the z-axis. For a species with no symmetry, gx, gy, and gz are all different and the
assignment is arbitrary. Thus, determination of the g-matrix can provide information on the
geometry of the molecule. In the case of a molecule with axial symmetry, which all
molecules studied in this thesis fall into, the g matrix takes the following form:
g
0
0

0
g
0

0
0 .
g∥

The z-axis is defined as the axis of symmetry, the g values perpendicular to this axis are both
g , and the g value parallel is g∥ .
For the hyperfine coupling term, ℎ𝐒 ⋅ 𝐀 ⋅ 𝐈, the difference between the split peaks
takes the following form:
∆E =

,

where
𝐴=

.

The A matrix can be determined from the hyperfine splitting pattern. Similar to the case for g,
if the system is isotropic, the A matrix can be represented by a single value. Again systems
with axial symmetry, or no symmetry at all, require the A matrix to be fully resolved.
However, once the A matrix is expressed in terms of A , and A∥ it can be further broken
down as is shown:
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A
0
0

0
A
0

0
A
0 = 0
A∥
0

0
A
0

0
0
A

−A
0
+
0

0
−A
0

0
0
2A

.

The hyperfine is broken into two separate components, an isotropic interaction and a dipole
interaction. Aiso is related to the unpaired electron’s spin density at the nucleus, and hence
depends on the s orbital character of the electron’s wave function. Aiso can be determined
both experimentally and theoretically using the following equation:
A
The Ψ(

)

∥

=

=

g β g β Ψ(

)

.

term expresses the probability of finding the unpaired electron at the nucleus,

which can be calculated theoretically and used to co-determine Aiso.
The Adip value arises from dipole-dipole interactions between the magnetic moment of
an electron in a non-s type orbital and the nuclear magnetic moment. Similar to Aiso, Adip can
be calculated both experimentally and theoretically:
A

∥

=

=g β g β <

(

)

>,

where r is the distance of the electron from the nucleus and Θ is the angle between r and the
z-axis of symmetry. The <

(

)

> expression takes into account all possible

coordinates of the unpaired electron. It is worth noting that the Adip matrix has a trace equal
to zero, so when the species of interest is permitted to rotate freely only the isotropic
couplings are apparent. One of the advantages of using MI in conjunction with ESR is that,
except for small molecules, the active species is often in a fixed orientation, allowing the
determination of Adip values. Determination of the different components of the A matrix
reveal important data on the electronic situation of the unpaired electron in the active species.
The final expression of interest in ESR is that of zero field splitting, 𝐒 ⋅ 𝐃 ⋅ 𝐒. This
term takes into account coupling between different unpaired electrons, and is described by the
D matrix. Zero field splitting exists independently of an external magnetic field B, and can be
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complicated further by the presence of high numbers of unpaired electrons. As in the
previous two cases, the D matrix is split into perpendicular and parallel components for a
molecule with axial symmetry:
−D
0
0

0
−D
0

0
0 .
2D∥

For the case without axial symmetry, the values of Dx, Dy and Dz can be expressed in two
related terms:
D = -3/2 Dz and E = -1/2(Dx – Dy).
For the case with axial symmetry, Dx = Dy and hence E = 0 and D is the only value of
interest.
The D value can be further split into two different factors, Dso and Dss. Dso is derived
from spin-orbit coupling, whereas Dss is derived from spin-spin coupling. The Dso term can
again be split into two different factors, spin-same orbit coupling between the electron’s spin
and its own orbital angular momentum, and spin-other orbit coupling, where it couples to
another unpaired electron’s orbital angular momentum. Dso is given in the following
equation:
Dso = ζ2Λ,
where ζ is the spin-orbit coupling constant of the species and Λ is determined by the elements
coupling the ground and excited states. The Dso contribution can be significant for heavy
nuclei, since the spin-orbit coupling constant is dependent on atomic number. In addition, if
there is strong coupling between the lowest energy states of the molecule, the Λ value will be
large and increase the Dso number. The Dss value is dependent on the on spatial extent of the
orbitals containing the unpaired electrons, as unpaired electrons that are closer together will
have greater spin-spin interactions.
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The D value is the sum of Dss and Dso. The combination of the two factors can reveal
more information about the molecule. Since Dss is entirely dependent on the proximity of
unpaired electrons, the factor will be large for smaller molecules where the unpaired electrons
cannot be far apart. In our particular cases of MgCH, ZnN, and MgN, the spin-orbit
contributions to D come from the π2 portion of the electronic configuration, which is
primarily localised on the C or N atom. Because these atoms have small nuclear charges and
the π orbitals are spatially small, for these species we expect DSS to dominate over DSO. As
can be imagined, the combinations of different information that can be extracted from the
spectra in ESR studies provide a deep well of knowledge from which properties of the
species of interest can be discovered. ESR spectroscopy for this reason is the chosen method
for the project in investigating the radical species of interest for this thesis.
One additional item to consider is that, as has been mentioned previously, active
species trapped in a matrix cannot freely rotate, and will have orientations spread from
parallel to the field to perpendicular to the field, in terms of the species’ axis of symmetry (a
part of the cage effect of the matrix). Each orientation will behave differently in absorbing the
radiation used in ESR. Because of this, the spectrum is broadened, with peaks occurring
when the species is parallel (z peak), perpendicular (xy peak) or at a certain point in between
(OA, off angle, peak). The behaviour of these different peaks, and the presence of off angle
peaks, can provide further clues as to the geometry of the molecule and the character of the
orbitals which the unpaired electrons populate.66 An example of the effect of the D value on a
quartet radical, which includes the MgN, MgCH and ZnN radicals, is shown in figure 2. The
left hand side of the graphic shows that the D value determines which transitions it will be
possible to see, and their relative position in the ESR spectrum. An important aspect to note is
that the z2 transition is the only z transition to remain within the scale of the graph at high D
values, and that it retains the same energy as a doublet transition as D rises.
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Figure 2 –
The left graphic shows the resonant magnetic field positions at which Δms = ± 1transitions occur for various
values of the zero-field splitting parameter D for a 4Σ molecule. The xyn peaks occur when the molecule is
perpendicular to the magnetic field. The z peaks occur when the molecule is parallel. There can be up to 3
transitions for each orientation, corresponding to energy differences between the 4 spin states of the 4Σ
molecule. The transitions for a particular D value (0.4 cm1) are shown in the right graphic. The three quartet
radicals studied in this thesis will have a D value around this magnitude, hence will be expected to give
transitions around 2000 G and 7000 G. [Figures modified version of similar figures from Van Zee, Brown,
Zeringue, and Weltner (447)].
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Figure 3 ESR absorption and spectrum of randomly orientated 4Σ molecules for D<<hv. Dashed curves on the graph
show the continuous rotation of the molecule from perpendicular to parallel. The solid line shows the three most
intense transitions that will be present in an ESR spectrum for this radical. Off-Angle peaks may occur where
perpendicular and parallel absorptions overlap. [Figure modified from a similar figure from Van Zee, Brown,
Zeringue, and Weltner (447)].

The number of studies performed using ESR spectroscopy is huge. There are far too many to
cover in the scope of this document. Examples and further work in ESR will be covered only
in the case of MI-ESR, which is the subject of the next section.
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5 – Matrix Isolation Electron Spin Resonance Spectroscopy
The MI technique is especially suited to ESR spectroscopy, as the observation method
requires highly reactive radicals to be stabilised for long time intervals. Active species can be
generated either in situ through photolysis, or in the gas-phase by a number of different
techniques, such as laser ablation, thermal vaporisation, cathode sputtering or photoionisation.49 Which method is more appropriate depends on the species of interest. Gas-phase
generation is limited to smaller molecules, and in situ generation is hindered by the cage
effect of the matrix, but can allow for the creation of larger organic molecules that are
difficult to generate and study in the gas phase. The cage effect of the matrix also prevents
active species from freely rotating during ESR spectroscopy, which allows the collection of
important geometric information that depends on the species’ orientation towards the
magnetic field, such as molecular symmetry. The matrix material used for MI-ESR studies is
normally a noble gas such as neon, argon, or krypton. However, groups have had success
using other materials, such as nitrogen67,68,69,70 or methane71.
A typical setup for gas-phase generation and capture of species of interest for ESR
spectroscopy, including a method for laser ablation, was designed by Davis et al. and
depicted in figure 4.72
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Figure 4 – Apparatus for MI-ESR studies. The plume resulting from the interaction of the laser beam
and the ablation target is mixed with a reactant gas and neon, before being cooled to 4 K on the
deposition target where the neon matrix forms. This target can then be lowered into the microwave
cavity for ESR spectroscopy.

The field of MI-ESR spectroscopy has been well supported over the last 60 years. It
dates back to 1956 when Jen et al. performed ESR on hydrogen and deuterium atoms trapped
in matrix at 4 K.73 The same group studied the effects of matrix type on ESR results in 1958,
finding that the deviation of MI-ESR results from the free gas phase increases with the
binding energy of the matrix.74 For example, the g value of a hydrogen atom deviated from
0.23% to 0.66% (from the free gas-phase measurement) upon changing the matrix material
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from H2 to CH4. Research groups often perform the MI-ESR study using several different
matrix materials if there is a concern about the matrix affecting the result; this effect is
difficult to predict.75 Early studies centred on investigating the MI-ESR method, and
examining easily produced radicals and comparing them to results produced using different
techniques. Species studied in this manner include H, D, N, CH374,76, CN75 and CH269.
From the 1960s onwards, there were a large number of studies involving MI-ESR.
Important studies in this field include Kasai and co-workers trapping and analysing charged
species such as Cd+, Cr+, and Mn+ in noble gas matrices.77 Kasai and co-workers studied a
wide range of different ions and radicals, including phenyl radicals78, B2H6- 79 and furan
radicals80. The group also studied intermetallic molecules such as AgMg, AgCa, AgSr, AgBa,
AgZn, AgCd, and AgHg.81 More recently, they have been examining insertion reactions of
aluminium into alkyl ethers82 and into ammonia83, and comparing the MI-ESR data with
semi-empirical modelling.
Knight, who began work in this field in Weltner’s group, further developed the MIESR method with studies on molecular cation radicals.84 Knight went on to publish MI-ESR
for a number of different species since the 1970s, notable examples include the metal
hydrides MgH, CaH, SrH, BaH85, ZnH, CdH, HgH86 and BeH87, various metal fluorides88-92,
and the organometallics CuCH293, PdCH394, and AlC95. Misochko and co-workers recently
examined interesting organic radicals, including the quintet pyridyl-2,6-dinitrene96 and the
septet pyridyl-2,4,6-trinitrene97. Other important groups in this area of research include
Weltner and Van Zee98-104, Ozin71, 105, Nakamura106-108 and McKinley61, 72, 109-112.
Recent developments in the field of MI-EPR spectroscopy have come about through
the use of novel matrix materials, production techniques and spectrum analysis. Notable cases
include a low temperature investigation into the thermal and photochemical transformations
of primary amine radical cations, in which radicals are trapped in a Freon matrix that allows a
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certain degree of diffusion. The properties of the Freon matrix meant that transformations of
the reactive species trapped within the matrix could be closely observed. The results verified
proposed pathways for fragmentation patterns observed in mass spectrometers.113 One issue
with MI-ESR is that the system must be at an extremely low temperature for thermal stability,
which may result in behaviours and properties of a species not observed at higher
temperatures. Buscarino et al. were able to study the methyl radical at temperatures from 7 K
to room temperature, using a SiO2-clathrate structure of natural melanophlogite. The material
is comparably inert to noble gases matrices, and is formed with atmospheric molecules
trapped in its structure. The research group was able to irradiate the structure to create
radicals, which were observed as quantum rotors (4 K), transitioning through to classical
rotors (30 K). Such a study gives vast insight into one of the more important organic
radicals.114 In fact, such is the level of understanding behind the methyl radical it is being
used as a probe in studying the structure and dynamics of different solids,115 and as a
temperature probe in outer space116. MI-EPR has emerged as an important tool for
understanding reaction mechanisms, as detailed in Rhodes’ review of the method as a tool in
investigating catalytic systems, with applications in a variety of field from biochemistry to
photo-catalysis to fuel cell technology.117
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6 – Species of Interest
Currently, there are very few experimental studies concerning small magnesium
organometallic molecules. In fact, an experimental investigation into the MgCH radical has
never been reported. There are, however, a few studies on MgCH2 and MgCH3. Krohmer and
Goubeau were the first to examine the MgCH2 radical, observing the IR-spectra of the
molecule.118 Later, Bare et al. generated the MgCH2 molecule through laser ablation,
performing infrared spectroscopy on the species.119 They found that the magnesium carbon
bond in the species exhibits primarily single-bond behaviour, with little π interaction. The
results of Bare et al. suggest that the electronic structure of MgCH2 will be similar to that
found for MgCH3. Tyerman et al. also conducted an ab initio study that includes calculations
for the MgCH and MgCH2 radicals, among other molecules, in 1996. 120 It is also worth
noting that McKinley and Karakyriakos examined the MgCH3 molecule through ESR
spectroscopy,109 and that Cheng et al. have examined the MgCH4+ molecule through
photodissociation spectroscopy121. In the McKinley study of MgCH3, they found that the
unpaired electron was largely localised on the Mg atom, and that metal-carbon bond was
similar to the bonding in MgH. The spin Hamiltonian parameters were determined to be g⊥ =
1.9999(4), A⊥ (25Mg) = -184(1) MHz, A⊥ (13C) = 128(2) MHz and A⊥ (H) = 7(1) MHz.
Although the MgCH radical has not been previously studied in literature, similar
organometallic radicals have been experimentally studied. Examples of MCH studied in the
literature include VCH122, WCH123, TiCH124, NaCH and KCH125, SiCH126-128, GeCH129-131
and UCH132. Xin and Ziurys found NaCH and KCH to be linear molecules with a 3Σ ground
state arising from a π2 configuration.125 GeCH has a germanium-carbon double bond in the
ground state, with a lone electron on the carbon in a π orbital.130 The other metal
methylidenes all exhibit a metal-carbon triple bond in the ground state. Tyerman et al. found
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in their ab initio calculations that the MgCH radical is linear with a 4Σ- ground state.120 The
quartet ground state separates MgCH from other previously studied MCH molecules.
MI-ESR analysis of MgCH will confirm its electronic structure and arrangement, and
help us better understand the characteristics of metal-carbon bonds in small organometallic
species and the behaviour of quartet state molecules. MgCH is the simplest possible species
containing magnesium, carbon and hydrogen. The fundamental nature makes the species of
interest since Grignard reagents, which contain a magnesium atom bound to an organic
substituent, are widely used in organic chemistry. The use of metals in catalysis can also
directly involve a MCH (M = metal) species.133 The related SiCH species has been suggested
to exist in large quantities in interstellar dust clouds through computational modelling. 8-9
Since magnesium is a highly abundant element in interstellar space, experimental studies on
the three magnesium-hydrocarbon species MgCH, MgCH2 and MgCH3 will be useful to help
determine which species is the most likely to be found in dust clouds.
The aim of our project is to help fill the significant gaps in knowledge of these
molecules, and through MI-ESR analysis determine their nature. The previous research done
by McKinley and Karakyriakos on the related MgCH3 molecule sought to identify these
radicals through ESR, however, the hyperfine spectra produced by the presence of the
magnesium-25 atom was not apparent leaving a gap in literature open until now. Magnesium25 makes up roughly 10% of all terrestrial magnesium, 134 and since the magnesium-25 atom
splits an ESR signal 6 times due to its nuclear spin of 5/2, ESR peaks of the 25MgCH and
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MgCH2 radicals will be present at about one sixtieth of the strength of regular MgCH and

MgCH2 spectra. This explains the difficultly in observing the particular spectra related to the
isotopologues of 25MgCH and 25MgCH2. Magnesium-24 and magnesium-26 have no net
molecular spin, therefore they do not split ESR spectra of their related radicals. Evidence of
interaction with the magnesium atom is required to confirm possible ESR spectra as
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originating from an MgCH or an MgCH2 molecule. This project aims to overcome these
difficulties by using pure magnesium-25 in the process of radical generation, possibly
producing easily identifiable hyperfine splitting patterns, confirming the presence of MgCH
in matrix isolation.
Along with MgCH, there are a few more magnesium radicals of interest to this
research. Firstly, magnesium mononitride (MgN), is thought to be the most likely magnesium
molecule to be observed in interstellar and circumstellar space, but has yet to have been
detected.11 Some mononitrides have been discovered in interstellar space, including SiN135-136
and PN137-138. Work on the molecule exists from previous research conducted at UWA, by
Sally Yates in her honours thesis.139 Yates found xy1, xy3 and OA transitions of 24Mg14N and
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Mg15N, with evidence for the xy1 transitions of 25Mg14N, along with some theoretical

comparisons. To complete the EPR picture, the remaining transitions of 25Mg14N need to be
observed. MgN has also been a molecule of interest in a few other studies. The dication,
MgN2+ has been shown to be thermodynamically stable by Kolbuszewski and Wright, with
its lowest energy level being the Χ 4Σ- state.140 There are two studies looking into predicting
the properties of MgN through ab initio methods, the first, by Boldyrev et al. found the
ground state of the molecule to be 4Σ- and calculated a few different properties, such as bond
length (Rc = 2.084 Å) and excitation energy (11.2 kcal/mol to the 2Π state).141 The results
from that study relate closely to one by Ishii and Taketsugu, who performed an ab initio
prediction of the spectroscopic constants of MgN in its 4Σ- and 2Π states. The team used the
multireference singles and doubles configuration interaction method. They showed that the
4 -

Σ state was the lowest for MgN. The binding energy was calculated as 11.1 kcal mol-1 and

the rotational constants as Be = 13.357 and B0 = 13.259 GHz.142 Although not directly related
to the aims of this research, there is also interest in rocksalt MgN as a half-metal magnetic
material.143 A similar molecule to MgN that has been studied through MI-ESR spectroscopy,
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is the quartet MgP radical.112 Fuller et al. determined the magnetic parameter; A⊥ (P) =
157(6) MHz, but did not produce the radical in enough yield to determine any other
parameters.
Another radical magnesium species of interest is Mg+-N2 which is of primarily
atmospheric relevance, given the presence of magnesium ion layers in the upper atmosphere
and the prevalence of N2.144 Magnesium has also been detected in the atmospheres of
Titan,145 Neptune146 and Mars147. In addition, the species has a binding energy around 7 kcal
mol-1,148-149 which would allow it to form and remain stable enough to potentially play a role
in interstellar space, according to Klemperer and Vaida30. The species is a van der Waals
association complex, without any direct bonding between the magnesium ion and the
nitrogen molecule. The nitrogen molecule has a quadrupole moment which interacts with the
magnesium cation to form a linear, bound species. This molecule has been previously studied
numerous times in literature, first in a mass-selected photodissociation spectroscopy. Robbins
et al. studied the lowest transition from the linear X 2Σ+ state to the linear 2Π state.150 This
research coincided with theoretical work by Maitre and Bauschlicher, who found the
geometric parameters of the 2Σ+ linear ground state to be r(Mg-N) = 2.37 Å and r(N-N) =
1.101 Å.151 This research was later refined by Tachikawa and Yoshida who determined r(MgN) = 2.540 Å and r(N-N) = 1.118 Å with D0(Mg-N) = 6.9 kcal mol-1,148 and finally confirmed
by Plowright et al. who also determined r(Mg-N) = 2.456 Å and r(N-N) = 1.091 Å with
D0(Mg-N) = 7.19 kcal mol-1.149 There is also a time-resolved laser-induced fluorescence
study examining the kinetics of Mg+-N2 as part of a wider investigation into the chemistry of
magnesium atoms and ions in the upper atmosphere. Whalley et al. determined the rate
coefficient for the Mg+ + N2  Mg+-N2 association reaction to be k(Mg+ + N2) = 2.7 ×
10−31 (T/300 K)−1.88 cm6 molecule-2 s-1.152
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Zinc is an element that has yet to be detected in a molecule in interstellar space, despite
having a universal elemental abundance similar to fluorine, which has been detected in the form of
AlF,153-154 HF,155 and CF+156. Fluorine, however, is strongly electronegative and forms molecules
with large dipole moments, which increases the intensity of their rotational transitions. For
example, HF has a dipole moment of 1.80 D.157 A molecule that contains zinc that would have a
large dipole moment is ZnN. However, the only study into diatomic ZnN was a theoretical
investigation by Boldyrev and Simons.158 They found the ground state to be a van der Waals long
range association state. Bonding between zinc and nitrogen only occurred at short distance in an
excited 2Πi state. A MI-ESR study into the association of atomic zinc with atomic nitrogen would
reveal whether ZnN exists as a stable molecule in its ground state, and provide information
regarding the electronic properties of such a species.
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7 - Materials and Method
7.1 – Overview
The Mg+-N2, MgCH and MgN radical species were created by combining a reactant
gas and neon with the plume resulting from the laser ablation of solid magnesium-25 metal as
well as natural abundance magnesium metal. The ZnN radical was created by combining a
reactant gas and neon with the plume resulting from the laser ablation of solid natural
abundance zinc metal. The reaction mixture was cooled to 4 K using liquid helium, freezing
the neon gas into a solid matrix. This matrix was then lowered into a microwave cavity for
ESR spectroscopy. The theory behind the combination of these three techniques has been
covered in the preceding sections, and has been used successfully before to create and
examine the related species MgCH3109, HgCH361, ZnCH3110, and CdCH372. The work
conducted on MgCH3 by Karakyriakos et al. also looked to study the related MgCH2 and
MgCH molecules. However, whilst the group observed what is thought to be the ESR pattern
of MgCH2 and MgCH, they were unable to resolve the hyperfine splitting caused by
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MgCH2 and 25MgCH, which is required to identify correctly the molecule from the ESR

spectra. ZnN and MgN were first observed by Sally Yates in her honours thesis, 159 but
required some spectra to be rerecorded and new spectra to be obtained, along with new
analysis and theoretical calculations, to produce an accurate picture of the electronic structure
of the molecule.
This project uses isotopically enriched magnesium-25 metal in experimentation,
which will allow the detection and confirmation of low-yield magnesium-containing radicals.
The experimental apparatus in used in this work was built initially by built by Davis 160,
further modified by Wilson161, and most recently used as a part of Karakyriakos’ PhD
research162. In this work there have been no major modifications to the apparatus. The
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apparatus has been previously described in an earlier publication.72 Any changes made to the
apparatus and the precise operating procedures will be covered in the following sections.

7.2 – The Laser Ablation System
The laser is a class 4 Continuum Surelite Nd:YAG laser. It emits radiation at a
wavelength of 1064 nm. The beam was run through a Surelite SLD-1 frequency doubling
crystal, halving the wavelength to 532 nm for use in the experiments.
In order to reach necessary power output of the laser, it required constant maintenance
and servicing. The Pockels cell was refilled with fluid, the flashlamp replaced, and the cavity
re-aligned to produce maximum power output (measured to be 80 mJ/pulse at 532 nm). At
one point, the laser ceased lasing entirely, and required a technician to be called on site from
Eastern Australia to precisely realign the cavity and to help restore the laser back to working
order. The water cooling system burst due to the failure of a plastic clamp on one of the
hoses. The laser had to be carefully disassembled and the plastic clamps replaced with a
metal versions before it could be used again.
The beam was run through a series of optics, constructed by C. J Wilson, before
reaching the target surface.161 Firstly, the beam passes through an adjustable half-wave plate
that rotates the plane of polarisation of the light. The beam then passes through a polarising
beam splitter that transmits only one plane of polarisation. By adjusting the polarisation of
the beam using the half-wave plate, the amount of radiation that passes through the polarising
beam splitter can be controlled, allowing for fine-tuning of the laser’s power output. The
beam is then reflected into a lens with a focal length of 7.5 cm and focused onto the target
surface. The lens is mounted on a three-axis translation stage that allows the beam to be
focused on any part of the target surface.
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The power of the pulsed laser radiation used in the experiments varied between 100
mW – 130 mW as measured by an AN/2 Ophir laser power meter. All experiments were run
with the laser pulsing at 10 Hz, with each pulse lasting about 8 ns with 10-13 mJ of energy.

7.3 – The Reactant Injection System
There are two methods of sample gas injection in the system used in the experiments.
Jeff Davis has constructed a glass gas mixing line, pumped by an Edwards 2” diffusion pump
coupled with an Edwards liquid nitrogen cooled trap and backed and roughed by an Edwards
Speedivac Model ED-50 two stage rotary pump. The best vacuum achieved was around 5 x
10-6 Torr, as measured by a new iridium-terminated 3/4” ion gauge. Gases are mixed into a 1
L bulb with the total pressure measured by two MKS Baratron pressure transducers operating
over different ranges. Since the volume of the bulb is known, and the drop in pressure over
time can be recorded, it is possible to compare the flow rate from the bulb to that obtained
from a mass flow meter.
Neon gas (Spectra Gases, 99.999%) was introduced to the glass line through a
molecular sieve trap containing Linde type 5A sieves cooled by liquid nitrogen. The flow of
the sample gas into the ablation chamber was controlled by a needle valve and measured by
the pressure drop in the glass line. All experiments relevant to this thesis used a neon flow
originating from the glass line, flowing at around 3.0 ± 0.5 Torr-L min -1 as measured by one
of the MKS Baratron pressure transducers.
The other method for introducing gases into the ablation chamber was direct injection,
where gases would be let directly into the chamber from their respective containers at a
controlled rate. All experiments relevant to this thesis used the direct injection method for the
sample gas with the flow controlled by a needle valve and indirectly recorded by the pressure
rise of a thermocouple gauge located behind the ablation target.
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Sample gases went through multiple freeze-pump-thaw cycles until no change in
pressure was observed in the system upon opening the valve to the frozen sample. The target
flow for the sample gases was a pressure rise of 20 – 30 mTorr.

7.4 – The Main Line
The main line (depicted in figure 2) which includes the ablation chamber and
deposition chamber was maintained at high vacuum (as low as 1.0 x 10-7 Torr at room
temperature, measured with an ion gauge) by a CVC 4” diffusion pump backed by an
Edwards E2M-18 two-stage rotary pump. Leaks were a constant problem with this project,
and many vacuum parts had to be continuously replaced, including but not limited to: various
O-rings, ferrules, copper tubing, the nitrogen trap and the load-lock valve.
The ablation target was either a solid piece of natural magnesium or zinc machined to
screw onto a stainless steel rod inserted into of the chamber (purity above 90%)163, a solid
piece of magnesium-25 (Oak Ridge National laboratory, 97.86% pure, see Appendix)
mounted to the stainless steel tube using epoxy resin. The laser was rastered across the
ablation target to create a steady plume of material. Between experiments the target was
periodically cleaned by gently scrubbing the surface with a piece of sandpaper. The resulting
smooth surface provided greater yields of the metallic radical ion than experiments with an
old, pock-marked surface.
The deposition target was a 0.5 cm wide oxygen free high conductivity copper rod,
cooled down to 4.2 ± 1 K by a continuous-flow liquid helium cryostat (Cryo industries of
America RC110). The rod was cleaned with ethanol at regular intervals. Liquid helium was
provided by the Physics Department of UWA. Helium boil-off was collected and stored in
the Chemistry building basement, before being pumped back to the Physics Department.
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The temperature was measured by a Lakeshore Cryogenics Inc. Model 330
Autotuning Temperature controller. The accuracy of this controller is slightly affected by the
magnetic field of the ESR instrument, which has been taken into account in this project. The
controller was used to anneal (heat) deposits on the copper rod to any temperature desired.
Most experiments involved annealing the sample, after deposition, up to 9 K, which was
required to produce the clear lines attributed to MgCH. Temperatures higher than 11 K would
result in a significant loss of material, and above 14 K the matrix would sublime completely.
The success of each experiment depended very heavily upon the purity of each
material used, and the vacuum of the ablation chamber and deposition chamber. To ensure no
impurities were present for each deposition, a Stanford Research Systems RGA 200 mass
spectrometer was used to measure the background levels of each species in the system.
Occasionally, a series of resistance heaters were used to heat the vacuum chamber up to
around 85oC, in order to facilitate the desorption of water and any residual diffusion pump oil
from the metal chamber pieces. In every experiment, there was a persistent background of
H2O and to a lesser extent N2. At high vacuum, the background H2O and N2 reactions with
the ablated metal are insignificant compared to the products formed from the reaction of the
ablated metal with the reactant gas. However, background N2 sources through either air leaks
or absorbed N2 in a reactant were thought to have produced the species identified as Mg+-N2.
Experiments would begin by warming up the laser for about 30 minutes. The
deposition target was cooled to 4.33 K or lower, before the neon flow was set to around 3
Torr min-1. The sample gas valve was then opened and the laser immediately activated.
Depositions usually ran from 60 to 90 minutes, with the laser focus being continually rastered
across the ablation target and the neon and sample gas flow rates carefully monitored. After
this time, the sample gas would be shut off, and the laser deactivated (after measuring its final
power output) before halting the neon flow. A small metal film would often develop over the
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windows into the ablation chamber due to the ablation of the metal target. A successfully
deposited neon matrix appeared to add a fuzzy white sheen to the copper rod, and glowed
purple upon sublimation. Deviations from this general method will be mentioned in the
relevant section.

7.5 – The Electron Spin Resonance Instrument
All of the ESR spectra presented in this thesis were obtained using a Bruker ESP
300E spectrometer. All magnetic field values were recorded by the ER 035 1H NMR
gaussmeter unless stated otherwise. The DM4116 microwave cavity used calibration
parameters from earlier studies. The klystron bridge which produced the microwaves for this
experiment failed during the course of the experimentation. This required the purchase of a
new bridge which was fitted to the machine and calibrated to perform similarly to the old
bridge. Some spectra recorded for the ZnN species and the Mg+-N2 species were recorded
with the new bridge.
The spectral regions of interest for this thesis ranged from 1500 G to 6000 G. These
regions were probed at a microwave frequency of between 9483 MHz and 9721 MHz.
Microwave power was varied between scans and experiments; values of 0.6 mW, 1 mW, 2
mW, 3 mW, 6 mW and 10 mW were investigated to determine the optimal settings. Higher
microwave powers also tend to increase the relative intensity of forbidden transition peaks,
and this effect was observed. The optimal microwave power was determined to be around 3
mW, and this is the value used to obtain most of the spectra presented in this thesis; any
deviations from this value will be noted.
Signal averaging of multiple scans was typically employed on most of the target
regions and these provided sharper, more intense lines and a better signal to noise ratio.
Normally scans would utilise three passes, but the lines attributed to 25MgCH only showed
34

clearly after 6 slow passes. There is a risk with running long scans that parameters such as the
microwave frequency, power or lock offset may drift over time, distorting the results. This
effect has been accounted for in peak position error values.

7.6 – Spectral Analysis and Theoretical Calculations
Simulated spectra and simulated line positions were calculated using an exact
diagonalisation of the spin Hamiltonian in the GEN program, developed by Lon Knight and
co-workers.164-165 This program has been used in the earlier works on ESR spectra in this
department.61, 109, 112, 166-167 The parameters displayed in this thesis were the set of numbers
that produced the simulated spectrum that best fit the experimental results. The best fit was
determined by minimising the sum of the square of the differences between each peak. In
cases where peaks are not fully resolved, such as that for Mg+-N2, a visual observation of the
similarity of the simulated spectrum to the experimental spectrum was used to determine the
best fit. This less precise method was reflected with a higher error value for parameters
determined using this method.
ESR spectra are commonly recorded as a first derivative, thus the true peak absorption
of the microwave radiation lies at the zero between a maximum and immediate minimum
value recorded on the spectrum. Determining where the spectrum passes through zero is
difficult in many cases due to noise or a low strength minimum. It is clearer and more precise
in this case to take the position of the peak at the maximum of the ESR spectrum. Deviation
from this system for any reason will be noted in the results section.
For each radical studied, a series of ab initio calculations were performed. These
calculations produced estimates of the radical’s ESR parameters to varying levels of
accuracy. Calculations were primarily run using the ORCA program,168 with supplementary
calculations run using the MELDF suite of programs169. These calculations used Dunning
35

basis sets, either the aug-cc-pVDZ basis set or the aug-cc-pVTZ basis set. 170-172 The ORCA
program was used to create a Potential Energy Surface (PES) through a Complete Active
Space Self-Consistent Field (CASSCF) calculation for each molecule. Self-Consistent Field
(SCF) method was developed by Hartree in 1928, and is analogous to the Hartree-Fock (HF)
method, which includes a correction from Fock to Hartree’s method.173-176 This calculation
examined the change in energy from a change in bond length between the metal atom of the
radical and the first substituent. The minimum point of energy was determined to be the
theoretical bond length for that radical. This length was used to model the radical in the other
calculations, unless otherwise stated. The CASSCF calculation requires the choice of active
orbitals. Typically, those orbitals with an occupancy between 99% and 1% were used in the
CASSCF calculation. For MgN, ZnN, and MgCH there were 8 orbitals (5 occupied, 3
unoccupied in the ground state) containing 7 electrons that fulfilled the selection criteria. A
PES was not fully rendered for the Mg+-N2 species as this species has already been studied
through theoretical methods in literature.151 A separate CASSCF calculation was run for each
species at a fixed bond length to determine the magnetic parameters.
Aside from the CASSCF calculations, a number of different levels of theory were
used to determine magnetic parameters for the radical species. Two different Density
Functional Theory (DFT) methods were used: B3PW91, a hybrid function developed by
Becke177 and B3LYP, which uses a correlation functional developed by Lee, Yang and
Parr178 in addition to the exchange function of Becke. The B3LYP calculations were also run
with the aug-cc-pVTZ basis set as well as the aug-cc-pVDZ basis set that is used for all other
calculations, the aim of this is to show the effect of a larger basis set on the accuracy of the
calculations. Second order Møller-Plesset perturbation theory (MP2) calculations were run
for each radical species. This method, first proposed by Møller and Plesset179 adds electron
correlation effects to the HF method. Finally, Singles and Doubles Configuration Interaction
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(SDCI or CISD) calculations were run both as a single reference Hartree Fock Singles and
Doubles Configuration Interaction (HFSDCI) and as a Multi-Reference Singles and Doubles
Configuration Interaction (MRSDCI). These calculations were run using the MELDF suite of
programs.169

7.7 – Errors
The errors associated with the measurement of ESR spectra from the instrument used
in these experiments have been documented before. 159, 162-163 Briefly, in determining the
position of a peak there is a 0.1 G to 0.2 G error in measuring the exact base of the peak due
to the sample rate of the ESR instrument. There is 0.1 G further error arising from the
difference in field strength at the pole face where it is measured by the gaussmeter and inside
the microwave cavity where the deposited matrix is positioned. This error is assumed to have
not changed since its last measurement. There is an additional 0.1 G error attributed to an
imperfect calibration of the gaussmeter across the desired scan range. The overall error in
peak positions is set to 0.3 G for most peak positions to account for all of these factors. In
some cases, weak peaks which required averaging and smoothing to differentiate from
instrument noise and were therefore broader than stronger peaks. These weak peaks were
assigned an error value of 0.5 G to reflect the extra uncertainty in line position.
The error for the ESR parameters used to generate the simulated spectra is determined
to be the numerical difference needed to significantly alter the shape of the simulated spectra
from the error range of the experimental spectra both upfield and downfield. Some ESR
parameters are estimated based on the knowledge of the molecule and the fact that extreme
values outside a given limit would impact on either the line shape or the line position of the
observed peaks. In these cases, the limit of the value is taken to be the error, with the quantity
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given being the most likely value for this parameter. The cases where this approach is used
are directly mentioned in the text.
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6 – A Matrix Isolation ESR and theoretical study of MgNa
Thomas S. Hearne, Sally A. Yates, Duncan A. Wild, Allan J. McKinley b
Chemistry, School of Molecular Sciences, The University of Western Australia, 35 Stirling Highway, Crawley, Western
Australia 6009, Australia

Matrix isolation experiments have been conducted on the Mg14N, 25Mg14N, Mg15N, and
25

Mg15N radicals which were formed by the reaction of a plume of magnesium metal

produced with laser ablation and either acetonitrile vapour or nitrogen atoms. The radicals
were isolated in an inert neon matrix at 4.3 K and studied with electron spin resonance (ESR)
spectroscopy. The ground electronic state of MgN was determined to be 4 -. The following
magnetic parameters were determined experimentally for MgN: g⊥ = 2.00478 (2), g∥ =
2.00172 (4), |D|= 9797 (6) MHz, A⊥(14N) = 19.7 (2) MHz, A∥ (14N) = -4.0 (3) MHz, A⊥(15N)
= 27.5 (3) MHz, A∥ (15N)= -5.7 (3) MHz, A⊥ (25Mg) = -60.7 (5) MHz, A∥(25Mg) = -65 (3)
MHz. The low-lying electronic states of MgN were also investigated using the complete
active space multiconfigurational self-consistent field (CASSCF) technique. By plotting the
potential energy surface (PES), theoretical parameters for the ground state with a
configuration of 5σ26σ27σ12π12π1were able to be determined, including: re = 2.090 Å and De
= 11.28 kcal/mol.

a

This version of the paper incorporates a number of corrections to minor typographical errors and the
statement concerning the double bond character of the MgN bond in Section c of the Discussion has been
removed.
b
Author to whom correspondence should be addressed. Electronic mail: allan.mckinley@uwa.edu.au
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I INTRODUCTION
There has been a good deal of work published in recent years concerning the identification of
molecules comprising interstellar and circumstellar dust clouds in outer space. The
identification of individual molecules in these clouds depends on there being reliable
laboratory data published on the spectra and parameters of the individual molecule. As the
molecules found in interstellar space are exotic compared to those found on Earth, it can be
difficult to isolate and analyse molecules relevant to interstellar space, and the current lack of
laboratory data is one problem that has been raised by astrochemists and astrophysicists in the
identification of molecules from interstellar spectra.1,2 The molecules of greatest interest are
those comprised from elements that are well represented in the composition of the universe.
One such molecule is the MgN radical, comprised of two of the most common elements in
the universe. It is theorised to exist in significant proportions in dust clouds, but as yet there
has been no experimental data published on the radical. 3 There are a few magnesium
containing molecules that have been identified in dust clouds, including: MgNC4, MgCN5,
HMgNC6 and MgCCH7. However, given the abundance of magnesium, it is predicted that
many more magnesium containing molecules should be identifiable given laboratory data. 3
Magnesium has three naturally occurring stable isotopes. Mg-24 and Mg-26 have no
nuclear spin and together account for 90.00% of the isotopic composition of magnesium.
These two isotopes will be represented by Mg with no isotopic label. Mg-25 makes up the
other 10.00% of natural magnesium, and has a nuclear spin of I = 5/2 with a nuclear magnetic
moment of µ = -0.85545 µN.8 Natural nitrogen is predominantly N-14 (I = 1, µ = 0.40376100
µNc)9 with an abundance of 99.64%. Its other stable isotope is N-15 (I = -1/2, µ = 0.28318884 µNc)10 with 0.36% abundance. The presence of atoms with nuclear spin in the
MgN molecule is essential for both ESR spectroscopy and interstellar detection, as they
produce hyperfine splitting patterns that are characteristic of a particular molecule.
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The MgN radical has been a molecule of interest in some previous theoretical studies.
The dication, MgN2+, has been shown to be thermodynamically stable by Kolbuszewski and
Wright, with its lowest energy level being the Χ 4Σ- state.11 There are also two separate
theoretical studies examining MgN through ab initio methods, the first, by Boldyrev et al.,
found the ground state of the molecule to be 4Σ- and calculated properties, such as bond
length (Rc = 2.084 Å) and excitation energy (11.2 kcal/mol to the 2Π state).12 The results from
that study relate closely to one by Ishii and Taketsugu, who performed an ab initio prediction
of the spectroscopic constants of MgN in its 4Σ- and 2Π states. This team used the
multireference singles and doubles configuration interaction method. They showed that the
4 -

Σ state was the lowest for MgN. The binding energy was calculated as 11.1 kcal mol-1 and

the rotational constants as Be = 13.357 and B0 = 13.259 GHz.13
This work aims to investigate the MgN radical using a similar manner employed in the
studies of CdCH314, HgCH315, ZnCH316, MgCH317 and most recently ZnP and CdP18 by this
research group. The radical has been probed with Electron Spin Resonance spectroscopy
(ESR) whilst trapped in a neon matrix. This has allowed the determination of the magnetic
parameters g⊥, g∥, D, A⊥(N), A∥(N), A⊥(15N), A∥(15N), A⊥(25Mg) and A∥(25Mg).
Furthermore, ab initio calculations were employed to produce theoretical estimates of
the experimental parameters and the potential energy surface (PES) was plotted using
the complete active space multi-configurational self-consistent field technique. Other
molecules with 4Σ- ground electronic states which have been studied by the matrix isolation
ESR technique have included Sc2+19, C2+20, Si2+ and Ge2+21, BC22, AlC23, GaP+24, GaAs+25,
and SiB and SiAl26. Magnesium-containing doublet radicals which have been studied using
the matrix isolation ESR technique have included MgH27, MgF28 and MgOH29.
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II EXPERIMENTAL
The design of the experimental apparatus used to conduct these matrix isolation experiments
has been published previously.14 The primary features of the procedure for this experiment
will be given in this section. The various radicals studied in this experiment were produced in
the reaction between the material ejected from a laser-ablated metal target and a reagent gas
flowing over the ablated target. Two metal targets were alternatively used; natural abundance
magnesium (97% by ICPAES), and isotopically enriched magnesium-25 (98.5% 25Mg,
1.4+% 24Mg, Oak Ridge, US Department of Energy). The targets were ablated by the focused
beam of 532 nm from a frequency-doubled Nd:YAG laser (Continuum, Surelite I) pulsed at
10 Hz with a pulse energy of 10 to 15 mJ and a pulse width of 8 ns. The reactant gas that was
passed into the ablation plume was: natural abundance N2 gas(Industrial Grade, Air Liquide)
or isotopically enriched 15N2 gas (98%, Aldrich Chemical Company Inc.) mixed with neon
gas at a ratio of 1:2000 which had been irradiated by a microwave discharge to produce N
atoms, acetonitrile (CH3CN) vapour (99.8+% CH3CN, Sigma Aldrich) or isotopically
enriched acetonitrile (CH3C15N) vapour (99.3% N-15, 98+% CH3CN, Icon Isotopes). The
acetonitrile reactants were subject to multiple freeze-pump-thaw cycles to remove dissolved
air, and were held in an ice-methanol bath over the course of the deposition. The ablated
plume of vaporised metal met the reactant gas in a small reaction chamber (~8 cm in length)
together with a stream of high purity neon (99.999%, Spectra Gases) which was injected into
the reaction chamber at a rate of 3 Torr per minute (from a 1 L vessel) forming a background
Ne pressure of around 2 x 10-5 Torr in the reaction chamber. The neon gas had been purified
by passing it through a filter containing 3 Ǻ molecular sieves immersed in a liquid nitrogen
cold trap. Before deposition the typical background pressure in the apparatus was about 1 x
10-7 Torr. Species of interest, including MgN, were trapped in the solid neon matrix which
formed on a high purity copper target, kept at 4.3 K by a continuous-flow liquid helium
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cryostat (Cryo Industries of America RC110). Deposition times ranged from 1 to 2 hours,
with the laser beam being continuously rastered over the entire surface of the metal target.
Once the deposition was complete, the copper target was lowered into a DM4116 microwave
cavity to have its ESR spectrum recorded on a Bruker ESP300E spectrometer.
The evaluation of the spectral magnetic parameters was made by simulation of the ESR
spectra utilising the exact diagonalisation of the spin Hamiltonian with the GEN program. 30,31
Parameters were selected that gave the least sum of the squares of the differences between
experimental spectra and simulated spectra. Uncertainties in the parameters were estimated
by the change required to produce line positions which differed substantially from those
observed in experiment (typically ± 0.5 G).
A series of ab initio calculations were performed using the ORCA program32 to study
the electronic states of MgN. The potential energy surface was generated using the complete
active space self-consistent field (CASSCF) method with the augmented correlation
consistent polarised valence double zeta (aug-cc-pVDZ)33-34 basis set for both Mg and N. An
active space of 7 electrons in 8 orbitals was chosen on an occupancy basis (1.98 > occupancy
> 0.02). These orbitals are 5σ6σ7σ2π2π8σ3π3π for the MgN radical. The same basis sets
were used in the determination of the ESR parameters, with an additional calculation made
using the augmented correlation consistent polarised valence triple zeta (aug-cc-pVTZ) basis
set33-34. The parameters were produced at the optimised geometry produced from the
CASSCF calculations. HF-SDCI and MR-SDCI calculations were performed using the
MELDF29 suite of programs. The HF-SDCI calculation included all single excitations from
the Hartree-Fock configuration and the double excitations with a threshold energy
contribution over 1 x 10-7 Hartree. The MRSDCI calculation was performed in MELDF with
100 reference configurations chosen based on their configuration interaction coefficients
from the HF-SDCI calculation.
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III

RESULTS – Experimental

The reaction between natural abundance magnesium (Mg) and N-14 nitrogen atoms (either
N2 gas subjected to a microwave discharge or CH3CN) produced an ESR spectrum which
consisted of a set of 3 peaks around 1800 G This is a spectral region associated with quartet
radicals.35 The 1:1:1 splitting pattern was consistent with the pattern predicted to be produced
by a radical containing a single nucleus with a nuclear spin of 1. Substituting nitrogen-15 for
the natural abundance nitrogen resulted in the triplet changing to a 1:1 doublet. This was
consistent with the splitting predicted for a radical containing one atom of nitrogen-15 with a
nuclear spin of ½. Depending on the size of the electron-electron zero field splitting term, D,
radicals with a quartet ground state typically show three different transitions between the four
different energy levels of the electron spin, Ms = 3/2, 1/2, -1/2 and -3/2. For large D the
spacing between the Ms =1/2 and -1/2 is larger than the microwave photon employed and this
transition is not observed. As the radicals studied in these experiments are randomly oriented
only transitions for perpendicular or parallel orientations with respect to the external
magnetic field are observed and normally the parallel transitions are too weak to be
observable. For a radical with axial symmetry the three observable perpendicular transitions
are denoted xy1, xy2, xy3 .35 However depending on the values of g and D matrices an
additional transition can be observed where the line positions versus angle between the
radical and the external magnetic field undergoes a turning point. Such a transition is termed
an off-angle (OA) or extra transition. Given this information, simulated spectra predicted that
the xy3 set should be observable around 6600 G and that an off angle (OA) transition should
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also be observable around 5800 G. For the parallel z transitions, the z2 transition would occur
around g=ge (3500 G), which is a region contaminated by many other radicals in the matrix.
Hence, the z2 transition is unlikely to be observable over the high background in this region.
The z3 transition should occur around 10000 G, this would be observable if the transition was
intense enough. However, as expected the z transitions were predicted to be extremely weak
compared to the xy transitions, and none were observed in these experiments. The xy1, xy3
and OA transitions were observed for both nitrogen and nitrogen-15 enriched reactants. Upon
substituting magnesium-25 into the reaction, the triplet pattern near 1800 G was replaced
with an eighteen-line pattern of a sextet of triplets. A similar phenomena was observed for the
high-field lines. As Mg-25 has a nuclear spin of 5/2 this showed the radical produced
contained one Mg nucleus and was therefore assigned to MgN in the 4Σ- state. It was found
that it was possible to form the MgN radical through a range of different reactions involving
ablated magnesium; N2, NH3, CH3CN, CNI and N2H4 all produced the lines attributed to
MgN when used as the reactant gas in this experiment. Experiments performed with 1-C-13
labelled and deuterium labelled isotopologues of CH3CN had no effect on the observed
spectra. In experiments using CH3CN as a reactant gas a substantial amount of the CH3
radical was observed as well as the formation of CH3Mg radicals. For most reactants, an
additional site of the radical relative to the neon matrix produces a smaller set of lines,
slightly down-field, that disappear when the matrix is annealed at 9 K.
The ESR spectra shown in Figure 1 are assigned to the MgN radical formed through the
ablation of a natural magnesium target in the presence of acetonitrile vapour trapped in a
neon matrix at 4.3 K. There are three sets of peaks observed; xy1, off angle (OA), and xy3.
The spectra were recorded using microwave signals with 2 mW of power at 9709.485 MHz,
9709.394 MHz, and 9709.465 MHz respectively. The two sets of xy peaks are each split into
three separate lines by hyperfine coupling with the N-14 nucleus. Observable slightly down-
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field, from the xy1 peaks is a smaller set of peaks with similar hyperfine splitting. These
peaks are assigned to the MgN radical occupying a slightly different site in the neon matrix.
No parallel (z) peaks could be observed; however, the OA peaks are dependent on parallel
and perpendicular combinations and allowed parallel properties to be calculated. The position
of these peaks is indicative of a radical in a quartet electronic state. The positions and
uncertainties of these peaks (and of those described further) are given in Table I, and the
magnetic parameters used to generate the simulated spectra are given in Table II. The signs of
the hyperfine coupling constants cannot be determined directly in these experiments and have
been inferred from the theoretical results discussed below. The peak positions for the Mg 14N
and 25Mg15N isotopologues of this radical are shown in Table I. where they are compared to
those of a simulated spectrum. Further peak comparisons of the other isotopologues can be
found in the supplementary material.

TABLE I. Observed and Simulated line
positions in Gauss for the Mg14N and
25

Mg15N Isotopologues of MgN
Mg14N

Frequency MIa

Obs.b

Calc.c

1

1807.0 (3)

1806.9

0

1814.1 (3)

1813.9

-1

1821.1 (3)

1821.0

1

5837.4 (4)

5837.4

0

5841.3 (5)

5841.3

(MHz)
9709.485

9709.400
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9709.370

-1

5844.5 (5)

5844.3

1

6612.8 (3)

6613.0

0

6619.9 (3)

6620.0

-1

6626.9 (3)

6627.0

25

Mg15Nd

MIe

MIa

Obs.b

Calc.c

-5/2

1/2

1754.4 (3)

1754.4

-1/2

1764.1 (3)

1764.2

1/2

1775.6 (3)

1775.7

-1/2

1785.3 (3)

1785.4

1/2

1797.0 (3)

1797.1

-1/2

1806.7 (3)

1806.9

1/2

1818.5 (3)

1818.8

-1/2

1828.4 (3)

1828.6

1/2

1840.4 (3)

1840.6

-1/2

1850.5 (3)

1850.5

1/2

1862.5 (3)

1862.6

-1/2

1872.4 (3)

1872.4

1/2

6560.4 (3)

6560.3

-1/2

6570.3 (3)

6570.2

1/2

6581.4 (3)

6581.2

-1/2

6591.1 (3)

6591.0

1/2

6602.8 (3)

6602.3

-1/2

6612.1 (3)

6612.2

-3/2

-1/2

1/2

3/2

5/2

-5/2

-3/2

-1/2
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1/2

3/2

5/2

a

1/2

6624 (3)

6623.9

-1/2

6633.5 (3)

6633.7

1/2

6646 (3)

6645.8

-1/2

6655.5 (3)

6655.7

1/2

6668.2 (3)

6668.2

-1/2

6677.8 (3)

6678.1

The magnetic quantum number for the 14N

(I=1) or 15N (I=1/2) nucleus.
b

Peak positions as measured at the apex.

The radical was trapped in a neon matrix at
4.3 K. Uncertainty in position is ± 0.3 G.
c

Peak positions of a simulated spectrum

generated by direct diagonalisation of the
spin Hamiltonian using the magnetic
parameters found in Table II.
d
e

Microwave frequency of 9708.147 MHz

The magnetic quantum number for the Mg

(I=5/2) nucleus.

Table II. Magnetic parameters in MHz for the MgN radical isolated in a neon matrix at 4.3 K
g⊥

g∥

A⊥

A∥

Aisoa

Adipa

|D|

N

2.00478 (5)

2.00172 (5)

19.7 (4)

-4.0 (5)

11.8 (12)

-7.8 (8)

9797 (5)

15

N

2.00478 (5)

2.00172 (5)

27.5 (5)

-5.7 (4)

16.4 (13)

-11.1 (9)

9797 (5)

Mg

2.00478 (5)

2.00172 (5)

-60.7 (5)

-65 (3)

-62 (3)

-1.4 (1)

9797 (5)

25

63

a

A⊥ and A∥ were used to calculate Aiso and Adip through standard expressions (Ref. 36). The signs on

Aiso and Adip cannot be determined from experiment; hence they are taken from the theoretical
results.

FIG 1. The lower trace shows the ESR spectrum for the MgN radical isolated in a neon
matrix at 4.3 K. The upper trace shows the simulated ESR spectrum for the MgN radical
produced using the parameters shown in Table II. The small triplet around 1780 G is assigned
to a second trapping site in the matrix.
The assignment of the peaks in Figure 1 to MgN is further supported by the isotopic spectra.
Peaks belonging to the Mg15N radical were produced through the ablation of a natural
magnesium target in the presence of isotopically enriched acetonitrile (CH3C15N) vapour
trapped in a neon matrix at 4.3 K. There are three peaks produced (xy1, OA, xy3), recorded
with microwave signals of 2.5 mW of power at 9715.82 MHz, 9715.901 MHz, and 9715.904
MHz respectively. The ESR spectra assigned to Mg15N is shown alongside simulated spectra
in Figure S1 in the supplementary material. The Mg15N peaks occur in a similar position to
the MgN peaks, except that the perpendicular xy peaks are split only twice by the I=1/2 N-15
nucleus. The ratio between the splitting caused by N-14 and the splitting caused by N-15
should equal the ratio between the nuclear magnetic moments of the two isotopes. The values
are in close agreement, with the ratio of the splitting between the separate xy peaks averaging
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to 0.701 (2), while the magnitude of the ratio between the magnetic moments of the isotopes
equals 0.70129-10.

FIG 2. The lower trace shows the ESR spectrum of the xy1 peaks of the MgN radical trapped
in a neon matrix at 4.3 K. Highlighted are 7 small peaks assigned to the 25MgN radical
formed from the 10 % natural abundance of Mg-25 with I = 5/2. The upper trace shows the
ESR spectrum of 25MgN, formed using isotopically enriched Mg, trapped in a neon matrix at
4.3 K.
Figure 2 shows the ESR spectrum of the xy1 lines of the 25MgN radical which was formed by
ablating an isotopically enriched (Mg-25) magnesium target in the presence of acetonitrile
(CH3CN) vapour and trapped in a neon matrix at 4.3 K. Once again, the three sets of peaks
(xy1, OA, and xy3) are observed in a similar region to the last two sets of spectra. The
spectra of the OA and xy3 lines are displayed alongside their simulated spectra in Figure S2
of the supplementary material. These spectra were recorded with a microwave power of 2
mW at frequencies of 9706.152 MHz, 9706.137 MHz, and 9706.316 MHz respectively. For
the two xy transitions, we see the N-14 triplet splitting pattern split again into 6 separate
groups by the I = 5/2 Mg-25 nucleus for a total of 18 lines in each set. The OA lines become
very complicated here, but since the pattern is very sensitive to small changes in the parallel
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parameters, it is still possible to make a reasonable assignment for the value of A || for the Mg25 nucleus. The dominant xy1 lines are sufficiently intense that the lines from 25Mg14N are
apparent even when natural abundance Mg metal is used, as shown in Figure 2. It is expected
that these peaks would be at around 2 % of the intensity of the Mg14N lines (using the natural
abundance ratio multiplied by 1/6 to account for splitting). We observe an intensity ratio of
2.6 %.
The 25Mg15N radical was created through the ablation of an isotopically enriched (Mg-25)
magnesium target in the presence of isotopically enriched acetonitrile (CH3C15N) vapour
trapped in a neon matrix at 4.3 K. The experimental spectrum and its simulation are shown in
Figure S3 in the supplementary material. The familiar xy1, OA, and xy3 lines are observed in
a similar region to the previously reported experiments, recorded this time with a microwave
of 2 mW of power at 9707.264 MHz, 9708.215 MHz, and 9708.147 MHz. The expected 12
line pattern for the two perpendicular transitions is observed, with the spacing between each
pair of lines equal to that produced by N-15 in Mg15N. The simulated spectra for 25Mg15N
was generated using the parameters obtained from the earlier figures, the close level of
agreement between the experimental spectra and the simulated spectra for this isotope adds
further confirmation for the magnetic parameters presented in Table II and the assignment of
these lines to the MgN radical. Some magnetic parameters, however, cannot have their signs
determined experimentally, and their signs are inferred from theoretical results.
It is of interest in these experiments that we did not observe spectra consistent with a doublet
radical with spectral properties corresponding to the MgCN or MgNC radicals which have
been reported from gas-phase millimetre-wave experiments4, 36.
IV RESULTS – Theoretical
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The potential energy curves for the seven lowest electronic states of MgN have been
calculated using the CASSCF procedure using the ORCA program32 and at the DFT level
using the B3LYP functional and the uncontracted aug-cc-pVDZ basis set for both
magnesium34 and nitrogen33. The CASSCF calculation included seven valence electrons of
MgN distributed between 8 valence orbitals. These curves are presented in Figure 3. These
curves show the total energy of the molecule as a function of the bond length between the
magnesium atom and the nitrogen atom. There are two sets of Π configurations in the active
space, each of which comprises of 2 equivalent arrangements of the valence electrons; hence,
there are five lines on the plot. The details of these five states are shown in Table III, ordered
by their minimum energy. The full electron configuration of the radical is
1σ22σ23σ21π44σ25σ26σ22π27σ1, but configurations presented for the different states omit the
core orbitals. The ground state of MgN was calculated to be 4Σ- at a bond length of 2.090 Å
with De = 11.28 kcal/mol. At long bond lengths, the magnesium atom and the nitrogen atom
dissociate into separate atoms with various electronic states. The energy of the dissociated
states is compared to experimental values for the individual atoms37,38 in the supplementary
material. Finally, a comparison of the experimentally derived magnetic parameters for MgN
and a range of theoretically determined values is given in Tables IV and V.
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FIG 3. The potential energy surface for 7 of the lowest lying electronic states of MgN. A
configuration of seven electrons in eight orbitals was chosen as the active space for this
radical. Theoretical parameters obtained from the calculation are shown in Table III.

TABLE III. Bond lengths (re), binding energies (-De), energy differences and leading
configurations for different electronic states of the MgN radical.
State

re

De (kcal/mol)

Te

Configurationb

(eV)a

(Å)

Leading
(%)

4 -

Σ

2.090

11.28

0c

5σ26σ27σ12π12π1

96.2

2 -

Σ

2.063

60.78

0.328

5σ26σ22π12π17σ1

94.1

2

Πi

2.063

32.27

1.714

5σ26σ22π12π2

88.0

2

Πi

2.063

32.27

1.714

5σ26σ22π22π1

88.0

4 -

2.867

6.396

2.688

5σ26σ17σ22π12π1

40.6

Σ
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4

Πi

2.063

44.64

2.895

5σ26σ17σ12π12π2

88.2

4

Πi

2.063

44.64

2.895

5σ26σ17σ12π22π1

88.2

a

CASSCF (7,8) was used with the aug-cc-pVDZ basis set (Ref. 33 & 34) to calculate theoretical

values.
b
c

Configurations omit core orbitals, taken at re for the particular state.

Ground state energy was -254.0286 Hartree. This was set to 0 eV for the calculation of T e.

DFT calculations, using the B3LYP functional and the B3PW91 functional, of the magnetic
parameters for the ground 4Σ- electronic state of MgN were performed with the ORCA
program32 and the uncontracted aug-cc-pVDZ basis set for both magnesium and nitrogen33-34.
A Full MP2 calculation was also performed in ORCA with the same reference set. An
additional B3LYP calculation was performed with the aug-cc-pVTZ basis set33-34. The g and
|D| values from these calculations are compared to experimental results in Table IV. The
hyperfine coupling constants for these calculations are presented in Table V, along with
results from the HFSDCI, MRSDCI and CASSCF calculations as well as the experimental
results.
Table IV. Theoreticala and Experimental |D|
and g values for the MgN radical
|D|b

g⊥

g||

B3PW91

11165

2.00334

2.00225

B3LYP

10392

2.00359

2.00224

B3LYPc

10769

2.00369

2.00224

Full MP2

11259

2.00422

2.00225

Exp.

9797(5) 2.00478(5)

2.00172(5)

69

a

All calculations were performed using the

uncontracted aug-cc-pVDZ basis set for both
magnesium and nitrogen (Ref. 33 & 34), unless
stated otherwise.
b
c

|D| values given in MHz.

Performed with the aug-cc-pVTZ basis set for

both magnesium and nitrogen (Ref. 33 and 34).
d

Active space of 7,8 using orbitals generated by

the B3LYP calculation.

Table V. Theoreticala and
Experimental hyperfine coupling
constants in MHz for the MgN radical

B3PW91

N
25

B3LYP

N
25

B3LYPb

Mg

N
25

HFSDCIc,d

Mg

N
25

Full MP2

Mg

Mg

N
25

Mg

Aiso

Adip

3.06

-8.77

-55.03

-1.47

9.30

-8.38

-54.94

-1.52

9.46

-8.84

-55.26

-1.53

7.34

-9.48

-64.98

-1.40

0.98

-10.67

-71.26

-1.48
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MRSDCIc,e

N

4.82

-9.35

Mg

-57.60

-1.52

N

12.30

-8.29

-50.88

-1.31

11.8(12)

-7.8(8)

-62(3)

-1.4(1)

25

CASSCFf

25

Experiment

N
25

a

Mg

Mg

All calculations were performed using

the uncontracted aug-cc-pVDZ basis set
for both magnesium and nitrogen (Ref.
33 and 34), unless otherwise stated.
b

Performed with the aug-cc-pVTZ basis

set for magnesium and nitrogen (Ref. 33
and 34).
c

The CI calculations were conducted

using the MELDF suite of programmes29
d

The HFSDCI calculation used all the

single excitations provided by the HF
configuration plus double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree.
e

Performed with 100 reference

configurations chosen on the basis of
their coefficients contribution to the
HFSDCI wavefunction. All the single
excitations from the reference
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configurations and the double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree were retained in
the CI calculation.
f

Active space of 7,8 using orbitals

generated by the B3LYP calculation.
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V

DISCUSSION

a.

Formation of MgN and comparison of the electronic structure with similar species.

When nitrogen gas was combined with a microwave discharge to produce nitrogen atoms, the
association of a nitrogen atom and a magnesium atom to form MgN would seem to be a
reasonable chemical mechanism for the formation of MgN, even given the low binding
energy. The unfavourable entropy contribution for this reaction would be minimised if it
occurred at low temperature during deposition of the matrix. For CH 3CN the situation is
more complex and the mechanism for the formation of the MgN is not clear. The plume from
the laser ablation of the magnesium target consists of magnesium atoms and ions. The plume
will also contain electrons and will be a source of UV radiation. CH3CN as the reactant gas
produced the narrowest, most intense lines for MgN and large yields of CH3 and MgCH3
radicals were observed. The CH3 radical was probably produced by dissociative electron
attachment to CH3CN or photodissociation and the MgCH3 radical by an analogous
association reaction to that discussed above. The high temperature of the plume could lead to
the pyrolysis of the CH3CN and formation of HCN. ICN as a reactant also produced MgN.
Lanzisera and Andrews39 have reported the formation of MgNC radical in matrix isolation IR
experiments between laser-ablated magnesium metal and HCN. MgCN was not observed in
their experiments. Petrie has predicted the reaction of magnesium with organic cyanides to
be the most likely mechanism of forming MgCN and MgNC40-41 in interstellar dust clouds
however we did not observe significant yields of MgCN or MgNC in our experiments and
this implies that under our experimental conditions these species were not formed or were not
stable with respect to MgN. It should be noted that the conditions in our experimental setup
are vastly different to the conditions found in interstellar dust clouds.
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Similar radicals to MgN have been studied through ESR previously in our laboratory;
including the MgP, ZnP and CdP radicals.18 These three 4∑- radicals all produced xy1
transitions around 1750 G, similar to the location of the MgN xy1 lines (Around 1815 G at a
microwave frequency of 9700 MHz), even though the |D| values were much larger. For ZnP,
|D| is 29 988 MHz18, whilst for MgN it was found to be 9797 MHz. This is to be expected, as
in these species the spin-orbit contribution to D is dominated by the characteristics of the
partially occupied π orbital, which is mainly localized on the non-metallic element. As P has
a spin-orbit constant about 6 times larger than N,42 a significantly larger D parameter is
expected for ZnP than for MgN. The splitting in the xy1 lines for the MgP radical is far
greater than that of MgN, Fuller et al. estimates A⊥ of the P-31 nucleus to be 157 MHz for
MgP18, whilst we have found the value of A⊥ of the N-14 nuclei to be 19.7 MHz for Mg14N.
This can be explained by a better overlap between one of the singly occupied N p-orbitals and
the orbitals of the Mg atom forming a σ-bond between the Mg and N atoms and resulting in
lower spin-density on the N atom.
b.

Comparison between theoretical and experimental results.

The experimental results for the hyperfine coupling constants are presented in comparison
with theoretical results in Table V. Overall, a general trend can be seen with higher levels of
theory and larger basis sets producing results slightly closer to experiment. For A values,
prediction of the hyperfine interaction of the magnesium atom was relatively consistent and
accurate. In particular, Adip was found to be around 2 MHz through both experiment and
theory. This helps strengthen the validity of the OA simulation fitting to the experimental
spectra. Previously published papers have found the Adip values of metals in small radicals to
be in similarly close agreement. 14,17 Theoretical results for Aiso of the magnesium atom
typically underestimated the parameter, however the usage of larger basis sets or iterative
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processes, such as the MRSDCI calculation, led to agreement within the range of error for the
experiment.
The A values for the nitrogen atom were inaccurately modelled by most theoretical
methods. This result has been observed in previously published work where theoretical
results produced inadequate magnetic parameters for atoms attached to a metal in a small
radical, such as for ZnP18 or CH3Zn16. However, there is better agreement here for MgN,
perhaps owing to the more simple nature of the radical compared to the other examples. Still,
most methods overestimate the value of Adip. The best results here come from CASSCF and
CI methods, implying that higher energy states need to be taken into account when predicting
the observed parameters for nitrogen in the radical.

c.

Bonding and electronic structure

The results from ESR experiments allow a free atom comparison method (FACM) analysis to
be carried out. This procedure is identical to the one employed in the metal phosphides paper,
which is itself based on the treatment of the 4Σ BC radical.22 By comparing the ratio of the
molecular Aiso and Adip values for each atom in a radical and those values for the free atom,
the contribution of individual atomic orbitals to the molecular orbitals may be estimated.
MgN as a quartet radical will be presumed to have one unpaired electron localised in a σ-type
orbital shared between the magnesium atom and nitrogen atom, and two unpaired electrons
localised in π-type orbitals shared between the nitrogen atom and magnesium atom. Thus, the
molecular orbitals can be arranged in terms of the atomic orbitals as such:
σ = a1(Mg 3s) + a2 (Mg 3pz) + a5 (N 2s) + a6 (N 2pz),
πx = a3 (Mg 3px) + a7 (N 2px ), and
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πy = a4 (Mg 3py) + a8 (N 2py),
where the separate an variables represent spin densities. In order to determine every variable,
some assumptions are required. Firstly, it is assumed that the x and y directions are
equivalent, given the linearity of the radical. Secondly, it is assumed that the two π orbitals
only see contribution from nitrogen p-type orbitals. It is expected that the contribution from
magnesium will be small, so a7 and a8 are set to 1/3 each. This gives the following set of
equations:
0.333 = a1 + a2 + a5 + a6,
a1 = Aiso (molecule)/Aiso (atom),
a5 = Aiso (molecule)/Aiso (atom), and
a6 − 0.333 = Adip (molecule)/Adip (atom).
From previous work, the values for 25Mg are Aiso = -472.5 MHz and for N; Aiso = -1811 MHz
and Adip = 75.52 MHz.35 The results of this analysis and comparison with theoretical values
are shown in Table VI.
TABLE VI FACM and MRSDCI orbital population analysis
Mg

FACM

3s

3pxa

3pya

3pz

2s

2pxb

2pyb

2pz

Sum

0.131

0

0

0.092

0.007

0.333

0.333

0.103

1.00

0.016

0.016

0.058

0.007

0.324

0.324

0.0932

1.011

MRSDCIc 0.173
a

Set to 0 (refer to text)

b
c

N

Set to 0.333 (refer to text)

Performed with 100 reference configurations chosen on the basis of their coefficients

contribution to the HFSDCI wavefunction. All the single excitations from the reference
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configurations and the double excitations with an energy contribution estimated to exceed 1 x
10-7 Hartree were retained in the CI calculation.

The CI calculation underestimates the contribution of the Mg 3pz orbital whilst
overestimating the contribution of the Mg 3s orbital. This is a trend that has been observed
over a number of papers employing this method.18,22 The sharing of density between the Mg
3s and N 2pz orbitals shows that the radical is somewhat covalent in nature. Overall, there is
very good agreement between theoretical Mulliken populations and FACM populations.

d.

Theoretical results

Theoretical results presented in this work agree well with those published previously. The
bond length for the 4Σ ground state (2.090 Å) is very close to that given by Boldyrev (2.084
Å)12 and the binding energy for the ground state (11.28 kcal/mol) is also close to previous
theoretical results from Ishii and Taketsugu (11.1 kcal/mol). 13 The configurations for the two
lowest states and the energetics were also found to be in agreement with previous theoretical
results. The bond lengths for MgN are shorter than those of the larger MgP molecule, but the
difference between the ground state and the first excited state is the same for the two radicals.
The PES was determined through a different method to that for MgP, which was done using
the GAMESS(US) programme43-44 across the same active space (7,8) with the slightly
smaller cc-pVDZ basis set34, 45. Mixing between the ground state and the next 4Σ excited state
can be observed for Mg, here the gap between the two levels is 2.20 eV, compared to a gap of
2.39 eV for MgP between the same two states. The main differences between the two PES
graphs are the dissociation energies of the various states, owing to the differences between
the excited energy levels of nitrogen as compared to phosphorous.

77

A molecular orbital diagram for the ground state of MgN is provided in Figure 4.
Major contributions are those determined to factor for over 10 % of the electron density for
that orbital. The calculations performed for this work indicated that the 7σ was at a lower
energy than the two 2π orbitals. This is different to what is seen for the MgP and ZnP where
the equivalent sigma orbital is at a higher energy than the equivalent pi orbitals.18 However,
the energy differences between the orbitals remains very small.

FIG. 4. Molecular orbital diagram showing the significant contributions from atomic orbitals
to the 4Σ- ground sate of the MgN radical. The primary atomic contributions (above 10%) are
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depicted with solid lines whilst secondary contributions (below 10%) are depicted as dashed
lines.

VI SUMMARY
The MgN, Mg15N, 25MgN, and 25Mg15N radicals were produced through the reaction of laser
ablated magnesium metal with acetonitrile vapour or nitrogen atoms. These radicals were
trapped in a solid neon matrix at 4.3 K and analysed through ESR spectroscopy. Other
nitrogen sources were also used to form the radicals, including N2, NH3 and N2H4, but the
greatest yield was achieved with CH3CN. The magnesium-25 radicals were observed through
the use of isotopically enriched magnesium-25 metal as the ablation target. The magnetic
parameters g⊥, g∥, D, A⊥(N), A∥(N) , A⊥(15N), A∥(15N) , A⊥(25Mg) and A∥(25Mg) were
determined from matching simulated spectra to the experimental spectra. The MgN radical
was found to have a ground state of 4Σ-, as also found in previous theoretical studies.
The magnetic parameters determined through experiment were used to estimate the
spin density distribution for the MgN radical with the use of the FACM. This included the
assumption that two unpaired electrons were found solely in the nitrogen 2px and 2py orbitals
and that the magnesium 3px and 3py orbitals saw no unpaired electron density. The remaining
unpaired electron was split between the magnesium 3s, 3pz and nitrogen 2pz orbitals with a
very small contribution from the nitrogen 2s orbital. Theoretical estimates of the hyperfine
coupling constants were made through ab initio methods. The Adip values were predicted
fairly well by theory, with all results for magnesium-25, and 2 out of the 6 results for
nitrogen, falling within experimental uncertainty, with the other nitrogen results slightly
overestimated. The theoretical predictions for Aiso were typically underestimated, for both
magnesium and nitrogen. Notable exceptions were the Full MP2 method giving a value
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within experimental uncertainty for Aiso (25Mg) and CASSCF achieving the same for Aiso (N).
The shortcomings of the theoretical methods were similar to those observed in previous
studies by this group.
The CASSCF technique was used to plot the potential energy surfaces of the seven lowest
lying electronic states for the MgN radical. Two pairs of these states were degenerate,
resulting in five individual electronic states being calculated. These plots confirmed the 4Σground state of MgN. For each state, the leading configuration, dissociation energy, energy
separation and binding energy were calculated at re. This PES shows very similar
characteristics to those presented in previous work, including significant mixing between the
two lowest 4Σ- states.
SUPPLEMENTARY MATERIAL
See supplementary material for figures showing the ESR spectra and their simulations for
Mg15N, 25MgN and 25Mg15N radicals, a table showing the observed and simulated ESR line
positions for MgN, Mg15N, and 25MgN, and a table showing the dissociation energy for
various electronic states MgN and the experimentally determined electronic states of the
separate atoms.
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ABSTRACT

The MgCH radical and its magnesium-25, carbon-13 and deuterated isotopologues have been
isolated in low temperature neon matrices and examined by the matrix isolation electron spin
resonance (MI-ESR) technique for the first time. The radicals were formed through the
reactions of laser ablated natural abundance magnesium metal and magnesium-25 enriched
magnesium metal with carbon-13 and deuterated isotopologues of acetone. The MgCH
radical was shown to have a X4 ground electronic state and the magnetic parameters
determined for this state were, g= 2.00181(45), g//= 2.0018(10), D= 4970(5) MHz, A(13C)=
115(6) MHz, A//(13C)= 65(15) MHz, A(H)= 34(6) MHz, A//(H)= 5(10) MHz, A(D)= 5(3)
MHz, A(25Mg)= 82(5) MHz, and A//(25Mg)= 85(15). Comparisons are made between the
electronic structure of this radical and the MgCH3 and MgN radicals. Theoretical hyperfine
parameters were also evaluated for the MgCH radical and a potential energy surface for the
low-lying electronic states was constructed using complete active space multiconfigurational
self-consistent field (CASSCF) theory. The leading configuration (96.6 %) for X 4- ground
electronic state was shown to be 1σ22σ23σ21π44σ25σ26σ27σ12π12π1 with an Mg-C bond
length of 2.061 Å, a C-H bond length of 1.090 Å and an Mg-C bond dissociation energy (De)
of 48.26 kcal/mol.
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I. INTRODUCTION
The breaking and formation of carbon-carbon bonds and carbon-hydrogen bonds are key
chemical steps in organic synthesis, hydrocarbon processing and polymer production.
Heterogeneous and homogeneous metal catalysts are often used in these important industrial
processes.1 The chemistry of these processes can involve MCH (M = metal) species,
therefore fundamental knowledge of the specific bonding in such molecules is of interest. At
present, the bonding in only a small number of these type of species has been examined in
detail. Model calculations of the gas-phase chemistry occurring in interstellar dust clouds
have suggested that the SiCH radical should be present in significant quantities.2-3 Since
magnesium is the seventh most abundant element in the universe and most abundant metal, it
is possible the MgCH radical could form in interstellar and circumstellar clouds as well. The
MgCN and MgNC radicals were the first magnesium containing molecules to be found in
interstellar space.4-5 Since then, HMgNC6 and MgCCH7 have been found, but it is thought
that there are still further magnesium containing molecules that would be possible to detect.
It has also been suggested that the MgCH3 radical may play a role in the atmospheric
chemistry of gaseous planets such as Jupiter and Neptune.8
Although the MgCH radical has not been observed spectroscopically the observation
of several other MCH species has been reported. Xin and Ziurys formed the NaCH and the
KCH

radicals.9

The

molecules

were

investigated

using

millimetre/submillimetre

spectroscopy; both exhibited a 3- ground state. The geometry and spin-spin constants were
determined but the hyperfine coupling constants were not. The authors suggested some
degree of covalent bonding in the metal-carbon bond. Barnes and co-workers conducted a
laser-induced fluorescence (LIF) spectroscopic study of the VCH radical.10 The ground state
was shown to be 31, the geometry and a linear combination of the Frosch and Foley
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hyperfine parameters were also determined. Similar LIF investigations by this group were
carried out on the WCH and TiCH radicals.11-12 The ground states were found to be 23/2 for
WCH and 2+ for TiCH. No hyperfine constants were determined for the TiCH radical but a
linear combination of the Frosch and Foley parameters was evaluated for the WCH radical.
Some other metal methylidyne radicals that have been studied using the LIF technique
include SiCH, GeCH, NbCH and TaCH.13-15 Thompson and Andrews used infrared (IR)
spectroscopy to analyse the products of the gas phase reactions between laser ablated
magnesium atoms and ethyne trapped in an argon matrix at 10 K.16 The MgCCH radical was
identified with the help of DFT isotopic frequency calculations as one of the products;
however no reference was made to the MgCH radical as a possible reaction product.17-24
Theoretical studies have been reported for the MCH radicals and MCH cations where
M was an alkali earth, alkaline earth or first-row transition metal ion.25-26 Li and co-workers
used ab initio calculations to determine the geometry, bond dissociation energies and other
bonding characteristics for the first-row transition metal ions of the MCH3+, MCH2+ and
MCH+ cations.26 Bytheway and Metha used ab initio multiple reference configuration
interaction (MRCI) methods to calculate the ground state and various excited states for the
triplet and singlet VCH molecule.27 Tyerman and co-workers have reported electronic
structures, equilibrium geometries, dipole moments and dissociation energies for the MgCH
radical.25 These parameters were calculated at the SCF and MP2 levels of theory using
relatively large basis sets. The geometry was determined to be linear, with the SCF bond
lengths: re (Mg—C) = 2.031 Å, and re (C—H) = 1.078 Å. The ground state for the MgCH
radical was determined as 4-. The calculated Mg—C bond dissociation energy was D0 (SCF)
= 60.65 kcal mol-1 and the calculated dipole moment was found to be 1.380 Debye. In our
matrix isolation–electron spin resonance (MI-ESR) experiments, radicals were formed
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through the reaction of laser ablated magnesium atoms and various isotopologues of acetone.
The MgCH3 radical was observed as a major product,28 however additional sets of ESR peaks
we also observed. One such set of peaks were at field positions consistent with them being
caused by a radical in a quartet spin state. Here we present the arguments for the assignment
of this radical to the quartet MgCH radical. The A values for the hydrogen, deuterium,
carbon-13 and magnesium-25 interactions were all determined, along with the g, g// and A//
values as well as the zero field splitting (D) tensor for this radical. This is the first reported
spectroscopic observation for the MgCH radical. The radical was also generated through the
reaction of magnesium atoms formed through laser ablation with methyl halides and
methane. Ab initio calculations using multi-reference configuration interaction (MRCI),
complete active space multi-configurational self-consistent field, and density functional
theory (DFT) methodologies were carried out. Previous molecules that have been formed and
investigated by our group using the matrix isolation ESR (MI-ESR) technique include the
doublet radicals CdCH3,29 ZnCH3,30 HgCH3,31 and MgCH328 and the high-spin MgN,32 MgP
and ZnP33 quartet radicals. Other relevant radicals studied through the MI-ESR technique
include the magnesium containing radicals MgOH,34 MgH35 and MgF,36 as well as the quartet
radicals Sc2+,37 C2+,38 Si2+ and Ge2+,39 BC,40 AlC,41 GaP+,42 GaAs+,43 and SiB and SiAl44.

II EXPERIMENTAL
The vacuum system and apparatus used for these experiments have been described in detail
elsewhere.29 The experimental technique used to generate and study these radicals is
essentially that which was used for the previously investigated MgCH3 radical.28 Only a brief
description of the specific conditions used will be given here.
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The MgCH radical was generated by the reaction of laser ablated magnesium atoms
and various isotopologues of acetone. The products of the gas-phase reactions were isolated
in an inert neon matrix at 4.3 K and the MgCH radical identified using ESR spectroscopy.
The magnesium metal target (LR grade 97 % by ICP-AES) and the magnesium-25 metal
target (98.5% 25Mg, 1.4+% 24Mg, Oak Ridge, US Department of Energy) were ablated using
the frequency doubled output of a Nd:YAG laser (Surelite I), 532 nm, 10 mJ per pulse at 10
Hz. The isotopes of acetone used were (CH3)2CO, (13CH3)2CO (Sigma, 98 atom %

13

C),

(13CH3)213CO (Sigma, 98 atom % 13C), and (CD3)2CO (Cambridge Isotope Laboratories 99.9
atom % D). All samples were used as received with no further purification except several
freeze-pump-thaw cycles. The neon (Matheson Gas Products, Inc. Ultrahigh Purity) was
passed through a liquid nitrogen cooled molecular sieve trap before use. The neon gas and
acetone vapor were introduced directly into the ablation chamber. A thermocouple gauge was
used to monitor the pressure increase in the line feeding the acetone vapor into the ablation
chamber for an indication of the acetone flow rate. Typical pressure increases in this line
were 10-20 mTorr. The acetone was introduced into the chamber near the magnesium vapor
plume. It was found that better flow rate control could be obtained if the acetone was precooled with a methanol-ice slurry. The neon flow rate into the chamber was monitored with a
calibrated mass flowmeter (Aalborg GFM 1700). On average, the neon flow rate was 9
standard cubic centimetres per minute (SCCM). The neon gas was directed towards the
deposition target during the deposition. The background pressure of the system was
approximately 2  10-7 Torr at room temperature, this would increase to approximately 2 
10-5 Torr during deposition of the matrix. The matrix was deposited onto an oxygen free high
conductivity (OFHC) copper deposition target that was maintained at 4.3 K by a continuousflow liquid helium cryostat (Cryo Industries of America RC110). Typically the matrices
were deposited over a 1-hr period. The ESR spectra were recorded at 4.3 K and 9 K using a
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Bruker ESP300E spectrometer equipped with a DM4116 cavity at a microwave frequency of
around 9716 MHz.
Spectral analysis was carried out using exact diagonalization of the spin Hamiltonian
using the GEN program developed by Knight and co-workers.38,

45

The spin Hamiltonian

used was
Ĥ =βe B • ĝ • S +

( I i•Âi• S - gI βn B • I i) + S •D• S
i

i

where all symbols have their usual meaning.46 The ESR spectral analysis and ab initio
calculations were all carried out using a Dec Alpha DS10 or dual processor Linux
workstation. The ab initio calculations were performed using the MELDF suite of
programs,34 the Gaussian-9447 and Gaussian–9848 packages, as well as the ORCA program49.
The experimental Aiso and Adip values were calculated using the following standard
equations:46
Aiso =

(



|| )

, and

Adip = Aiso - A,
where Aiso =

( )

, and

Adip = gegnβeβn(3cos2 - 1)/2r3.
Magnesium has three naturally occurring stable isotopes. Mg-24 and Mg-26 have no
nuclear spin and together account for 90.00%50 of the isotopic composition of magnesium.
These two isotopes will be represented by Mg with no isotopic label. Mg-25 makes up the
other 10.00%50 of natural magnesium, and has a nuclear spin of I = 5/2 with a nuclear
magnetic moment of µ = -0.85545.51 Natural carbon is predominantly C-12 (I = 0) with an
abundance of 98.93%52. Its other stable isotope is C-13 (I = 1/2, µ = 0.7024118)53 with
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1.07%52 abundance. Hydrogen is predominantly H-1 (I=1/2, µ = 2.79284734)54 with an
abundance of 99.99%55. Its other stable isotope is H-2 or D (I = 1, µ = 0.857438228)54 with
0.01%55 abundance.

III

RESULTS – Experimental
For a randomly oriented linear radical in a quartet state with a moderate D value the

ESR spectrum consists of three sets of transitions (∆Ms = ± 1 between each of the four values
of Ms )for orientations of the principal axis of the radical perpendicular to the direction of the
external magnetic field and similarly three sets of transitions for parallel orientations.
Normally the parallel transitions are very low intensity and are not observable. In some cases
more than one transition may be observed between two specific levels of the quartet manifold
if their energy versus field dependence is such that at more than one field value the energy
difference between the levels matches the energy of the microwave photon. In addition
depending on the relative anisotropy of the g and D tensors an additional transition may be
observed where the rate of change of the ESR line position versus relative orientation of the
radical is small. Such a transition is termed an off-angle (oa) or extra transition. 46
When the plume of laser ablated magnesium metal was deposited with acetone, acetic
anhydride, acetylene or diiodomethane in neon at 4.3 K the ESR spectrum of the solid matrix
showed a feature near 2100 G split into a 1:1 doublet. The optimum conditions for
observation of this feature were found to be a temperature of 9 K and a microwave power of
12.5 mW. At a microwave frequency of 9 GHz this is the spectral region where the xy1
transition of a quartet radical will appear. For moderate to large D-value, the position of the
xy1 line, shows very little dependence on D value of the species. This doublet feature is
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shown in Trace B of Figure 1 and implies the quartet radical responsible for the signal
contains one spin 1/2 nucleus, possibly a hydrogen nucleus. When acetone was replaced with
its deuterated isotopologue, (CD3)2CO, this feature collapsed to a broad singlet as shown in
trace D of Figure 1. When the modulation amplitude was lowered from 5 Gauss to 1 Gauss
this broad line showed a 1:1:1 triplet structure as shown in Inset E of Figure 1. This pattern is
expected from a single D (I=1) nucleus confirming the radical contained one hydrogen atom.
The ratio of the hyperfine splitting of the peaks for deuterium and hydrogen (0.142) from
these experiments is approximately the same as the ratio of the respective magnetic moments
of the two nuclei (0.154). When C-13 (I=1/2) labelled acetone, (13CH3)2CO, was employed
the doublet feature split into a pair of 1:1 doublets as shown in Trace C, This shows the
radical responsible for this feature contained one carbon nucleus. Finally when magnesium,
isotopically enriched in Mg-25 (I=5/2), was employed the doublet feature split into a sextet
showing the radical responsible for this feature contained one magnesium nucleus.

So

overall this feature is caused by a quartet radical containing only C, H and Mg with a
molecular formula MgCH and given the line shape for all the isotopologues was
characteristic of a species with linear or axial symmetry the MgCH species was linear giving
an electronic ground state of 4. Note due to background methyl sources in the vacuum
system the MgCH radical was formed along with the Mg13CH and MgCD radicals shown in
Traces C and D.
A search was then made for the other lines expected from a quartet species. Figure 2 shows
the full ESR spectra assigned to the MgCH (center trace) and MgCD (lower trace) radicals
trapped in neon matrices at 9 K. The observed peak positions for the various isotopomers of
this radical are given in Table I. The upper trace gives the simulated MgCH spectrum using
the magnetic parameters given in Table II which were obtained by fitting these line positions
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within their experimental uncertainty using an exact diagonalisation of the spin Hamiltonian.
We observe the xy1, xy2 and xy3 perpendicular doublet peaks as well as an off-angle doublet.
The position of the different peaks is consistent with radical in a quartet electronic state. The
hyperfine splitting between the off-angle doublet peaks is smaller than that of the
perpendicular doublets. The lowest field peaks observed for the MgCH radical in these
spectra is another set of xy2 peaks. The parallel peaks for this radical were significantly
weaker than the observed perpendicular peaks and were not observed in these experiments.
The xy1 doublet was by far the most intense of all the peaks recorded. The MgCD trace
shows a small quantity of MgCH, the displacement of MgCD from MgCH is a result of the
D-value shift caused by deuterium. Such a phenomena has been observed previously by
Neugebauer and Tinti56 and Neugebauer, Crawford and Tinti57 in D-values observed by
ODMR of triplet states of benzaldehyde derivatives.
Figure 3 shows the ESR spectrum we have assigned to the MgCH radical. Also
shown in Figure 3 is the full simulated spectrum of the MgCH radical superimposed with the
corresponding  versus magnetic field plot. This plot allows the identification of the various
peaks in the spectrum either as xy (perpendicular) peaks, z (parallel) peaks or as off angle
(OA) peaks and predicts their relative positions. We observe four perpendicular lines, and
xy1 and xy3 line and two xy2 lines labelled xy’2 and xy”2.
The positions of the off-angle set of peaks were quite sensitive to the values of the
various parallel hyperfine magnetic parameters including g// and A//. This allowed reasonable
estimates to be made for these values even though the parallel features were not directly
observed. The parameters themselves were adjusted until the simulated peak positions
matched the experimental peak positions. The errors attached to the values were determined
by varying the parameters until the simulated peak positions were outside the experimental
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uncertainties of the observed peaks. This method of error estimation was used for all the
magnetic parameters given in Tables II and III. The signs of the hyperfine coupling constants
in these tables are all based on the theoretical predictions as these experiments alone cannot
determine these signs.
To obtain more accurate carbon-13 hyperfine parameters the Mg13CH radical ESR
spectra for the off-angle and xy3 peaks were also recorded and analyzed. These spectra are
shown in the center traces of Figure 4. The MgCH radical peaks in this field range are given
in the top trace for comparison. For the xy3 set of peaks the doublet pattern from the MgCH
radical is split by the carbon-13 nucleus to give the expected pair of doublets. For the offangle set of peaks, the simulated spectrum gives four doublets in total. Due to the presence
and overlap of background MgCH radical in the Mg13CH radical off-angle region, not all of
these peaks can be resolved. The lower traces of Figure 4 give the simulated spectra for the
Mg13CH radical in these regions constructed using the appropriate parameters in Table II. A
reasonable match is obtained for both sets of peaks. The xy1 transition was the only line
sufficiently intense observed with the presence of magnesium-25 nucleus splitting the
spectra. Since the yield of

25

MgCH was not sufficient to observe the oa lines, the parallel

parameter given for magnesium is only an estimation based on second-order induced shifts in
the position of the perpendicular lines. This approach is less reliable that analysis of the oa
lines. Due to the difficulty in resolving the MgCD triplets for the oa lines, the deuterium A∥
parameter has been estimated based on the assumption that it will be very small. The
experimental data places a limit on the value of A∥ and this is reflected in the uncertainty for
the parameter.
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IV RESULTS – Theoretical Ab initio calculations were performed for the 4- state of the
MgCH radical. The MgCH geometry was evaluated using the UB3LYP/DFT method with
Gaussian 98.47-48 The uncontracted aug-cc-pVDZ basis set for was used for all three atoms.5859

The optimised geometry was RMg-C = 2.041 Å, RC-H = 1.090 Å and H-C-Mg = 180.

These geometries show a reasonable agreement with the MP2 calculated geometries
determined by Tyerman and coworkers for the MgCH radical25 using Schäfer and co-workers
triple zeta basis sets60. Unfortunately, the experimental geometries have not been determined
for these molecules so a comparison with the theoretical parameters cannot be made.
The potential energy curves of MgCH for a fixed C-H bond length of 1.090 Å at the
seven lowest electronic states have been produced through a CASSCF calculation using the
ORCA program49 and are shown in Figure 5. The calculation utilized the natural orbitals
generated through an MP2 calculation and the uncontracted aug-cc-pVDZ basis set for all
three atoms.58-59 The potential energy curves shown are a function of the bond length
between the magnesium atom and the carbon atom. The doubly degenerate ground doublet
state (2Πr) of the CH radical forms a purely dissociative state with the magnesium atom. The
electron configuration of the radical at re is 1σ22σ23σ21π44σ25σ26σ27σ12π2. Configurations for
each excited state are given without the core orbitals. The ground state of the MgCH radical
was determined to be 4Σ- with a Mg-C bond length of 2.061 Å and C-H bond length of 2.090
Å. The dissociation energy, De, was found to be 48.26 kcal/mol. The dissociated state energy
levels for atomic magnesium and the CH radical are compared to experimental values 61-66 in
the supplementary material. Furthermore, the magnetic parameters produced by the CASSCF
calculation at the equilibrium geometry are given in comparison to other theoretical results
and experimental parameters in Table IV and Table V. Table IV shows the results of the
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theoretical calculations using the ORCA program49 of the D-value and g values for the
MgCH radical. The corresponding experimental values are also given for comparison.
The magnetic hyperfine coupling constants for the MgCH radical was calculated from
HFSDCI and MRSDCI methods using the MELDF suite of programs.34 The uncontracted
aug-cc-pVDZ basis set used in the UB3LYP/DFT geometry calculations were used for these
calculations, as well as one further calculation with the aug-cc-pVTZ basis set.58-59 The
HFSDCI calculations included all single excitations from the Hartree-Fock configuration and
those double excitations with an energy in excess of 5  10-8 Hartree. The MRSDCI
calculation used 100 reference configurations, chosen based on the CI coefficient
contribution to the HFSDCI calculation, as the reference space for the CI calculation. The
magnetic hyperfine coupling constants were also evaluated using the ORCA program at the
UB3LYP/DFT, MP2 and CASSCF levels of theory calculations at the optimized geometry.
The results of these calculations are presented with the experimental results in Table V.
V DISCUSSION
a.

Comparison between theoretical and experimental results.

Overall the DFT methods performed well in predicting the isotropic and dipolar hyperfine
coupling constants of the Mg-25, C-13 and H-1 nuclei in the MgCH radical. The B3PW91
functional predicts a value of Aiso(13C) value which is slightly lower than the experimental
value but the B3LYP functional prediction is in exact agreement. Increasing the basis set
from double to triple zeta for the B3LYP calculation showed little change. The dipolar
hyperfine values predicted by the Full MP2 and CASSCF methods agreed well with the
experimental results; however the predicted values for the Mg-25 isotropic hyperfine
coupling constant were low. The full MP2 method underestimated the value of Aiso(13C) and
agreed well with the value for Aiso(1H) whereas the CASSCF method gave a value in good
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agreement for Aiso(13C) and overestimated the value for Aiso(1H) . The HFSDCI and MRSDCI
methods performed well in predicting the dipolar coupling constants for all three nuclei and
the value of the Mg-25 isotropic hyperfine coupling constant.

The MRSDCI approach

showed significantly better agreement for Aiso(13C) and Aiso(1H) than the HFSDCI
calculation. A similar phenomena was observed in earlier work on the MgCH328 and ZnCH367
radicals.
The predicted value for the zero field splitting tensor gave a |D| value which was about 20 %
higher than the experimental value. The zero field splitting interaction can be considered to
be the sum of a spin-spin and spin-orbit term. These calculations showed that the zero field
splitting was dominated by the spin-spin term with the magnitude of the spin-orbit term being
around 10 % of the magnitude of the spin-spin contribution. Our recent study32 on the MgN
molecule which also has a 4 ground state also showed that the calculated zero field splitting
tensor was overestimated by about 20 %.

As the zero field splitting tensor is traceless,

rotation of a molecule in the matrix would tend to average out the effect of this interaction on
the relative energy of the various spin-state levels, so the overestimation could be due to the
experimental value being low due to rotational averaging, or perhaps a more detailed
theoretical treatment of the evaluation of the spin-spin contributions is required.
Theoretical predictions of the g values showed similar trends to the experimental values.
The experimentally determined ∆g// shift was small and negative, but the g// value observed
was still very close to ge, while the ∆g shift was larger and negative. The theoretical values
showed some variation based on the level of theory used, but overall the predicted values of
g// were very close to ge as in experiment. For g a small negative ∆g shift was seen, with the
magnitude differing slightly from experiment.
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b.

Bonding and electronic structure of the MgCH radical.

A free atom comparison method (FACM) analysis was performed for the hyperfine coupling
constants observed for the MgCH radical. The equations and method employed for the 4
MgCH radical were the same as those used for the 4 BC radical.68 The FACM analysis
involves taking the ratio of the experimentally determined molecular A iso and Adip values of
the nuclei in the molecule with their respective free atomic Aiso and Adip values. This allows
us to evaluate the contribution each individual atomic orbital makes to the overall molecular
orbitals. The FACM approximation does not account for overlap effects, core polarization or
hyperfine contributions from orbitals on other atoms. Of the three unpaired electrons for the
MgCH radical we would expect one of them to occupy a  type molecular orbital shared
between the magnesium and carbon atom and the remaining two unpaired electrons to occupy
 type orbitals primarily localized on the carbon, i.e. 1x1y1. The relatively small hydrogen
Aiso value indicates very little unpaired electron spin density on this nucleus, hence it will be
neglected in the FACM analysis. The  and  orbitals are expected to have the following
atomic orbital character:
 = a1χ(Mg 3s) + a2χ(Mg 3pz) + a5χ(C 2s) + a6χ(C 2pz)
x = a3χ(Mg 3px) + a7χ(C 2px)
y = a4χ(Mg 3py) + a8χ(C 2py)
where χ represent the atomic orbitals and the ai values or spin densities represent the
coefficients of each atomic orbital in the molecular orbitals. The ai values can be estimated
using the FACM. We assume that the perpendicular x and y directions in the MgCH radical
are equivalent, therefore a3 = a4 and a7 = a8. We also assume that the x and y orbitals are
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totally carbon-centered 2px and 2py, i.e. a7 = a8 = 0.33 and a3 = a4 = 0. The atomic values for
Aiso and Adip for the C-13 were taken from Ref. 46 the values for Mg-25 were the same used
in the MgCH3 analysis28, which are derived from magnesium atom level crossing experiments
performed by Kluge and Jurgen69. Using the following equations and relationships:68
a1 = Aiso(molecule) / Aiso(atom)
a2 = Adip(molecule) / Adip(atom)
a5 = Aiso(molecule) / Aiso(atom)
a6 = Adip(molecule) / Adip(atom)
we can solve for a5(C 2s), a6(C 2pz) and a1(Mg 3s) and the values obtained are listed in Table
VI together with a population analysis of the MRSDCI calculation. For comparison the
equivalent FACM analysis and population analysis for the analogous MgN radical is also
presented in Table VI. For MgCH the FACM analysis shows the  molecular orbital is
predominantly localized on the magnesium with contributions of Mg 3s (42 %) and Mg 3pz
(30 %). The carbon contribution to the  molecular orbital is about half of this value with
contributions of C 2s (6 %) and C 2pz (22 %), a ratio of 1:3.67. The population analysis of
the MRSDCI wavefunctions reports values that are very similar to the FACM analysis. The
Mg 3px and 3py contributions are negligible while the C 2px and C 2py contributions are close
to the value of 0.333 assumed in the FACM analysis. The proportion of the  molecular
orbital contributed by Mg 3s and Mg 3pz is larger from the population analysis of the
MRSDCI wavefunctions than indicated by the FACM analysis (84 % versus 72 % ) but the
relative contribution of Mg 3s and Mg 3pz is similar for both methods (79 % and 21 %
compared with 72 % and 28 %). For the carbon contributions the population analysis of the
MRSDCI wavefunctions shows a slightly higher contribution than the FACM analysis for the
C 2s (11 % versus 6 %) and a slightly lower contribution from the C 2pz (18 % versus 22 %).
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Comparison of these two methods of analyses on the molecule MgN shows a similar picture.
For MgN FACM analysis shows the  molecular orbital is predominantly localized on the
magnesium with contributions of Mg 3s (39 %) and Mg 3pz (28 %).

The nitrogen

contribution to the  molecular orbital is about half of this value with contributions of N 2s
(2 %) and N 2pz (31 %), a ratio of 1:15.5. While the overall density localized on the
magnesium is similar in the two radicals there is a shift from the 2s to 2pz orbital for the
nitrogen atom in MgN (1:15.5) compared with the carbon 2s and 2pz orbitals in MgCH
(1:3.67). This could be due to the effect of the bond to the hydrogen atom in the CH
substituent causing s-p hybridization of the carbon atom, whereas the interaction between the
magnesium atom and the nitrogen atom in MgN is not great enough to cause significant s-p
hybridization. This effect could also explain the discrepancy in dissociation energies
calculated for these two radicals; MgN has a weak bond energy of De = 11.28 kcal/mol
whereas MgCH has a relatively strong bond energy of De = 48.26 kcal/mol, this could be
because the CH molecular orbitals are more favorably arranged to form a bond with the
magnesium atom than the atomic orbitals of the nitrogen atom.

Similar trends were seen

when comparing the population analysis of the MRSDCI wavefunctions for the two
molecules. Also the population analysis of the MRSDCI wavefunctions for MgN, as was seen
for MgCH, estimated a larger contribution of the Mg atomic orbitals to the  molecular
orbital than compared to the FACM analysis. Given the similarity between the magnesium
contribution to the  molecular orbital in MgCH and MgN and that the zero field splitting is
dominated by spin-spin terms, as discussed above, the difference in the observed values for
|D|, 4973 and 9797 MHz respectively is likely to be due to increased spin-spin interaction in
the nitrogen atom due to the increased nuclear charge and consequent reduced radial
extension of the singly occupied orbitals.
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c. Theoretical Results
Using the results of the CASSCF calculations a molecular orbital diagram showing the
contributions of the magnesium orbitals and the CH molecular orbitals to the combined
MgCH molecular orbitals for the MgCH radical can be constructed. This is shown in Figure
6. Contributions were decided to be major if their contribution for a particular orbital was
over 10 % and these are shown in solid lines while contributions of between 2% and 10%
were deemed to be minor and are shown with dashed lines. The MgCH molecular orbital
diagram shows the 7σ orbital is below but very close in energy to the 2π orbitals, as was seen
for the analogous MgN radical.
The 5σ orbital represents the C-H bonding orbital, and sees little contribution from the
magnesium orbitals. The 6σ orbital represents the Mg-C bonding orbital; the major
contributions here are from the CH molecular orbitals. Overall, the molecular orbital diagram
is similar to that for MgN.
VI SUMMARY
The MgCH radical and its magnesium-25, carbon-13 and deuterated isotopologues were
formed by laser ablation of magnesium in the presence of acetone. The radicals were trapped
in a solid neon matrix and studied for the first time by ESR spectroscopy. For the 4 MgCH
radical the following magnetic parameters were derived from the spectra, g, g//, Aiso(25Mg),
Aiso(13C), Aiso(H), Aiso(D), Adip(13C), Adip(H) and the zero field splitting constant (|D|).
Theoretical estimates of these parameters were made through ab initio calculations. Results
were given for B3LYP, B3PW91, MP2, SDCI, MRSDCI and CASSCF calculations utilising
the aug-cc-pVDZ basis set. A comparison was made to the aug-cc-pVTZ basis set for the
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B3LYP calculation. The performance of these methods for the MgCH radical was compared
to previous studies on similar radicals.
The free atom comparison method (FACM) was applied to the MgCH radical and showed
that two of the unpaired electrons in the radical are likely to be in the carbon 2px and 2py
orbitals. The third unpaired electron was shared between the magnesium 3s and 3pz and
carbon 2pz atomic orbitals. The MgCH radical shares a similar structure to the MgN radical,
and comparison were made between parameters, electronic structure and theoretical
predictions. A potential energy surface depicting the breaking of the Mg-C bond was
constructed, and showed that 4Σ- is the ground state. For each state at re, the leading
configuration, binding energy and energy separation were determined.
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TABLE I. Observed and Simulated line
positions in Gauss for the MgCH and
25
MgCH Isotopologues of MgCH
MgCH
a
M
Obs.b
Calc.c
Frequency
I
(MHz)
79.2(30)
82.02
9716.078
1/2 2066.6(3)
2066.77
9716.494
-1/2 2078.7(3)
2078.94
1/2 2526.5(3)
2526.33
9716.126
-1/2 2538.7(3)
2538.45
1/2 4346.9(3)
4346.73
9716.083
-1/2 4353.0(3)
4353.14
1/2 5160.8(3)
5161.60
9716.100
-1/2 5172.5(3)
5173.73
25

MI e
-5/2
-3/2
-1/2
1/2
3/2
5/2
a

The

MgCHd
Obs.b
1/2 1989.3(3)
-1/2 2001.4(3)
1/2 2018.4(3)
-1/2 2030.2(3)
1/2 2047.5(3)
-1/2 2059.2(3)
1/2 2076.5(3)
-1/2 2088.6(3)
1/2 2106.2(3)
-1/2 2118.8(3)
1/2 2136.7(3)
-1/2 2148.5(3)
magnetic quantum number
MIa

Calc.c
1989.42
2001.63
2018.26
2030.47
2047.49
2059.58
2076.85
2088.94
2106.59
2118.69
2136.75
2148.83
for the H

(I=1/2) nucleus.
b

Peak positions as measured at the apex.

The radical was trapped in a neon matrix at
4.3 K. Uncertainty in position is ± 0.3 G.
c

Peak positions of a simulated spectra

generated by direct diagonalisation of the
spin

Hamiltonian

using

the

magnetic

parameters found in Table II.

110

d
e

Microwave frequency of 9701.951 MHz

The magnetic quantum number for the Mg

(I=5/2) nucleus.
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Table II. Magnetic parameters in MHz for the MgCH radical isolated in a neon matrix
at 4.3 K
Aisoa
Adipa
|D|
g⊥
g∥
A⊥
A∥
25
2.00181(10) 2.00232(10) -82(5)
-85(10) -83(7)
-1(5)
4973(5)
Mg
13
“
“
115(6)
54(10)
95(7)
-20(5)
“
C
“
“
34(3)
3(2)
-24(3)
10(2)
“
H
“
“
5(2)
1(2)
4(4)
-1(1)
5079(5)
D
a
A⊥ and A∥ were used to calculate Aiso and Adip through standard expressions. The signs on
Aiso and Adip cannot be determined from experiment; hence they are taken from the
theoretical results.
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TABLE III. Mg-C bond lengths (re), binding energies (-De), energy differences and leading
configurations for different electronic states of the MgCH radical for a fixed C-H bond length
of 1.090 Å.
re
De
Te
Configurationb
Leading
State
a
(Å)
(kcal/mol)
(eV)
(%)
c
2
2
1
1 1
4 2.061
48.26
0
5σ 6σ 7σ 2π 2π
96.6
Σ
2 2.028
98.33
0.079
5σ26σ27σ12π12π1
96.7
Σ
2
2.032
79.76
1.159
5σ26σ27σ12π2 d
88.6
Δ
2
2
1
1 1
2 +
2.032
86.72
1.627
5σ
6σ
7σ
2π
2π
89.9
Σ
2
5σ26σ27σ22π1 d
88.5
Πi e
4 2.784
22.08
3.766
5σ26σ17σ22π12π1
80.2
Σ
4
2.071
18.49
3.984
5σ26σ22π12π13π1 d
76.6
Πi
a
CASSCF (7,8) was used with the aug-cc-pVDZ basis set (Ref. 60 and 61) to calculate theoretical
values. Starting orbitals were taken from the MP2 calculation.
b
c

Configurations are taken at re for the particular state. They omit core orbitals.

Ground state energy was -238.00474 Eh. This was set to 0 eV for the calculation of Te.

d

These configurations have degenerate pairs that differ only in the arrangement of the πx and πy

orbitals.
e

Purely dissociative state.
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Table IV. Theoreticala and Experimental |D| and
g values for the MgCH radical
|D|b
g⊥
g∥
2.00205
2.00229
5978
B3PW91
2.00206
2.00229
B3LYP
6123
2.00206
2.00229
B3LYPc
6180
2.00169
2.00242
Full MP2
5815
Experiment 4973(5) 2.00181(10) 2.00232(10)
a
All calculations were performed using the
uncontracted aug-cc-pVDZ basis set for both
magnesium and nitrogen, unless stated otherwise.
(Ref. 60 and 61)
b
c

|D| values given in MHz.

Performed with the aug-cc-pVTZ basis set for both

magnesium and nitrogen. (Ref. 60 and 61)
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Table
V.
Theoreticala
and
Experimental
hyperfine
coupling
constants in MHz for the MgCH
radical
Aiso
Adip
25
Mg
-80
-1
B3PW91
13
C
82
-21
H
-19
12
25
Mg
-82
-1
B3LYP
13
C
100
-21
H
-13
13
25
b
Mg
-84
-1
B3LYP
13
C
100
-22
H
-14
12
25
Mg
-74
-1
Full MP2
13
C
76
-20
H
-26
12
c,d
25
HFSDCI
Mg
-76
-1
13
C
43
-20
H
-14
12
c,e
25
MRSDCI
Mg
-72
-1
13
C
83
-19
H
-23
12
25
f
Mg
-67
-1
CASSCF
13
C
99
-20
H
-42
13
25
Mg -83(7)
-1(5)
Experiment
13
C
95(7)
-20(5)
H
-24(3)
10(2)
a
Calculations were performed using the
uncontracted aug-cc-pVDZ basis set for
both magnesium and nitrogen, unless
otherwise stated. (Ref. 60 & 61)
b

Performed with the aug-cc-pVTZ basis

set for magnesium and nitrogen. (Ref. 60
and 61)
c

The CI calculations were conducted

using the MELDF suite of programs

115

(Ref. 47)
d

The HFSDCI calculation used all the

single excitations provided by the HF
configuration plus double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree.
e

Performed

with

100

reference

configurations chosen on the basis of
their coefficients contribution to the
HFSDCI wavefunction.
excitations

from

All the single
the

reference

configurations and the double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree were retained in
the CI calculation.
f

Active space of 7,8 using orbitals

generated by the MP2 calculation.
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FACM
MRSDCIc

FACM
a

0.131

0

Mg
0

0.092

0.007

0.333

N
0.333

0.103

Sum
1.090
1.014

1.00

Set to 0 (refer to text)

b
c

TABLE VI. FACM and MRSDCI orbital population analysis
Mg
C
3s
3pxa
3pya
3pz
2s
2pxb
2pyb
2pz
0.176 0
0
0.128 0.025 0.333 0.333 0.093
0.201 0.016 0.016 0.078 0.037 0.303 0.303 0.061

Set to 0.333 (refer to text)

Performed with 100 reference configurations chosen on the basis of their coefficients

contribution to the HFSDCI wavefunction. All the single excitations from the reference
configurations and the double excitations with an energy contribution estimated to exceed 1 x
10-7 Hartree were retained in the CI calculation.
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FIG 1. The ESR Spectra assigned to the xy1 transition of the 25MgCH (trace A), MgCH (trace
B), Mg13CH (trace C), and MgCD (trace D) radicals in a neon matrix at 9 K. The inset (trace
E) shows the deuterium hyperfine obtained using lower modulation amplitude, see text.

FIG 2. The ESR spectra assigned to the MgCH (center trace) and MgCD (lower trace)
radicals trapped in neon matrices at 9 K. The upper trace gives the simulated MgCH spectrum
using the magnetic parameters given in Table II.
FIG 3. The full simulated ESR spectrum of the MgCH radical superimposed with the θ versus
magnetic field [G] plot.

FIG 4. The ESR spectra assigned to the Mg13CH radical off-angle and xy3 transitions (center
trace) in a neon matrix at 9 K. The lower trace gives the simulated spectra using the
corresponding magnetic parameters in table II.

FIG 5. The CASSCF calculation of the potential energy surface for 10 of the lowest lying
states of MgCH. The scan used a fixed C-H bond length of 1.090 Å and an active space of 7
electrons in 8 orbitals. The theoretical parameters associated with the potential energy curves
are shown in Table III, and a comparison of the dissociated states to previously determined
experimental values is given in the supplementary material.
FIG 6. Molecular orbital diagram of MgCH showing the significant contributions from the
atomic magnesium orbitals and the molecular methylidyne orbitals to the 4Σ- ground state of
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MgCH. Solid lines show major contributions of above 10%, and dashed lines depict a
contribution of between 2% and 10%.
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FIG 1. The ESR Spectra assigned to the xy1 transition of the 25MgCH (trace A), MgCH (trace
B), Mg13CH (trace C), and MgCD (trace D) radicals in a neon matrix annealed to 9 K. The
inset (trace E) shows the deuterium hyperfine obtained using lower modulation amplitude,
see text.
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FIG 2. The ESR spectra assigned to the MgCH (center trace) and MgCD (lower trace)
radicals trapped in neon matrices annealed to 9 K. The upper trace gives the simulated MgCH
spectrum using the magnetic parameters given in Table II.
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FIG 3. The full simulated ESR spectrum of the MgCH radical superimposed with the θ versus
magnetic field [G] plot.
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FIG 4. The ESR spectra assigned to the Mg13CH radical off-angle and xy3 transitions (center
trace) in a neon matrix annealed to 9 K. The lower trace gives the simulated spectra using the
corresponding magnetic parameters in table II.
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FIG 5. The CASSCF calculation of the potential energy surface for 10 of the lowest lying
states of MgCH. The scan used a fixed C-H bond length of 1.090 Å and an active space of 7
electrons in 8 orbitals. The theoretical parameters associated with the potential energy curves
are shown in Table III, and a comparison of the dissociated states to previously determined
experimental values is given in the supplementary material.

124

FIG 6. Molecular orbital diagram of MgCH showing the significant contributions from the
atomic magnesium orbitals and the molecular 4Σ- state of methylidyne orbitals to the 4Σground state of MgCH. Solid lines show major contributions of above 10%, and dashed lines
depict a contribution of between 2% and 10%.
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ABSTRACT

The Zn14N,

67

Zn14N, Zn15N, and

67

Zn15N radicals have been formed by the reaction of a

plume of zinc metal produced with laser ablation and either ammonia vapor or nitrogen atoms
isolated in an inert neon matrix at 4.3 K. The ground electronic state of ZnN was determined
to be 4- using electron spin resonance (ESR) spectroscopy. The following magnetic
parameters were determined experimentally for ZnN: g⊥ = 1.9998(3), g∥ = 2.0018(3), |D|=
7268(8) MHz, A⊥(14N) = -17.9(20) MHz, A∥ (14N) = 1.5(20) MHz, A⊥(15N) = 25.1(20) MHz,
A∥ (15N)= -2.0(20) MHz, A⊥ (67Zn) = 156(3) MHz, A∥(67Zn) = 168(12) MHz. The low-lying
electronic states of ZnN were also investigated using the complete active space selfconsistent field (CASSCF) technique. By plotting the potential energy surface (PES),
theoretical parameters for the ground state with a configuration of 8σ29σ210σ14π2 were
determined, including: re = 2.079 Å and De = 3.47 kcal/mol.

KEYWORDS
Electron spin resonance spectroscopy, electron paramagnetic resonance spectroscopy, zinc
radicals, reactive intermediates, laser ablation, matrix isolation
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INTRODUCTION
Zinc is an essential element for the growth and health of biological organisms ranging from
plants and animals to humankind.1

There are more than 300 enzymes containing zinc

known.2 Zinc and zinc compounds are also very important reagents in organic synthesis. 3
Zinc compounds and alloys are important members of the group II-VI-type semiconductors
and zinc is used as a dopant in group III-V semiconductors. 4-5 While in many of these
compounds the zinc is present as the divalent cation, with or without coordinating ligands,
covalently-bound compounds containing zinc, particularly organometallic derivatives, are
also known. One approach to gain insight into the electronic structure of such species is to
measure the hyperfine coupling in radicals formed from them. However, very few zinccontaining radicals have been analyzed in this way. In this report we present the results of a
matrix isolation ESR study of several isotopologues of the ZnN radical and these
experimental results are compared with ab initio calculations involving a range of
different levels of theory, and the Potential Energy Surface (PES) for ZnN has been
constructed using a complete active space self-consistent field calculation (CASSCF).
The ZnN was formed by the reaction of laser ablated zinc metal and nitrogen gas, nitrogen
atoms and ammonia. The ground electronic state of ZnN was determined to be 4- and
hyperfine coupling to the Zn-67 and N-14 and N-15 nuclei have been measured. This is the
first experimental observation of the ZnN radical. Similar 4Σ- radicals that have been studied
using matrix isolation ESR, include MgN6, Sc2+ 7, C2+ 8, Si2+ and Ge2+ 9, BC10, AlC11, GaP+ 12,
GaAs+ 13, SiB and SiAl14 , ZnP and CdP15.

Boldeyrev and Simons16 have conducted ab initio theoretical calculations on ZnN. They
found the ground state to be a 4Σ- radical bound only by a weak van der Waals interaction,
with the excited 2Πi state with a stronger bond. In the 4Σ- state at the MP2 level of theory, they
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found two minima, one at 2.028 Å and another at 4.263 Å. The short bond minimum was
found to be at a higher energy than the long bond minimum. At the B3LYP level of theory,
only the short minimum was found, but at the QCISD level of theory, only the long minimum
was found. Boldeyrev and Simons recommended further studies to determine the geometry of
the ground state of ZnN. Other zinc-containing radicals which have been investigated using
the matrix isolation ESR technique include ZnH17-18 ZnCH318, ZnF19, ZnP15 and AgZn20.
For ZnH, ZnP and ZnCH3 the Zn-67 hyperfine coupling was observed. The small zinc
molecules, ZnOH21-22, ZnCN23, ZnCCH24, and HZnCH325 have all been studied by rotational
spectroscopy in the gas phase while

ZnO26, OZnO26, ZnH227, ZnOH21, HZnOH and

Zn(OH)228, ZnCH229, HZnCH29, HZnCH330-31, and ZnNO232 have also been studied using
matrix isolation IR spectroscopy and Zn233, ZnHg, MgZn and CdZn34, ZnD2 and HZnCH335
have been studied in matrices with UV and VUV electronic spectroscopy. The universal
abundance of zinc is of a similar level to fluorine and fluorine-containing molecules AlF 36,
HF37, and CF+38 have all been observed in circumstellar environments. While a number of
small zinc-containing molecules have been studied in the laboratory no molecule containing
zinc has been detected in circumstellar or interstellar space. It is probable that zinc containing
molecules are present in circumstellar space and are likely to be in a similar form to other
previously detected molecules containing heavy atoms, namely XH, XO, XOH, XNC, XCN,
XC, XCH, XCCH or XN, where X is an atom heavier than nitrogen. Zinc-containing
analogues of these molecules have been observed experimentally as shown above.
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EXPERIMENTAL

The design of the matrix isolation equipment utilized in this work has been described in detail
in a previous publication39so only a brief description will be given here.

Isotopologues of

the ZnN radical were created by the reaction of a plume of laser ablated metal with a reactant
gas flowing through the ablation chamber. The metal target used was natural abundance zinc
(BDH, LR grade, 99.9% pure). A Nd:YAG laser (Surelite I) was frequency doubled to 532
nm and pulsed at 10 Hz with an energy of around 15 mJ per pulse. The output from this laser
was focused onto the ablation target to generate a plume of zinc vapor. Several reactant
gases were used to react with the metal plume to generate the ZnN radical. A stream of N
atoms was formed by irradiating a 1:2000 mixture of nitrogen gas with neon gas (99.999%
Spectra Gases) with a 2,450 MHz microwave power source (modified Microtizer MT-150
Minato Medical Science Co. Ltd) combined with an Evenson cavity (Opthos Instruments)
and was successfully used to produce the ZnN radical. Both N-14 natural abundance N2 gas
(Industrial Grade, Air Liquide) and isotopically enriched

15

N2 gas (98%, Aldrich Chemical

Company Inc.) were used. However ZnN could also be formed directly albeit in smaller
yields from the reaction of a stream of N2 gas and the metal plume without the microwave
discharge.

The greatest yield of ZnN without

came using ammonia (NH 3) gas (CIG

Industrial Grade Compressed Anhydrous Liquefied) diluted in neon as the reagent gas. The
gas mixture containing the ZnN was deposited on a high purity copper target, cooled to 4.3 K
by a continuous-flow liquid helium cryostat (Cryo Industries of America RC110). A typical
deposition would last for 1 hour, with the laser being continuously rastered across the surface
of the zinc target. After the deposition, the copper target was inserted into a DM4116
microwave cavity coupled to a Bruker ESP300E ESR spectrometer for analysis.
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Analysis of the ESR spectra was conducted by matching a simulated spectrum which was
produced with the GEN program,40,41 to the experimental spectrum. The GEN program used
an exact diagonalization of the spin Hamiltonian with terms included for the zero field
splitting interaction, the electron and nuclear Zeeman interaction and the hyperfine
interaction for each magnetic nucleus.

The various magnetic parameters were varied to

minimize the sum of the squares of the differences between observed and simulated peaks.
The change required to any particular experimental parameter to produce a simulated
spectrum that differed substantially (around ± 0.5 G) from the experimental spectrum was
considered to be the uncertainty for that parameter.

The potential energy surface (PES) of the ZnN radical was constructed through a CASSCF
calculation using the ORCA42 program with the uncontracted augmented correlation
consistent polarized valence double zeta (aug-cc-pVDZ)43-46 basis set. The active space for
the CASSCF calculation contained 7 valence electrons which were distributed across 8
orbitals.

The

active orbitals

involved

were

10σ11σ12σ4π4π13σ5π5π.

Theoretical

determinations of the magnetic parameters were made using a range of ab initio calculations.
The ORCA42 program, with the aug-cc-pVDZ43-46 basis set, was used for the B3LYP,
B3PW91, MP2 and CASSCF calculations at the optimized geometry determined from the
minimum of the PES. A second B3LYP calculation was performed with the triple zeta augcc-pVTZ43-46 basis set, to examine the effect of a larger basis set on theoretical results. A
Hartree-Fock singles and doubles configuration interaction (HFSDCI) calculation was
performed with the MELDF47 suite of programs and the decontracted aug-cc-pVDZ43-46 basis
set. The configuration integration included all of the Hartree-Fock (HF) single excitations and
the double excitations that had an energy contribution over a threshold of 1 x 10 -7 Hartree. A
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multi-reference singles and doubles configuration interaction (MRSDCI) calculation was also
performed using the MELDF47 suite of programs and the same basis set using 100 reference
configurations from the HFSDCI calculation chosen based on the basis of their CI coefficient.
Finally, a Free Atom Comparison Method (FACM) analysis has been performed comparing
the experimentally determined values of Aiso and Adip for zinc and nitrogen to the values for
the respective free atoms.

RESULTS AND DISCUSSION
Matrix Isolation Experiments. Through the reaction of laser ablated zinc with various N-14
containing reactants, the three sets of triplet peaks displayed in the lower trace of Figure 1
were consistently observed. The line positions of these peaks are presented in Table 1. The
relative intensity of each set was similar between runs using N atoms, N2 or NH3 as a reactant
implying they were associated with the same radical. A partially overlapped triplet of lower
intensity can be seen near 5,900 G which we attribute to a different trapping site in the
matrix. The absorption near 1730 G corresponds to two spin coupled N atoms, N····N, which
has been described by Knight et al.48. The position of the three peaks is consistent with the
spectrum generated by a 4- radical with |D| between 5000 and 10000 MHz. A quartet radical
with this |D| value produces a set of perpendicular (xy1) lines around 1900 G, a set of off
angle (oa) lines around 5000 G and another set of perpendicular (xy3) lines around 6000 G,
which are all shown in Figure 1. The 1:1:1 triplet splitting pattern observed for the peaks
implies a single N-14 nucleus (I = 1) is present in the radical. Repeating the experiment with
a N-15 (I = ½) enriched reactant produced the spectrum shown in the bottom trace of Figure
2, which exhibits a 1:1 doublet splitting pattern, confirming the presence of a single nitrogen
atom in the radical.

The line positions of these peaks are given in Table S1 of the

supplementary material.
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To confirm the presence of zinc atom in the radical, the Zn-67 (I = 5/2, natural abundance 4.1
%) hyperfine lines must be observed. Given the low natural abundance and the high value on
the nuclear spin, these hyperfine peaks will appear as satellites to the central multiplet with an
intensity of 1/150 of the central multiplet. The lower trace of Figure 3 shows the region
around the xy1 line for the N-14 labelled ZnN spectrum. For clarity, the xy1 triplet at the
center seen from even isotopes of Zn (I=0) and the low field region where the N····N peaks
appear have been omitted. Six sets of triplets with the same spacing as the xy1 line can be
seen and a simulation using the parameters list in Table 2 is given in the upper trace. The
lowest field line of the lowest field triplet is obscured by the N····N peaks. The ratio of
intensity between the central triplet and the 18 line pattern is about 0.010, compared with the
expected value of 0.007. There is some overlap of the sextet of triplets with other lines so to
confirm the assignment experiments were conducted with N-15 labelled N 2 and NH3. This
spectrum is shown in lower trace in Figure 4 with the upper trace being a simulation using the
parameters given in Table 2. The substitution of N-15 for N-14 should show a sextet of
doublets which is indeed observed. Again the xy1 doublet at the center seen from even
isotopes of Zn (I=0) and the low field region where the N····N peaks appear have been
omitted for clarity. The ratio of intensity between the central doublet and the 12 line pattern
is also about 0.010, compared with the expected value of 0.007. The fact that this radical
could be produced from reaction of N2 and Zn confirms no other nuclei are present in the
radical and the signal is due to ZnN in a 4- electronic state.

Theoretical Results. The potential energy surface (PES) of the 10 lowest lying energy states
of the ZnN radical was calculated using the CASSCF procedure with the ORCA program.42
The PES for ZnN is shown in Figure 5. The starting orbitals for this procedure were taken
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from an MP2 calculation at the equilibrium bond length. Both calculations utilized the augcc-pVDZ basis set for Zn and N. The ground state configuration of the ZnN radical at re is
1σ22σ21π43σ24σ25σ22π46σ27σ23π41δ48σ29σ210σ14π2. Table 3 presents leading contribution of
each configuration to the lowest 7 electronic states, the energy of the state relative to the
ground state, the equilibrium bond length and the dissociation energy. The ground electronic
state for ZnN was found to be 4- with re = 2.079 Å, De = 3.47 kcal/mol and μe = 1.36 D. The
dissociated ground state Zn and N atoms lie only 1.0 kcal mol-1 above the bound state. The
potential energy levels of the dissociated combinations of Zn and N for each state are
compared to experimentally determined energy levels of atomic Zn49 and atomic N50 in the
supplementary material.
Using the bond length (re = 2.08 Å ) for ZnN obtained using the CASSCF calculations of the
g tensor and |D| value were undertaken using the full MP2 approach and Density Functional
Theory (DFT) using the B3PW91 and B3LYP functionals. These calculations used the
uncontracted aug-cc-pVDZ basis set.

The B3LYP result was also repeated with the

uncontracted aug-cc-pVTZ basis set. The results from these calculations are presented in
Table 4 with the experimental results.
Next the hyperfine coupling constants for ZnN were evaluated using a range of theoretical
approaches. These data are presented in Table 5 with the experimental values. The ORCA
programme was used to calculate the nitrogen and zinc hyperfine coupling using DFT with
the B3PW91 and B3LYP functional, full MP2 and CASSCF. These calculations used the
uncontracted aug-cc-pVDZ basis set. A further DFT calculation was undertaken with the
B3LYP functional and the uncontracted aug-cc-pVTZ basis set. In addition, configuration
interaction (CI) calculations for the ZnN radical were undertaken with the MELDF program.
HFSDCI and MRSDCI calculations were performed using the uncontracted aug-cc-pVDZ
basis set. As Boldyrev and Simons16 had found a van der Waals adduct on the with a bond
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length of 4.263 Å, we also conducted B3LYP and full MP2 calculations using the ORCA
program for this geometry and these results are presented in Table 6 with the experimental
hyperfine data determined for ZnN. This shows our experimental results for ZnN are not
consistent with a long-bonded van der Waals adduct.

DISCUSSION
Formation of ZnN. The mechanism for the formation of ZnN from reaction with N atoms or
N2 is likely to occur through the association reaction between a zinc atom and a N atom,
either produced from the microwave discharge or formed from reaction of N2 molecule with
excited atoms in the plume ejected from laser ablation of the zinc metal. Despite the very
low binding energy, the molecule is stable within a neon matrix at 4.3 K. For NH 3 as the
reactant gas, the mechanism of formation of ZnN could involve N atoms produced by
decomposition of the NH3 excited by the plume ejected from laser ablation of the zinc metal
or N2 molecules which are a known pyrolysis product of NH3. It should be noted in all
experiments there was a large ESR signal from N atoms and the two spin coupled N atoms,
N····N. In our recent work on MgN6 we found acetonitrile was an efficient reactant gas for its
production however with zinc only very small amount of ZnN was produced.

Comparison of ZnN with MgN and ZnP.

The experiments reported here show that the

electronic ground state of ZnN is 4 - . Two similar radicals with be 4- ground states have
been studied with matrix isolation ESR spectroscopy, the MgN radical6 and the

ZnP

radical15. The |D| value for the ZnN molecule (7268 MHz) is slightly lower than that of MgN
(9797 MHz) and far lower than ZnP (29 988 MHz). The difference between ZnN and MgN is
likely due to reduced spin-spin interaction from the longer Zn-N bond overruling any
increase in spin-orbit interaction due to the heavier zinc nucleus. As the two unpaired π
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electrons are localized on the nitrogen atom, there will be negligible contributions from the
zinc atom to spin-orbit interactions. This also helps explain why the substitution of the
phosphorus atom for nitrogen causes a significant increase in |D|, as the larger phosphorus
atom has a much greater effect on the spin-orbit interaction of the two π orbitals localized on
this atom. The zinc Aiso and Adip values for ZnP (167(30) MHz and 6(4) MHz respectively)
are very similar to those of ZnN (159(6) MHz and 4(5) MHz respectively), falling within
uncertainty ranges. As the zinc hyperfine is related to the charge on the zinc atom this shows
both molecules have similar ionic character in the Zn-N and Zn-P bond. The A iso and Adip
values for the nitrogen atom follow a similar trend between ZnN and MgN, with very little
difference between the two sets of values, they were found to be 11.4(20) MHz and -6.5(13)
MHz for ZnN compared to 11.8(12) MHz and -7.8(8) MHz for MgN.

Again, this implies

similar ionic character between the two molecules.

Comparison between theoretical and experimental results. The |D| values calculated for
ZnN shown in Table 4, overestimated the experimental value by between 6 and 30 %. The
best agreement was seen for the B3LYP functional with the uncontracted aug-cc-pVDZ basis
set and the worst agreement was for the full MP2 calculation. Increasing the size of the basis
set from double to triple ζ had little effect of the calculated |D| value. A similar result was
seen for the MgN radical where again theory overestimated the |D| value by between 6 % and
14 %. To compare the calculated g-values it is useful to consider the shifts from ge, defining
Δg⊥ = g⊥ - ge and Δg‖ = g‖ - ge. As expected, Δg‖ is close to zero and all theoretical
methods show good agreement with experiment. The experimental value for Δg⊥ was 0.0025(3) matched to within given uncertainty to the values predicted by the three DFT
methods and only slightly outside the value of -0.002 predicted by the full MP2 approach.
For Δg⊥ we would have expected a small positive value given the coupling between the 4 -
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ground state and the lowest excited 2Πi state as discussed by Weltner51. For MgN a positive
value for Δg⊥ was observed, and while the DFT and MP2 methods predicted the correct sign
both methods underestimated the magnitude of the shift.
For the calculation of the Zn-67 and N hyperfine coupling constants shown in Table 5 the
calculated values the Zn-67 Aiso value ranged from 147 to 203 MHz compared with the
experimental value of 160(6) MHz and the predicted N Aiso value was around 10 MHz
compared with the experimental value of 11(2) MHz.

The DFT calculation with the

B3PW91 functional showed poorest agreement for both the Zn-67 Aiso and N Aiso values.
Interestingly the HFSDCI and MRSDCI both overestimated the values for the Zn-67 Aiso
coupling constant although the MRSDCI calculation showed better agreement for the N A iso
value than the HFSDCI calculation. All methods employed showed very good agreement
with the experimental values for both the Zn-67 A dip and N Adip coupling constants, although,
it should be noted that the experimental uncertainty in these values is much larger than for the
Aiso values.

Bonding and electronic structure. The Free Atom Comparison Method (FACM) involves
predicting the contribution of the atomic orbitals to the singly occupied molecular orbitals by
using the ratio of the hyperfine coupling constants observed for the molecule and the atomic
values. This approach for a 4Σ radical has been described in detail for the BC radical. 10 For
the ZnN radical there is one unpaired electron in a σ-type molecular orbital, and two unpaired
electrons in two π-type molecular orbitals. This gives rise to the following set of equations for
the contribution of each atomic orbital to the molecular orbitals:
σ = a1 (Zn 4s) + a2 (Zn 4pz) + a5 (N 2s) + a6 (N 2pz),
πx = a3 (Zn 4px) + a7 (N 2px ),
πy = a4 (Zn 4py) + a8 (N 2py),
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where the separate variables, a1 through a8 represent the contribution from each atomic orbital
to the molecular wavefunction. It is assumed that the nitrogen 2px and 2py orbitals are singly
occupied and make equal contributions, the one further unpaired electron is shared across the
σ-type orbitals in the radical. By convention the total spin is normalized to one. This
simplifies atomic contributions to the following equations:
0.33 = a7 = a8,
0 = a3 = a4,
a1 = Aiso (molecule)/Aiso (atom),
a2 = Adip (molecule)/Adip (atom),
a5 = Aiso (molecule)/Aiso (atom),
a6 = Adip (molecule)/Adip (atom).
For the FACM analysis the atomic values for Zn-67 are Aiso = 1992 MHz and Adip = 36 MHz
as derived18 from the gas phase level crossing experiments of Landman and Novick52 and for
N-14 the atomic values are Aiso = 1811 MHz and Adip = 55.52 MHz, obtained theoretically
from Herman and Skillman’s wavefunction. 51,

53

The orbital characters generated by the

FACM are presented in Table 7. Also shown in Table 7 is the population analysis from the
MRSDCI calculation. The sum of the orbital populations with FACM analysis is unity
within the experimental uncertainty. Comparison of the values for the MRSDCI Mulliken
population analysis show the assumption that the two singly occupied π orbitals would be
primarily composed of the N 2p orbitals is justified. The overall spin contribution from each
atom to the molecular orbitals is matched exactly between the FACM method (Zn-67 19 %,
N-14 79 %) and the MRSDCI population analysis (Zn-67 20 %, N-14 79 %). However the
balance between the Zn-67 4s and 4p contribution differs between the two methods. The
FACM analysis gives a lower Zn 4s character and higher Zn 4pz character than the MRSDCI
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population analysis. It should be pointed out though that the experimental uncertainty in the
value for Zn-67 Adip is large.

The FACM populations indicate that there is less spin density on the zinc atom (0.191)
compared to the spin density on the magnesium atom of MgN (0.223). The missing spin
density in ZnN is primarily found in the 2pz orbital of the nitrogen atom. This result is
expected since as the zinc atom is more electronegative than the magnesium atom, it will
attract a higher total electron density, but at the expense of unpaired electron density in the σ
orbital, which is more evenly shared with the nitrogen atom.. In likening ZnN to ZnP, the
FACM for ZnP is redone using the experimental Aiso and Adip values for zinc, which give
orbital populations that are more comparable. As such for ZnP, the spin densities the four
calculated orbitals are: Zn 4s = 0.084, Zn 4pz = 0.167, P 3s = 0.005, and P 3pz = 0.106. The
results for the s orbitals are very similar to ZnN, and there is a shift of density from the pz
orbital of the adjacent back to the zinc atom in the case of ZnP.

CONCLUSIONS
The ZnN radical has been identified for the first time through its capture in matrix isolation.
The Zn14N, Zn15N,

67

Zn14N and

67

Zn15N radicals were created through the reaction of NH3

gas or nitrogen atoms generated by a microwave discharge in N2 gas with a plume of laser
ablated zinc. Electron spin resonance spectroscopy was used to identify the radical and assign
it a set of magnetic parameters. The ESR spectrum of the radical indicated that it exists in a
bound 4Σ- ground state, which ran contrary to the predictions of Boldeyrev and Simons,
whose calculations for ZnN predicted a loosely bound van der Waals type complex. Ab initio
calculations were performed at different bond lengths, and the good agreement between the
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bound state calculations and the experimental data lend support to the theory that the ZnN
radical observed in matrix isolation exists in the covalently bound state.
The FACM analysis used the magnetic parameters determined through experiment to
give an estimation of the spin density distribution for the ZnN radical. Most of the spin
density of the single spz electron was found in the pz orbitals of the zinc and nitrogen atoms.
A comparison to the related MgN radical showed greater transfer of spin density to the
nitrogen atom, which partially explained the changes in magnetic parameters between the two
radicals. The MP2 calculation most closely matched the experimental results, and the overall
performance of the different ab initio methods was similar to that seen for similar radicals
presented previously in literature.
A potential energy surface was calculated using the CASSCF method with an active
space of 7 electrons in 8 orbitals. The plot shows the ground 4Σ- state to be weakly bound, but
still bound. The dissociation energies, separation energies, binding energies and bond lengths
were shown for each state. The overall potential energy plot was similar to related radicals
such as MgN.
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Table 1. Observed and Simulated Line
Positions in Gauss for the ZnN and

67

Zn15N

Isotopologues of ZnN
Zn14N
frequency

MIa

Obs.b

Calc.c

1

1883.8(3)

1883.73

0

1890.2(3)

1890.11

-1

1896.6(3)

1896.49

5025.9(3)

5025.86

5029.2(3)

5029.28

5032.8(3)

5032.72

1

5877.2(3)

5877.30

0

5883.7(3)

5883.65

-1

5890.0(3)

5890.04

(MHz)
9702.743

9702.765

9702.883

67

MIe

MIa

5/2

1/2

3/2

1/2

-1/2

-3/2

Zn15Nd
Obs.b

Calc.c
1746.08

-1/2

1755.3(3)

1755.04

1/2

1800.0(3)

1799.67

-1/2

1808.8(3)

1808.67

1/2

1854.8(3)

1854.46

-1/2

1863.6(3)

1863.42

1/2

1910.7(3)

1910.47

-1/2

1919.7(3)

1919.45

1/2

1967.9(3)

1967.62

-1/2

1976.3(3)

1976.6
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-5/2

1/2

2026.0(3)

2025.89

-1/2

2035.0(3)

2034.88

a

The magnetic quantum number for the N
(I=1) nucleus or the 15N (I=1/2) nucleus.
b

Peak positions as measured at the apex.
The radical was trapped in a neon matrix at
4.3 K. Uncertainty in position is ± 0.3 G.
c

Peak positions of a simulated spectra
generated by direct diagonalisation of the
spin Hamiltonian using the magnetic
parameters found in Table 2.
d

Microwave frequency of 9713.955 MHz

e

The magnetic quantum number for the Zn
(I=5/2) nucleus.
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Table 2. Magnetic Parameters in MHz for the ZnN Radical Isolated in a Neon Matrix at 4.3 K
A∥

Aisoa

Adipa

|D|

2.0018(3) -17.9(20)

1.5 (20)

11.4(20)

-6.5(13)

7268(8)

1.9998(3)

2.0018(3) 25.1(20)

-2.0(20)

16.1(20)

-9.0(13)

7268(8)

1.9998(3)

2.0018(3) 156(3)

168(12)

160(6)

4(5)

7268(8)

g⊥

g∥

N

1.9998(3)

15

N

67

Zn

A⊥

a

A⊥ and A∥ were used to calculate Aiso and Adip through standard expressions (Ref. 51). The signs
on Aiso and Adip cannot be determined from experiment; hence, they are taken from the theoretical
results.
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Table 3. Bond Lengths (re), Binding Energies (-De), Energy Differences, and Leading Configurations
for Different Electronic States of the ZnN Radical
State

re (Å)

De (kcal/mol)

Te (eV)a

Configurationb

Leading (%)

4 -



2.08

3.47

0

9σ210σ211σ14π14π1

95.1

2 -

2.01

48.88

0.55

9σ210σ211σ14π14π1

89.7

2

Πi

2.01

17.98

1.86

9σ210σ24π24π1

88.1

2

Δ

2.15

15.83

1.98

9σ210σ211σ14π2

89.6

2 +



1.98

30.03

3.15

9σ210σ211σ14π14π1

89.7

4 -

2.64

15.90

3.18

9σ210σ111σ24π14π1

85.6

4

2.25

69.68

3.56

9σ210σ111σ14π24π1

88.1





Πi
a

CASSCF (7,8) was used with the aug-cc-pVDZ basis set (Ref. 43-46) to calculate theoretical
values.
b
c

Configurations omit core orbitals, taken at re for the particular state.

Ground state energy was -254.0286 Hartree. This was set to 0 eV for the calculation of T e.
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Table 4. Theoreticala and Experimental |D| and g
Constants for the ZnN Radical
|D|b

g⊥

g∥

B3PW91

8085

1.99982

2.002235

B3LYP

7746

1.99997

2.002230

B3LYPc

7800

1.99999

2.002229

Full MP2

9223

2.00030

2.002230

Experiment

7268(8)

1.9998(3)

2.0018(3)

a

All calculations were performed using the
uncontracted aug-cc-pVDZ basis set for both zinc
and nitrogen (Ref. 43-46), unless stated otherwise.
b

|D| values given in MHz.

c

Performed with the aug-cc-pVTZ basis set for
both zinc and nitrogen (Ref. 43-46).
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Table 5. Theoreticala and Experimental
hyperfine coupling constants in MHz for
the ZnN radical

B3PW91

B3LYP

B3LYPb

Full MP2

HFSDCIc,d

MRSDCIc,e

CASSCFf

Aiso

Adip

Zn

147.4

4.0

N

2.8

-6.3

Zn

149.9

4.1

N

9.8

-6.1

Zn

149.6

4.1

N

9.9

-6.4

Zn

157.3

3.2

N

9.8

-6.6

Zn

179.9

3.6

N

23.9

-8.7

Zn

203.2

4.5

N

9.8

-9.6

Zn

140.2

3.6

N

11.6

-7.0

160(6)

4(5)

11.4(20)

-6.5(13)

Experimentg Zn
N
a

All calculations were performed using
the uncontracted aug-cc-pVDZ basis set
for both zinc and nitrogen (Ref. 43-46),
unless otherwise stated.
b

Performed with the aug-cc-pVTZ basis
set for zinc and nitrogen (Ref. 43-46).
c

The CI calculations were conducted
using the MELDF suite of programmes.
d

The HFSDCI calculation used all the
single excitations provided by the HF
configuration plus double excitations
with an energy contribution estimated to
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exceed 1 x 10-7 Hartree.
e

Performed
with
100
reference
configurations chosen on the basis of
their coefficients contribution to the
HFSDCI wavefunction. All the single
excitations
from
the
reference
configurations and the double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree were retained in
the CI calculation.
f

Active space of 7,8 using orbitals
generated by the MP2 calculation.
g

Signs taken from theoretical values.
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Table 6. Theoreticala and Experimental
hyperfine coupling constants in MHz for
the ZnN radical

B3LYPb

Full MP2b

Atom Aiso

Adip

Zn

5.6

0.1

N

10.1

-0.03

Zn

1.57

0.1

N

11.8

0.00

160(6)

4(5)

11.4(17)

-6.5(11)

Experimentc Zn
N
a

All calculations were performed using
the uncontracted aug-cc-pVDZ basis set
for both zinc and nitrogen (Ref. 43-46),
unless otherwise stated.
b

Performed with a bond length of 4.263

Å.
c

Signs taken from theoretical values.
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Table 7. FACM and MRSDCI Orbital Population Analysis
67

FACM

14

Zn

N

4s

4pxa

4pya

4pz

2s

2pxb

2pyb

2pz

Sum

0.080

0

0

0.111

0.006

0.333

0.333

0.117

0.975

0.004

0.004

0.045

0.007

0.325

0.325

0.138

0.994

MRSDCIc 0.146
a

Set to 0 (refer to text)

b

Set to 0.333 (refer to text)

c

Performed with 100 reference configurations chosen on the basis of their coefficients
contribution to the HFSDCI wavefunction. All the single excitations from the reference
configurations and the double excitations with an energy contribution estimated to exceed 1 x
10-7 Eh were retained in the CI calculation.
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Figure 1. The lower trace is the ESR spectrum produced by the Zn14N radical trapped in a
neon matrix at 4.3 K. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace. The smaller set of accompanying
peaks are assigned to a secondary site in the matrix.

Figure 2. The lower trace is the ESR spectrum produced by the Zn15N radical trapped in a
neon matrix at 4.3 K. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace. The smaller set of accompanying
peaks are assigned to a secondary site in the matrix.

Figure 3. The lower trace is the ESR spectrum produced by the 67Zn14N radical trapped in a
neon matrix at 4.3 K. The more intense Zn14N lines, and the N—N interaction lines, have
been omitted. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace.

Figure 4. The lower trace is the ESR spectrum produced by the 67Zn15N radical trapped in a
neon matrix at 4.3 K. The more intense Zn15N lines, and the N—N interaction lines, have
been omitted. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace.

Figure 5. The Potential Energy Surface for the ZnN radical. Depicted are the 10 lowest lying
states from a CASSCF(7,8) calculation utilizing orbitals taken from an MP2 calculation.
Figure 6. Molecular orbital diagram showing the significant contributions from atomic
orbitals to the 4Σ- ground sate of the ZnN radical. The primary atomic contributions (above
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10%) are depicted with solid lines whilst secondary contributions (below 10%) are depicted
as dashed lines.
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Figure 1. The lower trace is the ESR spectrum produced by the Zn14N radical trapped in a
neon matrix at 4.3 K. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace. The smaller set of accompanying
peaks at 5900 G are assigned to a secondary site in the matrix.
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Figure 2. The lower trace is the ESR spectrum produced by the Zn15N radical trapped in a
neon matrix at 4.3 K. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace. The smaller set of accompanying
peaks at 5900 G are assigned to a secondary site in the matrix.
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Figure 3. The lower trace is the ESR spectrum produced by the 67Zn14N radical trapped in a
neon matrix at 4.3 K. The more intense Zn14N lines, and the N····N interaction lines, have
been omitted. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace.
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Figure 4. The lower trace is the ESR spectrum produced by the 67Zn15N radical trapped in a
neon matrix at 4.3 K. The more intense Zn15N lines, and the N····N interaction lines, have
been omitted. The simulated spectrum generated through the GEN program, using the
parameters given in Table 2, is shown in the upper trace.
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Figure 5. The Potential Energy Surface for the ZnN radical. Depicted are the 10 lowest lying
states from a CASSCF(7,8) calculation utilizing orbitals taken from an MP2 calculation.
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Figure 6. Molecular orbital diagram showing the significant contributions from atomic
orbitals to the 4Σ- ground sate of the ZnN radical. The primary atomic contributions (above
10%) are depicted with solid lines whilst secondary contributions (below 10%) are depicted
as dashed lines.
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ABSTRACT

The adducts formed between

25

Mg+ with

14

N2 and

25

Mg+ with

15

N2, have been trapped in a

solid neon matrix and studied with electron spin resonance (ESR) spectroscopy. These radical
species were formed through the interaction of laser ablated magnesium and nitrogen gas.
The Mg+-N2 radical species was found to have a ground electronic state of 2- in a linear
configuration. Fitting the ESR spectra allowed magnetic parameters to be determined as
follows: g⊥ = 2.0010 (5), g∥ = 2.0023 (5), A⊥(1-14N) = 32 (3) MHz, A∥ (1-14N) = 34 (5)
MHz, A⊥(1-15N) = 45 (4) MHz, A∥ (1-15N)= 47 (6) MHz, A⊥(2-14N) = 1 (2) MHz, A∥ (2-14N)
= 2 (5) MHz, A⊥(2-15N) = 2 (2) MHz, A∥ (2-15N)= 4 (6) MHz A⊥ (25Mg) = -581 (5) MHz,
A∥(25Mg) = -582 (5) MHz. Ab initio calculations using the CCSD(T) methodology showed
the linear form was 59.7 kcal mol-1 more stable than the T-shaped form. The potential energy
curve around the equilibrium geometry was explored using the CASSCF approach and
Hartree-Fock singles and double configuration interaction and multi-reference singles and
double configuration interaction calculations of the hyperfine coupling constants were
undertaken and reasonable agreement with experiment was observed,
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I. INTRODUCTION
There have been numerous studies of magnesium ion complexes in the gas phase.1-11 Many of
these complexes have direct relevance to solvated species in aqueous solution. Gas phase
metal complexes can also be found in the upper atmosphere. Metals are ablated from
meteoric content, mostly dust, entering Earth’s atmosphere, where they form a number of
interesting species.12 The subject of this paper is the magnesium ion adduct Mg+-N2. Up to
six tons of magnesium is deposited into the upper atmosphere each day, where it forms layers
of Mg+ ions.13 The ionic species Mg+ has been directly observed in the mesosphere/lower
thermosphere (MLT) region by mass spectrometers attached to rockets and through satellite
observations.14-18 Since molecular nitrogen is the most abundant gas in Earth’s atmosphere, it
is likely the two species could interact in the atmosphere, and the adduct formed between
Mg+ and N2 has been examined for the role it plays in the lifecycle of atmospheric
magnesium.19 The reaction of Mg+ with N2 to form an adduct is thought to be dominant at an
altitude around 85 km in the atmosphere. At lower altitudes, the reaction with O2 begins to
dominate to form MgO2+.20 As well as in our own atmosphere, Mg+ ions have been detected
in the atmosphere of Mars21-22, Neptune23 and Titan24. The universal abundance of
magnesium implies that it could play a role in many different atmospheric environments,
hence it is important to understand its interaction with common ligands.
The Mg+-N2 species was first studied in experiment by Robbins et al. through massselected photodissociation spectroscopy.25 They found that the lowest electronic transition is
from a linear X 2Σ+ state to a linear 2Π state. They noted that the red-shift from the differential
bonding in different states is much larger than the shift observed in other Mg+-Ligand
complexes. Furthermore, the spin-orbit splitting of the complex (46 cm-1) is significantly less
than that observed for other Mg+-Ligand complexes. This study was published concurrently
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with a theoretical study by Maitre and Bauschlicher, who performed calculations at the
MRCI+Q level of theory on the geometry, vibrational frequencies, bending potential and
dissociation energy of Mg+-N2.26 The geometry of the 2Σ+ linear ground state was found to be
with r(Mg-N) = 2.37 Å and r(N-N) = 1.101 Å. Tachikawa and Yoshida published another
theoretical study of the Mg+-N2 species.27 They found the ground state geometry to have
r(Mg-N) = 2.540 Å and r(N-N) = 1.118 Å with D0(Mg+-N2) = 6.9 kcal mol-1 through a
Hartree-Fock (HF) calculation utilising the 6-311G* basis set. Plowright et al. performed a
third theoretical study on Mg+-N2.28 The results were similar to the Tachikawa and Yoshida
study, and had the ground state geometry as r(Mg-N) = 2.456 Å and r(N-N) = 1.091 Å with
D0(Mg-N) = 7.19 kcal mol-1 through the B3LYP level of theory and the Pople 6-311+G(2d,p)
triple-zeta basis set.
As a 2Σ+ linear radical species, Mg+-N2 is a prime candidate for study through electron
spin resonance (ESR) spectroscopy. The application of ESR spectroscopy to radical species
trapped using the matrix isolation (MI) technique has been widespread, with radicals
previously studied in this laboratory including: CdCH329, HgCH330, ZnCH331, MgCH332, ZnP
and CdP33, and most recently MgN34. Magnesium species that have been studied through MIESR include: Mg+ and Mg+n (n=1-6),35 MgH,36 MgOH,37 MgCH3,32 and MgN34. An ESR
study on the Mg+-N2 species will reveal useful information regarding the bonding and spin
and charge delocalization in the radical of its unpaired electron, and how it differs from that
of the free ion, Mg+.
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II EXPERIMENTAL
These experiments were performed using an apparatus and vacuum system that has been
previously described.38 The experimental method used to produce the radicals described here
has been previously used to investigate MgCH3,32 and MgN39. Consequently, only a short
description of the experimental conditions specific to this investigation will be presented.
The Mg+-N2 radical was formed through the reaction of nitrogen gas with the plume
emanating from a magnesium metal target that was ablated with a Nd:YAG laser (Surelite I)
which had its output doubled to 532 nm, with a pulse energy of 10 mJ per pulse running at 10
Hz. Two different targets were used, natural abundance metal magnesium (LR grade 97 % by
ICP-AES) and isotopically enriched magnesium-25 metal (98.5%

25

Mg, 1.4+%

24

Mg, Oak

Ridge, US Department of Energy). A molecular sieve (3Å) trap cooled with liquid nitrogen
was used to purify the neon gas (Matheson Gas Products, Inc. Ultrahigh Purity) before use.
The neon gas and reactant gas were injected into the ablation chamber separately. The
pressure of the nitrogen gas reactant flowing into the ablation chamber was measured with a
thermocouple gauge and generally, this pressure was around 30 mTorr. Some experiments
produced the species of interest through what is assumed to be an air-leak into the ablation
chamber. The resulting spectra were cross checked with those resulting from experiments
using pure nitrogen in order to validate them. The amount of neon flowing into the ablation
chamber was monitored as an increase of the background pressure in the chamber which was
approximately 4  10-7 Torr at room temperature for most experiments, and this would fall to
about 8  10-8 Torr when the copper rod reached its minimum temperature.
deposition this pressure increased to about 2 x 10-5 Torr.
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During

An oxygen free high conductivity (OFHC) copper rod was used as the deposition target. It
was cooled to 4.3 K by a continuous-flow liquid helium cryostat (Cryo Industries of America
RC110). A single deposition would normally consist of 1 hour of ablation with the laser
while the neon gas and the reactant gas flowed into the ablation chamber. A Bruker ESP300E
spectrometer equipped with a DM4116 cavity operating at a microwave frequency of
between 9702 MHZ and 9715 MHZ was used to record the ESR spectrum of the species of
interest.
Of the three naturally occurring isotopes of magnesium two have no nuclear spin, Mg24 and Mg-26, and together they account for 90.00% of the universal isotopic abundance of
magnesium.40 The remaining 10.00% of naturally occurring magnesium arises from Mg-25,
which has a nuclear spin of 5/2 nuclear magnetic moment of µ = -0.85545.40-41 Nitrogen N-14
(I = 1, µ = 0.40376100)42 has an abundance of 99.64%. Its other stable isotope is
N-15 (I = -1/2, µ = -0.28318884)43 with 0.36% abundance. In ESR experiments, the ratio of
the total splitting caused by the two different isotopes of nitrogen should be equal to the ratio
between the two different magnetic moments.
To analyze the ESR spectra, simulations were produced using the program GEN
which has been developed by Knight and coworkers and uses an exact diagonalization of the
spin Hamiltonian.44-45 The simulated spectra were matched to the experimental spectra, and
the experimental parameters were chosen to be those that gave the least sum of the squares of
the differences between simulated peak positions and experimental peak positions. The spin
Hamiltonian used was:
Ĥ =βe B • ĝ • S +

( I i•Âi• S
i
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i

- gI βn B • I i)

where the symbols have their usual meaning.46 A Linux workstation was used to for the ab
initio calculations. The ab initio calculations were performed using the MELDF suite of
programs,47 as well as the ORCA program48. The visualization of the molecular orbitals was
generated by the Avogadro program,49 using orbitals calculated by the Gaussian-09
program50. The experimental Aiso and Adip values were calculated using the following
standard equations:46
Aiso =

(



|| )

, and

Adip = Aiso - A,
where Aiso =

|( ) |

and
Adip = gegnβeβn(3cos2 - 1)/2r3.
The geometry used was that determined by Plowright et al., with r(Mg-N) = 2.456 Å
and r(N-N) = 1.091 Å.28 A complete active space self-consistent field (CASSCF) calculation
was performed with the ORCA program48 with an active space of 5 electrons in 6 orbitals as
a function of the magnesium to nitrogen bond length in order to confirm the ground state
geometry. Starting orbitals were taken from a MP2 calculation at the geometry stated above.
Natural orbitals which had an occupancy above 0.02 and below 1.96 from the MP2
calculation were selected for the CASSCF calculation, these were 2π2π9σ3π3π10σ for the
Mg+-N2 species. The calculation used the uncontracted augmented correlation consistent
polarised valence double zeta (aug-cc-pVDZ) basis set for both magnesium and nitrogen. 51-52
The geometry of the linear and T-shaped Mg+-N2 complex and their relative energy
was evaluated using CCSD(T) methodology using the Gaussian-09 program50-51 and the
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uncontracted augmented correlation consistent polarised valence double zeta (aug-cc-pVDZ)
basis set.51-52
The magnetic properties of Mg+-N2 were also calculated using the ORCA program48
through two different density functional theory (DFT) methods, B3LYP and B3PW91, as
well as the MP2 and CASSCF methods at the literature geometry. These calculations used the
aug-cc-pVDZ basis set for both magnesium and nitrogen, The B3LYP calculation was
repeated with the aug-cc-pVTZ basis set.51-52 The MELDF suite of programs47 was used to
run a HF-SDCI calculation which included the double excitations with an energy contribution
over 1 x 10-8 Eh and all single excitations. The 75 configurations with the largest contribution
to the HF-SDCI wavefunction were used as the reference for an MRSDCI calculation which
included the double excitations with an energy contribution over 1 x 10 -8 Eh and all single
excitations, both methods used the uncontracted aug-cc-pVDZ basis set51-52.

III

RESULTS – Experimental
In some MI-ESR experiments performed using Mg-25 as the ablation target, a set of 3

peaks arising near the six

25

Mg+ hyperfine lines was observed in some experiments. These

sets of peaks are shown in the lower trace of Figure 1 and their positions are given in Table I.
The observation of these peaks implied the presence of a 25Mg+ ion associated with a ligand.
The characteristic 1:1:1 “phase-down” line shape of the unknown peaks suggested that the
species was a doublet radical with axial symmetry containing an atom with a nuclear spin of
I=1. The most common atom with I=1 used in these experiments, often present through air
leakage and as air dissolved in reactants, is nitrogen. To confirm the presence of nitrogen in
the radical, an experiment was run with pure

15

N2 gas (98%, Aldrich Chemical Company

Inc). The spectrum now showed a 2 line pattern, in the same field location as the previously
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observed 1:1:1 line pattern. This confirmed the presence of nitrogen in the radical species.
The spectrum resulting from using

15

N2 as the reactant gas is depicted in the lower trace of

Figure 2 and the line positions are given in Table I. The species observed here is known to
contain a magnesium ion associated with a nitrogen atom. The diatomic MgN radical has
been studied previously39 and has a 4∑ ground electronic state which is not consistent with
the species observed here. So this species must be of the form Mg+-NX, where X could only
be a limited range of atoms. The two most likely candidates besides nitrogen for this second
atom are oxygen and carbon. Both are potentially present in all experiments from background
sources in the vacuum system. However, NO and NC are radical species and while MgNO
and MgNC are likely to have a significant ionic character in their binding, it is unlikely that
value of the Mg-25 hyperfine coupling (Aiso) would be as large as is seen for this species: 582 MHz, which corresponds to a charge of around +0.95 e on the magnesium atom. For
comparison: Aiso for Mg-25 in MgNC is -298(16) MHz53, and while Aiso has not been
experimentally determined for MgNO, the Mulliken charge on the magnesium atom was
predicted to be +0.21754. Furthermore, the peaks in question are not observed after the matrix
is annealed to around 10 K. Annealing allows some movement within the matrix, and can
result in the depletion of ionic species as free electrons migrate through the matrix; it can also
result in species caught in less stables sites of the matrix to rearrange into more stable sites.
Hence, the effect of annealing indicates that an ion or a highly unstable species is producing
the observed peaks. To confirm the presence of the second nitrogen atom in the linear Mg+N2 radical, an attempt was made to further resolve the larger three line pattern shown in
Figure 1 to reveal any splitting caused by the secondary nitrogen atom. The interaction of the
second nitrogen atom proved too small to resolve from the triplet arising from the more
strongly coupled nitrogen nucleus. However, from the line shape observed, a reasonable
estimate of the Aiso and Adip values for this second nitrogen atom can be made with upper and
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lower limits. Hence, the most likely species to be responsible for the ESR spectrum observed
is Mg+-N2 and we assign the Mg+-N2 radical as the carrier for the spectra shown here.
Based on this assignment the ESR spectra for 25Mg+-14N2 and 25Mg+-15N2 species were
simulated and these simulations are presented in the upper traces of Figures 1 and 2
respectively. The magnetic parameters used to generate the simulated spectra are given in
Table II. For this doublet radical only a small anisotropy in the magnetic parameters is
observed and there are no separate parallel and perpendicular peaks. However the values of
the parallel components of the hyperfine coupling constants and the g matrix can be estimated
from shifts in the perpendicular line positions. In fitting the perpendicular line positions we
have found their position and lineshape of these peaks to be quite sensitive to the various
parallel components and have derived estimates for g∥ and A∥ for each atom in the radical.
These values and their associated experimental uncertainty are presented in Table II together
with the values derived for Aiso and Adip for each nucleus.
Experiments performed with natural abundance magnesium and nitrogen gas did not
produce the 6 sets of 2 or 3 line patterns observed with magnesium-25. As natural abundance
Mg only contains 10 % Mg-25 only small ESR peaks would be expected.

The ESR

transitions of Mg+-14N2, with the bulk of the Mg nuclei having I=0, would be expected to
occur close to ge where the ESR spectra are very cluttered with more intense transitions of
other doublet radicals present in all of these experiments.
IV RESULTS – Theoretical
A CASSCF calculation of the energy of linear Mg+-N2 verses Mg-N bond length showed the
minimum energy occurred at a bond length between the magnesium atom and the closest
nitrogen atom of 2.516 Å, with D0 = 4.56 kcal/mol.
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The plot used to determine the

equilibrium bond length is shown in Figure 3. The CASSCF calculation showed the overall
wavefunction

the

radical

species

was

dominated

(coefficient

0.936)

by

the

1σ22σ23σ24σ25σ26σ21π47σ28σ22π49σ1 configuration, with the lone electron residing in the 9σ
orbital which is mostly an Mg s-type orbital. CCSD(T) calculations gave r Mg-N = 2.502 Å and
rN-N = 1.117 Å for linear Mg+-N2 and rMg-N = 2.0306 Å, rN-N = 1.210 Å and N-Mg-N= 34.6o for
T-shaped Mg+-N2. This data compares with the N-N bond length found for N2 of using this
method and basis of rN-N = 1.118 Å. The linear form of Mg+-N2 radical was determined to be
59.7 kcal mol-1 more stable than the T-shaped form in these calculations. The g values for
linear Mg+-N2 were evaluated with the Orca program using MP2 and DFT calculations with
the B3PW91 and B3LYP functionals and these data are presented in Table III with the
experimental values. The hyperfine coupling constants for linear Mg+-N2 were also evaluated
using MP2 and DFT calculations with the B3PW91 and B3LYP functionals as well as with
the MRSDCI method using the MELDF program and these data are presented in Table IV
with the experimental values.
V DISCUSSION
a.

Comparison between theoretical and experimental results.
The calculated g values show only modest agreement with the experimental values for

MgN2+. The shifts for g⊥ and g∥ from ge are conventionally expressed in ppm by multiplying
by 106. The experimental values for g⊥ and g∥ are -1319(500) and -19(1000), with the
experimental uncertainties in parentheses. All ab initio methods yielded good agreement for
g∥ whereas g⊥ was underestimated with values ranging from -139 and -129 for the
B3PW91 and B3LYP functionals and -199 for the Full MP2 calculation.

The direction of

the shift was reproduced however the magnitude was significantly low. Our recent work on
the MgN radical34 shows similar trends. Here g⊥ and g∥ are 2461(50) and -599(50) with
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the experimental uncertainties in parentheses. The B3PW91 and B3LYP functionals yielded
1271 and 1371 for g⊥, with -69 and -79 for g∥, while the full MP2 method yielded 1901
and -69 respectively.

Again the direction of the shift was matched but the magnitude was

significantly lower. By way of comparison ab initio calculations of g values have been
conducted for other magnesium radicals, MgH and MgF. Here the experimental values for
g⊥ and g∥ are -2119(400) and -319(400) for MgH36 and -1319(500) and -319(500) for
MgF55.

Quiney and Belazoni56 employed a four-component Dirac-Hartree-Fock

approximation approach for MgH and found g⊥ and g∥ are -1519 and -19, Bruna and
Grein57 used a perturbation theory and a Hamiltonian based on Breit-Pauli theory and found
g⊥ and g∥ are -1862 and -47. For MgF, Jayatilaka58 reported a method to calculate the g
tensor as a derivative of the energy and obtained g⊥ and g∥ as -1314 and 20, while
Schreckenbach and Ziegler used gauge-including atomic orbitals and density functional
theory to obtain g⊥ and g∥ as -2178 and -60. In light of these comparisons the agreement
we observe for the calculated g values for MgN2+ seems to be consistent with prevailing
values in the literature. Interestingly, the value obtained for the Mg+-N2 species is within the
uncertainty range of the value for the Mg+ ion in neon matrix, which has been reported by
Knight to have a g value of 2.0015(5).35 This corresponds to a g of -819 ppm compared
with our value of -1319 for g⊥ of Mg+-N2.
The calculated values for the hyperfine coupling constants for MgN2+ show
remarkably good agreement with theory. As parallel lines were not observed the values of A∥
had to be inferred from shifts in the perpendicular line positions and this results in a larger
experimental uncertainty for Adip versus Aiso for each nucleus. Adip is close to zero for the
Mg-25 nucleus and the two N-14 nuclei. The calculated results for Adip using the various ab
initio approaches listed in Table IV show good agreement for all the nuclei in MgN2+. For
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Aiso of the Mg-25 nucleus the B3LYP approach with the aug-cc-pVTZ basis agreed within
the experimental uncertainty. A similar calculation with the aug-cc-pVDZ basis was slightly
smaller and the B3PW91 functional gave a lower result. However all matched Aiso of the
Mg-25 nucleus within 10 %. The values calculated with the full MP2 and HFSDCI and
MRSDCI approaches were about 14-18 % low. The CASSCF approach yielded the poorest
agreement for Aiso of the Mg-25 nucleus being low by 15 %. The value of Aiso Mg-25
nucleus is very sensitive to the Mg-N bond length employed in the calculations. For the
B3LYP method a change of 0.06 Å in results in a change of 6 MHz in Aiso for the Mg-25
nucleus. For Aiso of the N-14 nucleus closest to the Mg nucleus the calculation with the
B3PW91 functional agreed with the experimental uncertainty while that using the B3LYP
functional was slightly high and just outside the experimental uncertainty.

The values

calculated with the full MP2 approach was within the experimental uncertainty and the
HFSDCI and MRSDCI approaches were about 50 % and 25 % low respectively. The CASCF
approach was low by 25 %. Aiso for the second nitrogen nucleus was very small with a
moderate experimental uncertainty and all methods showed good agreement with the
experimental value.

b.

Bonding and electronic structure of the Mg+-N2 radical.
The spin density in the singly occupied molecular orbital for the Mg+-N2 radical can

be calculated using the free atom comparison method (FACM). The FACM analysis uses the
ratio of Aiso for a particular atom in the radical species to Aiso for the free atom to estimate the
overall s-type orbital occupancy any lone electrons on that atom. Likewise, in the case of a
linear radical, the ratio of Adip for a particular atom in the radical species to Adip for the free
atom can determine the overall pz-type orbital occupancy, where the pz orbital is aligned
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along the molecule’s axis of symmetry. For the ground state of the species, the spin density in
px and py type orbitals is assumed to be 0 and that polarization effects into are not taken into
account.
The  and  orbitals are expected to have the following atomic orbital character:
 = a1 χ(Mg 3s) + a2 χ(Mg 3pz) + a3 χ(N1 2s) + a4 χ(N1 2pz) + a5 χ(N2 2s) + a6 χ(N2 2pz)
where the atomic orbitals are represented by χ and the fractional contribution of each
atomic orbital to the molecular orbital is represented by ai. The values of Aiso and Adip for
atomic nitrogen are taken from those tabulated by Weltner46, which are: Aiso = -1811 MHz
and Adip = 75.52 MHz. The value of Aiso for Mg+ is taken to be the experimental value
determined by Knight et al.,35 which is Aiso = -623.0(6) MHz. The value for Adip of
-7.8(4) for atomic magnesium is derived from atomic level crossing experiments as
discussed by McKinley and Karakryiakos32 It should be noted in that paper McKinley and
Karakryiakos also used atomic level crossing experiments to derive Aiso for Mg which gave a
smaller value of -472.5 MHz.

Use of this value appears to have overestimated the s-

character of the HOMO in CH3Mg radical. The results of the FACM analysis are shown in
table V.
The FACM analysis predicts that the HOMO of the Mg+-N2 radical is dominated by Mg 3s
character with a value of about 93 %. There is a small contribution of the Mg 3pz orbital to
the HOMO although there is a large experimental uncertainty in this value due to the
uncertainty in the value Adip for the Mg nucleus. The contribution made by the proximate N
nucleus is only a few percent with 2 % N 2s character and the other nitrogen has a N 2s
character of about 0.1 %. Overall then the bonding in the Mg+-N2 radical can be considered
as an Mg+ cation interacting electrostatically with the nitrogen molecule. The HOMO of the
N2 molecule is a 2σg bonding orbital formed from the overall of the 2pz orbitals from each N
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atom.

Given that the Mg 3s character with a value of over 90 % the maximum loss of

density from the N2 orbitals is about 5 % which is consistent with this bonding picture. It
should be noted that the CCSD(T) calculation predicted a N-N bond length of 1.1165 Å
compared with 1.1176 Å in the free N2 molecule.

VI SUMMARY
The complex formed between a magnesium cation with a N2 ligand has been observed
isolated in a neon matrix by ESR spectroscopy. The identity of the species was deduced by
comparing the spectra with that of previously studied species, and observing the hyperfine
transitions caused by the magnesium-25 nucleus and the hyperfine transitions caused by a
nitrogen-14 nucleus and a nitrogen-15 nucleus. Only the effect of the central nitrogen atom
could be directly observed. The second nitrogen atom interacts too weakly with the unpaired
electron to have its effects directly observable in this experiment. The ESR spectra showed
the radical exhibited axial symmetry when then, given that the two N atoms are not
equivalent implies the molecule is linear and had a linear X 2Σ+ ground state. A CCSD(T)
calculation confirmed that the linear form of Mg+-N2 radical is 59.7 kcal mol-1 more stable
than the T-shaped form. CASSCF calculations showed that the bond-length minimum energy
for the Mg-N bond was rMg-N = 2.516 Å. Magnetic parameters were derived from simulations
of the ESR spectra and these were compared with parameters evaluated with ab initio
calculations.

Overall the parameters derived from the theoretical calculations showed

reasonable agreement with the experimental values. A FACM analysis showed the bonding in
the complex was primarily electrostatic in nature with the bulk of the spin density in the
HOMO residing in the Mg 3s orbital with small Mg 3pz and N 2s and 2pz components.
181

ACKNOWLEDGMENTS
AJM thanks the Australian Research Council for support of this work under the Small Grants
Scheme for the initial funding which supported this work and support from an ARC Research
Infrastructure, Equipment and Facilities Grant that was used to purchase the ESR
spectrometer at UWA. TSH thanks the Australian Government for a Research Training
Program (RTP) Scholarship. Appreciation is expressed to Dr David Feller and Professor E. R.
Davidson for use of their MELDF program for calculating the nuclear hyperfine parameters.
We thank the United States Department of Energy Isotope Program for supplying the Mg-25
sample used in this work.

182

REFERENCES
1

Y. C. Cheng; J. Chen; L. N. Ding; T. H. Wong; P. D. Kleiber; D. K. Liu, J. Chem. Phys.

104, 6452 (1996)
2

A. Furuya; F. Misaizu; K. Ohno, J. Chem. Phys. 125, 094309 (2006)

3

A. Furuya; F. Misaizu; K. Ohno, J. Chem. Phys. 125, 094310 (2006)

4

Y. Inokuchi; K. Ohshimo; F. Misaizu; N. Nishi, J. Phys. Chem. A 108, 5034 (2004)

5

W. Y. Lu; T. H. Wong; Y. Sheng; P. D. Kleiber, J. Chem. Phys. 117, 6970 (2002)

6

F. Misaizu; M. Sanekata; K. Tsukamoto; K. Fuke; S. Iwata, J. Phys. Chem. 96, 8259 (1992)

7

J. S. Pilgrim; C. S. Yeh; K. R. Berry; M. A. Duncan, J. Chem. Phys. 100, 7945 (1994)

8

N. R. Walker; R. S. Walters; M. K. Tsai; K. D. Jordan; M. A. Duncan, J. Phys. Chem. A

109, 7057 (2005)
9

K. F. Willey; C. S. Yeh; D. L. Robbins; J. S. Pilgrim; M. A. Duncan, J. Chem. Phys. 97,

8886 (1992)
10

C. S. Yeh; K. F. Willey; D. L. Robbins; J. S. Pilgrim; M. A. Duncan, J. Chem. Phys. 98,

1867 (1993)
11

J. Velasquez; E. D. Pillai; P. D. Carnegie; M. A. Duncan, J. Phys. Chem. A 110, 2325

(2006)
12

J. M. C. Plane, Chem. Rev. 103, 4963 (2003)

13

J. M. C. Plane; M. Helmer, Faraday Discuss. 100, 411 (1995)
183

14

J. G. Anderson; C. A. Barth, J. Geophys. Res. 76, 3723 (1971)

15

J. C. Gérard; A. Monfils, J. Geophys. Res. 79, 2544 (1974)

16

E. Kopp; P. Eberhardt; U. Herrmann; L. G. Björn, J. Geophys. Res. D 90, 13041 (1985)

17

W. Swider, Planet. Space Sci. 32, 307 (1984)

18

U. Von Zahn; R. A. Goldberg; J. Stegman; G. Witt, Planet. Space Sci. 37, 657 (1989)

19

C. L. Whalley; J. C. G. Martin; T. G. Wright; J. M. C. Plane, Phys. Chem. Chem. Phys 13,

6352 (2011)
20

J. M. C. Plane; C. L. Whalley, J. Phys. Chem. A 116, 6240 (2012)

21

J. M. Grebowsky; M. Benna; J. M. C. Plane; G. A. Collinson; P. R. Mahaffy; B. M.

Jakosky, Geophys. Res. Lett. 44, 3066 (2017)
22

M. M. J. Crismani; N. M. Schneider; J. M. C. Plane; J. S. Evans; S. K. Jain; M. S. Chaffin;

J. D. Carrillo-Sanchez; J. I. Deighan; R. V. Yelle; A. I. F. Stewart; W. McClintock; J. Clarke;
G. M. Holsclaw; A. Stiepen; F. Montmessin; B. M. Jakosky, Nat. Geosci. 10, 401 (2017)
23

J. R. Lyons, Science 267, 648 (1995)

24

G. J. Molina-Cuberos; H. Lammer; W. Stumptner; K. Schwingenschuh; H. O. Rucker; J. J.

López-Moreno; R. Rodrigo; T. Tokano, Planet. and Space Sci. 49, 143 (2001)
25

D. L. Robbins; L. R. Brock; J. S. Pilgrim; M. A. Duncan, J. Chem. Phys. 102, 1481 (1995)

26

P. Maitre; C. W. Bauschlicher, Chem. Phys. Lett. 225, 467 (1994)

27

H. Tachikawa; H. Yoshida, J. Mol. Struct. 363, 263 (1996)
184

28

R. J. Plowright; T. J. McDonnell; T. G. Wright; J. M. C. Plane, J. Phys. Chem. A 113, 9354

(2009)
29

E. Karakyriakos; J. R. Davis; C. J. Wilson; S. A. Yates; A. J. McKinley, J. Chem. Phys.

110, 3398 (1999)
30

E. Karakyriakos; A. J. McKinley, J. Phys. Chem. A 108, 4619 (2004)

31

A. J. McKinley; E. Karakyriakos; L. B. Knight, Jr.; R. Babb; A. Williams, J. Phys. Chem. A

104, 3528 (2000)
32

A. J. McKinley; E. Karakyriakos, J. Phys. Chem. A 104, 8872 (2000)

33

R. O. Fuller; G. S. Chandler; J. R. Davis; A. J. McKinley, J. Chem. Phys. 133, 164311

(2010)
34

T. S. Hearne; S. Yates; D. Wild; A. McKinley, J. Chem. Phys. 147, 044307 (2017)

35

L. B. Knight, Jr.; C. B. Cleveland; R. F. Frey; E. R. Davidson, J. Chem. Phys. 100, 7867

(1994)
36

L. B. Knight, Jr.; W. Weltner, Jr., J. Chem. Phys. 54, 3875 (1971)

37

J. M. Brom; W. Weltner, Jr., J. Chem. Phys. 58, 5322 (1973)

38

E. Karakyriakos; J. R. Davis; C. J. Wilson; S. A. Yates; A. J. McKinley; L. B. Knight, Jr.;

R. Babb; D. J. Tyler, J. Chem. Phys. 110, 3398 (1999)
39

T. S. Hearne; S. Yates; D. Wild; A. McKinley, J. Chem. Phys. 147, (2017)

40

J. R. White; A. E. Cameron, Phys. Rev. 74, 991 (1948)

185

41

F. Alder; F. C. Yu, Phys. Rev. 82, 105 (1952)

42

W. G. Proctor; F. C. Yu, Phys. Rev. 81, 20 (1950)

43

J. D. Baldeschwieler, J. Chem. Phys. 36, (1962)

44

L. B. Knight, Jr.; J. Steadman; P. K. Miller; J. A. Cleveland, J. Chem. Phys. 88, 2226

(1988)
45

L. B. Knight, Jr.; S. T. Cobranchi; E. Earl, J. Chem. Phys. 88, 7348 (1988)

46

W. Weltner, Jr., Magnetic atoms and molecules. Dover Publications: New York, 1983.

47

Meldf, MELDF was originally written by L. McMurchie, S. Elbert, S. Langoff, and E. R.

Davidson. It has been substantially modified by D. Feller, R. Cave, D. Rawlings, R. Frey, R.
Daasch, L. Mitzche, P. Philips, K. Iberle, C. Jackels, and E. R. Davidson.
48

F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2, 73 (2012)

49

M. D. Hanwell; D. E. Curtis; D. C. Lonie; T. Vandermeersch; E. Zurek; G. R. Hutchison, J.

Cheminformatics 4, 17 (2012)
50

M. J. Frisch; G. W. Trucks; H. B. Schlegel; G. E. Scuseria; M. A. Robb; J. R. Cheeseman;

G. Scalmani; V. Barone; B. Mennucci; G. A. Petersson; H. Nakatsuji; M. Caricato; X. Li; H.
P. Hratchian; A. F. Izmaylov; J. Bloino; G. Zheng; J. L. Sonnenberg; M. Hada; M. Ehara; K.
Toyota; R. Fukuda; J. Hasegawa; M. Ishida; T. Nakajima; Y. Honda; O. Kitao; H. Nakai; T.
Vreven; J. A. Montgomery; J. E. Peralta; F. Ogliaro; M. Bearpark; J. J. Heyd; E. Brothers; K.
N. Kudin; V. N. Staroverov; R. Kobayashi; J. Normand; K. Raghavachari; A. Rendell; J. C.
Burant; S. S. Iyengar; J. Tomasi; M. Cossi; N. Rega; J. M. Millam; M. Klene; J. E. Knox; J.
B. Cross; V. Bakken; C. Adamo; J. Jaramillo; R. Gomperts; R. E. Stratmann; O. Yazyev; A.
186

J. Austin; R. Cammi; C. Pomelli; J. W. Ochterski; R. L. Martin; K. Morokuma; V. G.
Zakrzewski; G. A. Voth; P. Salvador; J. J. Dannenberg; S. Dapprich; A. D. Daniels; Farkas;
J. B. Foresman; J. V. Ortiz; J. Cioslowski; D. J. Fox Gaussian 09, Wallingford CT, 2009.
51

B. P. Prascher; D. E. Woon; K. A. Peterson; T. H. Dunning Jr; A. K. Wilson, Theor. Chem.

Acc. 128, 69 (2011)
52

R. A. Kendall; T. H. Dunning Jr; R. J. Harrison, J. Chem. Phys. 96, 6796 (1992)

53

M. A. Anderson; L. M. Ziurys, Chem. Phys. Lett. 231, 164 (1994)

54

G. P. Kushto; F. Ding; B. Liang; X. Wang; A. Citra; L. Andrews, Chem. Phys. 257, 223

(2000)
55

L. B. Knight, Jr. ; A. Mouchet; W. T. Beaudry; M. Duncan, J. Magn. Reson. 32, 383 (1978)

56

H. M. Quiney; P. Belanzoni, J. Chem. Phys. 117, 5550 (2002)

57

P. J. Bruna; F. Grein, Phys. Chem. Chem. Phys. 5, 3140 (2003)

58

D. Jayatilaka, J. Chem. Phys. 108, 7587 (1998)

187

FIG 1. The lower trace shows the ESR spectrum of the 25Mg+-14N2 radical species trapped in
a neon matrix at 4.3 K. The central g = ge region, which includes one set of Mg+-N2 peaks,
has been omitted. Also shown on the spectrum are the Mg+, MgOH and H radicals. All
magnesium radicals are Mg-25. The upper trace shows a simulated spectrum generated using
the magnetic parameters shown in Table II.
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FIG 2. The lower trace shows the ESR spectrum of the 25Mg+-15N2 radical species trapped in
a neon matrix at 4.3 K. The central g = ge region, which includes one set of Mg+-N2 peaks,
has been omitted. Also shown on the spectrum are the Mg+ and H radicals. All magnesium
radicals are Mg-25. The upper trace shows a simulated spectrum generated using the
magnetic parameters shown in Table II.
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FIG 3. The potential energy surface of the Mg+-N2 association species as a function of
varying the Mg-N bond length. Calculated using the CASSCF method with a (5,6) active
space and the aug-cc-pVDZ basis set. The solid line is a fit of a 4th order polynomial
regression, and its local minimum is displayed on the graph.
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TABLE I. Observed and Simulated line
positions in Gauss for the 25Mg+-14N2 and
25
Mg+-15N2 Isotopologues of Mg+-N2
25
Mg+-14N2
MIa Obs.b
Calc.c
MI e
1
2920.5(3)
2920.16
-5/2
0
2931.6(3)
2931.54
-1
2942.8(3)
2943.02
1
3102.3(3)
3102.62
-3/2
0
3113.8(3)
3114.06
-1
3125.0(3)
3125.33
1
3297.2(8)
3297.62
-1/2
0
3308.9(3)
3309.02
-1
3320.4(3)
3320.53
1
3505.26
1/2
0
3516.69
-1
3528.17
1
3725.6(3)
3725.55
3/2
0
3737.1(3)
3737.01
-1
3747.7(8)
3748.61
1
3958.8(3)
3958.44
5/2
0
3970.3(3)
3969.90
-1
3981.5(3)
3981.56
25

e

MI
-5/2
-3/2
-1/2
1/2
3/2
5/2
a

The

Mg+-15N2
Obs.b
1/2 2923.0(3)
-1/2 2939.0(3)
1/2 3105.3(3)
-1/2 3121.1(3)
1/2 3300.2(3)
-1/2 3316.1(3)
1/2
-1/2
1/2 3728.3(3)
-1/2 3744.5(3)
1/2 3961.3(3)
-1/2 3977.5(3)
magnetic quantum number
MIa

Calc.c
2923.10
2939.00
3105.57
3121.48
3300.52
3316.50
3508.20
3524.23
3728.55
3744.66
3961.45
3977.70
for the N-

14 (I=1) and N-15 (I=1/2) nucleus.
b

Peak positions as measured at the apex.

The radical was trapped in a neon matrix at
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4.3 K. Uncertainty in position is ± 0.3 G.
c

Peak positions of a simulated spectra

generated by direct diagonalisation of the
spin

Hamiltonian

using

the

magnetic

parameters found in Table II.
d
e

Microwave frequency of 9701.951 MHz

The magnetic quantum number for the Mg

(I=5/2) nucleus.
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Table II. Magnetic parameters in MHz for the Mg+-N2 radical isolated in a
neon matrix at 4.3 K
Aisoa
Adipa
g⊥
g∥
A⊥
A∥
25
2.0010(5)
2.0023(10) -581(5)
-582(5)
-582(5)
-1(3)
Mg
14
32(3)
34(5)
33(4)
1(3)
N1
15
45(4)
47(6)
46(5)
1(3)
N1
14
1(2)
2(5)
1(3)
1(2)
N2
15
2(2)
4(6)
3(4)
2(3)
N2
a
A⊥ and A∥ were used to calculate Aiso and Adip through standard expressions. The
signs on Aiso and Adip cannot be determined from experiment; hence they are
taken from the theoretical results.
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Table III. Theoreticala and Experimental g values
for the Mg+-N2 radical
g⊥
g∥
2.00232
2.00218
B3PW91
2.00232
B3LYP
2.00219
2.00231
B3LYPb
2.00219
2.00233
Full MP2
2.00212
2.0010(5)
2.0023(10)
Experiment
a
All calculations were performed using the
uncontracted aug-cc-pVDZ basis set for both
magnesium and nitrogen, unless stated otherwise.
(Ref. 40 and 41)
b

Performed with the aug-cc-pVTZ basis set for both

magnesium and nitrogen. (Ref. 50 and 51)
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Table
IV.
Theoreticala
and
Experimental
hyperfine
coupling
constants in MHz for the Mg+-N2
radical
Aiso
Adip
25
Mg
-539
-0.6
B3PW91
14
N1
33.0
1.0
14
N2
1.1
0.6
25
Mg
-558
-0.5
B3LYP
14
N1
37.9
1.1
14
N2
1.1
0.7
25
Mg
-577
-0.7
B3LYPb
14
N1
38.0
1.2
14
N2
1.1
0.7
25
Mg
-500
-0.7
Full MP2
14
N1
31.8
-0.2
14
N2
-0.8
-1.4
HFSDCIc,d 25Mg
-479
-0.7
14
N1
16.6
1.5
14
N2
0.02
0.2
MRSDCIc,e 25Mg
-495
-0.7
14
N1
24.7
0.8
14
N2
1.24
0.39
25
Mg
-421
-0.5
CASSCFf
14
N1
17.0
0.5
14
N2
1.1
0.4
-1(3)
Experiment 25Mg -582(5)
14
N1
33(4)
1(3)
14
N2
1(3)
1(2)
a
Calculations were performed using the
uncontracted aug-cc-pVDZ basis set for
both magnesium and nitrogen, unless
otherwise stated. (Ref. 50 & 51)
b

Performed with the aug-cc-pVTZ basis

set for magnesium and nitrogen. (Ref. 50
and 51)
c

The CI calculations were conducted
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using the MELDF suite of programs
(Ref. 36)
d

The HFSDCI calculation used all the

single excitations provided by the HF
configuration plus double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree.
e

Performed

with

75

reference

configurations chosen on the basis of
their coefficients contribution to the
HFSDCI wavefunction.
excitations

from

All the single
the

reference

configurations and the double excitations
with an energy contribution estimated to
exceed 1 x 10-7 Hartree were retained in
the CI calculation.
f

Active space of 5 electrons distributed

across 6 orbitals using orbitals generated
by the MP2 calculation.
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TABLE V. FACM and SDCI orbital population analysis
Mg
N1
N2
3s
3pz
2s
2pz
2s
2pz
Sum
0.934(8) 0.1(4) 0.018(2) 0.01(4)
0.001(1)
0.01(3)
1.1(5)
FACM
0.94
0.045
0.008
-0.0006
-0.0001
0.002
0.997
HFSDCIa,b
0.94
0.045
0.008
-0.0004
-0.0001
0.0020
0.995
MRSDCIa,c
a
Calculations were performed using the uncontracted aug-cc-pVDZ basis set for both
magnesium and nitrogen. (Ref. 50 & 51).
b

All single excitations from the Hartree-Fock solution and those double excitations which

exceeded an energy threshold of 1 x 10-8 Eh were retained in the CI calculation. The HFSDCI
calculation included 145 507 spin-adapted configurations, had a sum of squares of the
coefficients in the reference space of 0.91 and a total CI energy of -308.87487 E h.
c

The MRSDCI calculation used 75 reference configurations chosen on the basis of their CI

coefficient from the HFSDCI calculation. The MRSDCI calculation included 2 169 433
spinadapted configurations, had a sum of squares of the coefficients in the reference space of
0.93 and a total CI energy of -308.897820 Eh. All single excitations from the reference space
and those double excitations which exceeded an energy threshold of 5 x 10-8 Eh were retained
in the CI calculation.
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13 – Conclusion
The experimental work performed here was very challenging, and involved many different
components working together to produce, isolate and probe highly reactive and transient
species, most of which had not been observed before in literature. Including previous
experimental work from Sally Yates and Emmanuel Karakyriakos, sets of spectra for four
different radical species were produced and a manuscript for publication was produced for
each species. The radical species MgN, ZnN, MgCH and Mg+-N2 have been successfully
isolated in a solid neon matrix and probed with ESR spectroscopy.
The MgN radical was created through the reaction of laser ablated magnesium with
acetonitrile vapour, nitrogen gas or ammonia gas, and various isotopologues of these
reagents. The radical was found to have a 4 Σ- ground state and the following magnetic
parameters: g⊥ = 2.00478 (2), g∥ = 2.00172 (4), |D|= 9797 (6) MHz, A⊥(14 N) = 19.7 (2) MHz,
A∥ (14 N) = -4.0 (3) MHz, A⊥(15 N) = 27.5 (3) MHz, A∥ (15 N)= -5.7 (3) MHz, A⊥ (25 Mg) = -60.7
(5) MHz, A∥(25 Mg) = -65 (3) MHz. Various ab initio calculations were performed to
determine these parameters, and a comparison of the experimental results to the theoretical
results was given. Good agreement was found between the DFT and MP2 methods with the
experimental results. A CASSCF calculation was used to plot the PES of the MgN radical as
a function of bond length. This calculation allowed the determination of the ground state
electron configuration of 1σ2 2σ2 3σ2 1π44σ25σ26σ27σ12π1 2π1 as well as the equilibrium bond
length re = 2.090 Å and the dissociation energy De = 11.28 kcal/mol.
The ZnN radical was created through the reaction of laser ablated zinc with either
nitrogen gas that had been excited by a microwave discharge or ammonia gas. The radical
was found to have a 4 Σ- ground state and the following magnetic parameters: g⊥ = 1.9998 (3),
g∥ = 2.0018 (3), |D|= 7268 (8) MHz, A⊥(14 N) = -17.9 (20) MHz, A∥ (14 N) = 1.5 (20) MHz,
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A⊥(15 N) = 25.1 (20) MHz, A∥ (15 N)= -2.0 (20) MHz, A⊥ (67 Zn) = 156 (3) MHz, A∥(67 Zn) =
168 (12) MHz. A comparison of the experimental results to parameters derived from ab initio
calculations showed good agreement between experiment and the B3LYP and MP2 levels of
theory. In a similar fashion to MgN, a plot of the PES of the ZnN radical over a changing
bond length was produced through a CASSCF calculation. The parameters determined from
this calculation were: the ground state electron configuration of
1σ2 2σ2 1π4 3σ24σ25σ22π4 6σ2 7σ2 3π41δ 48σ29σ210σ14π14π1 , the equilibrium bond length re =
2.079 Å and the dissociation energy De = 3.47 kcal/mol.
The MgCH radical was created through the reaction of laser ablated magnesium with
eitheracetone (and its isotopologues), acetic anhydride, diiodomethane or acetylene. The
radical was found to have a 4 Σ ground state and the following magnetic parameters: , g=
2.00181 (45), g//= 2.0018 (10), D= 4970 (5) MHz, A(13 C)= 115 (6) MHz, A//(13 C)= 65 (15)
MHz, A(H)= 34 (6) MHz, A//(H)= 5 (10) MHz, A(D)= 5 (3) MHz, A(25 Mg)= 82 (5) MHz,
and A//(25 Mg)= 85 (15). A comparison of the experimental results with parameters derived from
various levels of ab initio calculations showed decent agreement between experiment and the
B3LYP, MP2 and MRSDCI levels of theory. A CASSCF calculation was used to plot the PES
over a changing Mg-C bond length. The leading configuration (96.6 %) for the X4  ground
electronic state was shown to be 1σ 2 2σ2 3σ2 1π4 4σ2 5σ2 6σ2 7σ1 2π12π1 with an Mg-C bond length
of 2.061 Å, a C-H bond length of 1.090 Å and a dissociation energy (De) of 48.26 kcal/mol.
The final radical species identified in this work was the Mg+-N2 associated species
which was created through the reaction of laser ablated magnesium with molecular nitrogen
gas. The radical was found to have a 2 Σ ground state and the following parameters: g⊥ = 2.0010
(5), g∥ = 2.0023 (5), A⊥(1- 14 N) = 32 (3) MHz, A∥ (1- 14 N) = 34 (5) MHz, A⊥(1- 15 N) = 45 (4)
MHz, A∥ (1- 15 N)= 47 (6) MHz, A⊥(2- 14 N) = 1 (2) MHz, A∥ (2- 14 N) = 2 (5) MHz, A⊥(2- 15 N) =
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2 (2) MHz, A∥ (2- 15 N)= 4 (6) MHz A⊥ (25 Mg) = -581 (5) MHz, A∥(25 Mg) = -582 (5) MHz. The
level of agreement between the experimental results and values obtained through ab initio
calculations was good for the DFT methods. The range of geometries presented in literature
cause significant deviations in the values of the magnetic parameters obtained through ab initio
calculations. A CASSCF calculation determined the Mg-N bond length to be 2.52 Å at
equilibrium, between the two most recently reported literature values. This bond length was
used as the basis for further ab initio calculations..
Future research from this work involve other small magnesium-containing species of
interstellar interest. As the sample of Mg-25 has only seen minor degradation, it could be
further utilised to study magnesium containing radicals that have proved so far difficult to
characterise in ESR experiments. Such molecules include the isomers MgCN and MgNC. Both
are stable, and were the first magnesium-containing molecules detected in interstellar space. 12

MgNC is the more stable isomer, and is thus more likely to be observed in MI-ESR

experiments such as the one presented here. Despite the interest, experimental data on the two
molecules and their intermediate state is still sparse; an ESR investigation into the molecule
would be able to shed more light on properties so far neglected by current studies.
Since ESR studies have been conducted on MgCH3 and MgCH, another logical
species to target is MgCH2 . Efforts were made in this work to characterise this molecule, and
although a transition that is likely from MgCH2 was observed, the presence of other radicals
nearby in the spectrum prevented the full 18 line pattern resulting from Mg-25 hyperfine
splitting from being observed. There is at least one more magnesium containing doublet
radical species present in all experiments aimed at producing MgCH2 . Categorising the
additional lines present in the spectra could lead to some interesting results. Another
molecule that presents a strong case for astronomical discovery, but has not yet been
identified by ESR spectrocopy, is MgNH2 . Petrie, in the paper explaining different pathways
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for the formation of MgCN, also commented on the possible formation of MgNH2 .3 He
asserts that the reaction of Mg+ with NH3 , leading to MgNH2 after loss of a proton, is very
likely to be occurring in the circumstellar envelope IRC +10216. 3 Following the work by
Petrie, Sheridan and Ziurys were able to observe the millimetre wave spectrum of the radical
in its 2 A1 ground state.4 The same two researchers later published a detailed investigation into
the millimetre spectrum of MgNH2 and MgND2 , comparing those molecules to CaNH2 and
SrNH2 .5
Following on from the work on Mg-N 2 +, other magnesium ion adduct species would
be ideal targets for future MI-ESR experiments. In particular, species containing a
magnesium ion and one or more water molecules, in the form Mg-(H2 O)n +, would be of
interest for their relationship to the aqueous chemistry of magnesium ions. Some attempts
were made to produce such species in this work but they were not successful. Other adduct
species that might be possible to study by MI-ESR include Mg-H2 +, Mg-CH4 +, Mg-NH3 +,
Mg-CO 2 +, Mg-Ne+ or Mg-Ar+. Future work would involve ab initio calculations to determine
which species would be suitable for MI-ESR experiments.
Since species studied through MI-ESR are identified primarily through the effect of
the various spins of the nuclei in the species, obvious targets for future MI-ESR experiments
will include elements which have a high natural abundance of an isotope with nuclear spin, or
an isotope with nuclear spin that is readily available commercially (for example, carbon-13 or
nitrogen-15). Furthermore, following the aims of this work, species that are of relevance to
astrochemistry are those that contain elements of relatively high universal abundance. From
this logic, besides magnesium some ideal metals to use in future MI-ESR experiments are
aluminium, sodium, manganese, cobalt and vanadium, listed in order of their universal
abundance. In particular interest to the species studied in this work, beryllium and barium
have similar electronic structures to magnesium, so the comparison of species containing
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these elements to those containing magnesium would be of interest as well. However, there
are challenges that need to be overcome, for example beryllium is highly toxic and barium
will react vigorously with air. Still, with the work that has been completed and the different
methods of production for reactive radical species, there are many potential species yet to be
studied through MI-ESR that could be the focus of future experimental work utilising the
appartus presented in this work.
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11- Appendices
11.1 – MgN Supplementary Information

SUP FIG 1. The lower trace shows the ESR spectrum for the Mg15N radical isolated in a neon
matrix at 4.3 K. The upper trace shows the simulated ESR spectrum for the Mg15N radical
produced using the parameters shown in Table II. The small doublet around 1780 G is
assigned to a second trapping site in the matrix.

SUP FIG 2. The lower trace shows the ESR spectrum for the 25MgN radical isolated in a neon
matrix at 4.3 K. The upper trace shows the simulated ESR spectrum for the 25MgN radical
produced using the parameters shown in Table II.
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SUP FIG 3. The lower trace shows the ESR spectrum for the 25Mg15N radical isolated in a
neon matrix at 4.3 K. The upper trace shows the simulated ESR spectrum for the 25Mg15N
radical produced using the parameters shown in Table II.

SUP TABLE I. Observed and Simulated
line positions in Gauss for the MgN,
Mg15N, and 25MgN Isotopologues of MgN
MgN
Calc.c
Frequency MIa Obs.b
(MHz)
1
1773.0 (3)
1773.0
9543.071
0
1780.1 (3)
1780.0
-1
1787.2 (3)
1787.0
1
5838.2 (3)
5838.4
9712.940
0
5842 (3)
5842.2
-1
5845.1 (3)
5845.3
1
6614.1 (3)
6614.3
9712.897
0
6621.1 (3)
6621.4
-1
6628.0 (3)
6628.4

9705.470

1/2
-1/2

9715.901

9715.904

1/2
-1/2

Mg15N
1808.3 (3)
1818.1 (3)
5838.8 (3)
5841.4 (3)
5844.2 (3)
5846.6 (3)
6617.5 (3)
6627.3 (3)
25

e

MI
-5/2

MIa
1

MgNd
Obs.b
1751.1 (3)

1808.2
1818.0
5838.7
5841.1
5844.7
5847.1
6617.6
6627.4
Calc.c
1750.9
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0
1758.1 (3)
1757.9
-1
1765.1 (3)
1764.9
1
1772.2
(3)
1722.2
-3/2
0
1779.2 (3)
1779.2
-1
1786.5 (3)
1786.2
1
1793.7 (3)
1793.6
-1/2
0
1800.7 (3)
1800.6
-1
1807.8 (3)
1807.6
1
1815.4 (3)
1815.3
1/2
0
1822.5 (3)
1822.3
-1
1829.5 (3)
1829.3
1
1837.1 (3)
1837.1
3/2
0
1844.4 (3)
1844.1
-1
1851.4 (3)
1851.2
1
1859.2 (3)
1859.1
5/2
0
1866.3 (3)
1866.1
-1
1873.3 (3)
1873.2
1
6557.8 (3)
6557.5
-5/2
0
6564.7 (3)
6564.5
-1
6571.5 (3)
6571.5
1
6578.4 (3)
6578.2
-3/2
0
6585.5 (3)
6585.2
-1
6592.3 (3)
6592.2
1
6599.4 (3)
6599.3
-1/2
0
6606.4 (3)
6606.4
-1
6613.3 (3)
6613.4
1
6620.7 (3)
6620.9
1/2
0
6627.9 (3)
6627.9
-1
6635.0 (3)
6635.0
1
6642.8 (3)
6642.9
3/2
0
6649.6 (3)
6649.9
-1
6656.9 (3)
6657.0
1
6665.2 (3)
6665.3
5/2
0
6672.0 (3)
6672.4
-1
6679.3 (3)
6679.4
a
The magnetic quantum number for the N
(I=1) nucleus or 15N (I=1/2) nucleus.
b
Peak positions as measured at the apex.
The radical was trapped in a neon matrix at
4.3 K. Uncertainty in position is ± 0.3 G.
c
Peak positions of a simulated spectra
generated by direct diagonalisation of the
spin Hamiltonian using the magnetic
parameters found in Table II.
d
Microwave frequency of 9701.214 MHz
for the first xy1 set, 9706.137 for the second
xy3 set.
e
The magnetic quantum number for the Mg
(I=5/2) nucleus.
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SUP Table II. Comparison of Potential
Energy Surface dissociation energy levels
to experimentally determined energy level
combinations for atomic Mg and N in
Hartree.
Sz
Experimenta PESb
Mg N
1
4
0c
S
S 1.5 0c
1
2
0.0951
S
D 0.5 0.0876
3
4
0.1006
P
S 2.5 0.0996
1
2
Not shownd
S
P 0.5 0.1314
1
4
0.1687
P
S 1.5 0.1597
a
Experimental values from Ref. 38 and Ref.
39
b
Potential energy values are taken from the
PES shown in Figure 3 at a bond length of
5.5 Å
c
Set to 0
d
Purely dissociative state excluded from the
PES
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11.2 – MgCH SUPPLEMENTARY MATERIAL
SUP TABLE I. Observed and Simulated
line positions in Gauss for the Mg13 CH
and MgCD Isotopologues of MgCH
MgCD
Frequency MIa Obs.b
Calc.c
(MHz)
9716.449
78.3(30)
79.12
9716.644
1
2057.6(3)
2057.79
0
2059.4(3)
2059.68
-1
2061.3(3)
2061.50
9716.465
4381.9(5)
4381.61
9716.454
5203.7(5)
5203.85
Mg13 CH
MI
Obs.b
Calc.c
1/2 2046.2(3)
2046.05
-1/2 2058.2(3)
2058.28
1/2
1/2 2087.0(3)
2087.33
-1/2 2099.0(3)
2099.45
g
4328.6(3)
4328.28
4335.3(3)
4334.64
4367.4(3)
4366.25
4372.8(3)
4372.76
-1/2h
1/2 5141.6(3)
5141.49
-1/2 5153.2(3)
5153.67
1/2
1/2 5182.6(3)
5182.47
-1/2 5194.4(3)
5194.57
aThe magnetic quantum number for the D
(I=1) nucleus. The spectrometer is only able
to resolve one peak for all three spin states
for some transitions.
bPeak positions as measured at the apex. The
radical was trapped in a neon matrix at 4.3 K.
Uncertainty in position is ± 0.3 G.
cPeak positions
of a simulated spectra
generated by direct diagonalisation of the
spin Hamiltonian using the magnetic
parameters found in Table II.
dThe magnetic quantum number for the C-13
(I=1/2) nucleus.
eThe magnetic quantum number for the H
(I=1/2) nucleus.
f Microwave frequency of 9716.656 MHz
gMicrowave frequency of 9716.678 MHz
h Microwave frequency of 9716.681 MHz
M Id
-1/2f

e
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SUP Table II. Comparison of Potential Energy
Surface dissociation energy levels to previously
determined energy level combinations for atomic
Mg and molecular CH in Hartree.
Mg CH
Sz
Experimenta
PESb
1S
X 2Πr
0.5
0c
0c,d
4 1S
a Σ
1.5
0.0266
0.0138
2
3 P0
X Πr
1.5
0.0996
0.0955
1S
A 2Δ
0.5
0.1056
0.0965
1S
B 2 Σ0.5
0.1186
0.1066
3 P0
a 4 Σ2.5
0.1262
Not shown
1S
C 2 Σ+
0.5
0.1448
0.1348
aExperimental values from Ref. 55-60
bPotential energy values are taken from the PES
shown in Figure 3 at a bond length of 5.5 Å
cSet to 0
dPurely dissociative state
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11.3 – ZnN SUPPLEMENTARY INFORMATION
Table S1. Observed and Simulated Line
Positions in Gauss for the xy1 , oa and xy3
Lines of Zn15 N and the xy1 lines of 67 ZnN.
Zn15 N
frequency

MIa

Obs.b

Calc.c

1/2

1887.6(3)

1887.53

-1/2

1896.6(3)

1896.51

1/2

5035.5(3)

5035.45

-1/2

5040.3(3)

5040.30

1/2

5888.8(3)

5888.80

-1/2

5897.6(3)

5897.76

(MHz)
9714.181

9714.483

9714.379

67 ZnN d

MIe

MIa

5/2

1

1737.83

0

1744.22

3/2

1/2

-1/2

Obs.b

Calc.c

-1

1750.7(3)

1750.59

1

1791.7(3)

1791.45

0

1797.9(3)

1797.83

-1

1804.1(3)

1804.23

1

1846.1(3)

1846.25

0

1852.8(3)

1852.64

-1

1859.1(3)

1859.02

1

1902.1(3)

1902.23

0

1908.8(3)

1908.61
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-3/2

-5/2

-1

1915.2(3)

1914.99

1

1958.9(3)

1959.40

0

1965.3(3)

1965.78

-1

1971.9(3)

1972.16

1

2017.9(3)

2017.71

0

2024.2(3)

2024.09

-1

2030.4(3)

2030.47

a The

magnetic quantum number for the N
(I=1/2) nucleus or the 15 N (I=1) nucleus.
b Peak

positions as measured at the apex.
The radical was trapped in a neon matrix at
4.3 K. Uncertainty in position is ± 0.3 G.
cPeak

positions of a simulated spectra
generated by direct diagonalisation of the
spin Hamiltonian using the magnetic
parameters found in Table 2.
d Microwave

frequency of 9683.086 MHz

eThe

magnetic quantum number for the Zn67 (I=5/2) nucleus.
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Table S2. The potential energy levels of the dissociated combinations of Zn and N for each
state are compared to experimentally determined energy levels of atomic Zn and atomic N.

SUP Table II. Comparison of Potential
Energy Surface dissociation energy levels to
experimentally determined energy level
combinations for atomic Zn and N in
Hartree.
Zn

N

Sz

Experimenta

PESb

1S

4S

1.5

0c

0c

1S

2D

0.5

0.0876

0.0997

1S

2P

0.5

0.1314

0.1011

3P

4S

2.5

0.1484

0.1439

1P

4S

1.5

0.2130

0.1687

aExperimental

values from Ref. 51 and Ref. 52

bPotential

energy values are taken from the
PES shown in Figure 5 at a bond length of 6.0
Å
cSet

to 0
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