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ABSTRACT

Kinetic-energy dependent reactions of Th* with N, and NO are studied using a guided ion beam tandem mass spectrometer. The forma-
tion of ThO" in the reaction of Th* with NO is observed to be exothermic and barrierless with a reaction efficiency at low energies of
0.91 + 0.18. Formation of ThN" in the reactions of Th* with N, and NO is endothermic in both cases. The kinetic-energy dependent
cross sections for formation of this product ion were evaluated to determine a 0 K bond dissociation energy (BDE) of Do(Th*-N) = 6.51
+ 0.08 eV, the first direct measurement of this BDE. Additionally, the reactions were explored by quantum chemical calculations, including a
full Feller-Peterson-Dixon composite approach with correlation contributions up to CCSDTQ for ThN and ThN*, as well as more approxi-
mate CCSD(T) calculations where a semiempirical model was used to estimate spin-orbit energy contributions. The ThN™ BDE is found to be
larger than those of the transition metal congeners, TiN" along with estimated values for ZrN" and HIN", believed to be a result of the actinide

contraction.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111534

INTRODUCTION

The chemistry of actinides (An) is of strong interest because of
their use in nuclear power and because of national security concerns;
however, the radioactive nature of the actinide series makes them
problematic to investigate thoroughly without specially dedicated
laboratories (except Th and U). Therefore, application of theoreti-
cal methods to study these systems becomes desirable. Because these
heavy metals involve extensive spin-orbit and relativistic effects, it
is imperative that experimental benchmarks are available to evalu-
ate potential basis sets and theoretical methods. Such benchmarks
can be provided by gas-phase studies, which are absent solvent
effects, thereby allowing direct comparison with the highest levels
of theory possible. A number of experimental gas-phase studies of
actinide systems are available," '* as well as theoretical reports."* *°

Comparisons between these reveal examples of discrepant experi-
mental and theoretical results,'***** indicating a need for further
development.

Many of these studies have involved oxidation reactions, and
it has been demonstrated that there is a correlation between bond
dissociation energies (BDEs) of AnOP* (p = 0-2) and the promo-
tion energy (Ep) of AnP* to the lowest level having a 64> con-
figuration.”” Th and Th" are unique among the actinides because
they do not populate the 5f-orbitals in their ground states such
that they are often compared with the better understood transition
metals. Th and Th* have 64°7s* and 64°7s ground level configu-
rations, respectively, whereas most An have ground state configu-
rations of 5f">6d7s* or 5f"27s*, and most An* are 5/"7s* and
5f n-175. In contrast to oxidations, nitridations are much less studied
even though metal nitrides can be formed under high temperature
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conditions in air (conditions that might be available in nuclear reac-
tors). However, the most likely source of nitrides is ambient dinitro-
gen, where the bond is very strong, Do(N>) = 9.7544 + 0.0004 ev.”’
As metal nitride BDEs should typically be smaller than this, the
formation of metal nitrides in experiments conducted at thermal
energies is unlikely and has not been studied systematically (see
below). In addition, actinide nitrides are of interest as they show
promise as a fuel source for fast breeder reactors. Nevertheless,
there is little thermodynamic data on actinide nitrides, as detailed
below.

To overcome the experimental limitations of studies performed
at thermal energies, the present study utilizes guided ion beam tan-
dem mass spectrometry (GIBMS), which is able to control reac-
tant energies over a large range (four orders of magnitude) of
kinetic energies. This permits studies of the energy dependences
of endothermic reactions, which can then be used to directly mea-
sure key thermodynamic information. Furthermore, no knowledge
of product molecular parameters is needed, which often limits the
accuracy of thermodynamic information obtained from high tem-
perature mass spectrometry studies. Previously, MN* BDEs have
successfully been measured using GIBMS for only a few transition
metals using either ammonia as a reactant’”’ or N, An early
ion beam study examined the reaction of uranium cations with N,
to determine the UN" bond energy.” Limits on several metal nitride
cation bond energies come from the observation that reaction (1)
occurs at thermal energies in drift tube studies for M* = Ti', Zr",
Nb*, La*, Ce*, Ta*, and Os",”**

M' +N,0 - MN* + NO, 1)

which indicates that D(M*-N) > D(N-NO) = 4.925 + 0.001 eV.”
Likewise, this reaction has been observed for Ce”, Th*, U", and Np*
in ion cyclotron resonance (ICR) mass spectrometry experiments ™’
Notably, Santos et al. failed to observe formation of MN™* with Th*,
U*,Np', and Pu* reacting with NO,” as did Johnsen et al. for Th* in
a drift tube mass spectrometer.” These failures could indicate that
D(M"-N) < Do(NO) = 6.4964 + 0.0007 eV.”” To measure the ThN*
bond energy more directly, the present study analyzes the absolute
kinetic energy dependent cross sections of the endothermic forma-
tion of ThN™ in reactions of Th* with N, and NO as measured using
GIBMS. We also compare theoretically derived BDE:s to this exper-
imental benchmark and compare this value with those of transition
metal analogs.

Literature thermochemistry review

Prior results on ThN and ThN" are sparse. Early measure-
ments include a determination of the gas-phase 0 K BDE of
ThN as 594 + 0.35 eV using high temperature (2700 K) mass
spectrometry.”” In matrix isolation experiments, the vibrational fre-
quency of ThN was measured as 934.3 cm ™" and density functional
theory indicates that this species has a >X" ground state, a vibra-
tional frequency of 999 cm™', and a bond length of 1.795 A.”* More
recently, laser induced fluorescence (LIF) and resonantly enhanced
multiphoton ionization (REMPI) spectroscopy experiments by
Heaven and co-workers confirm the “=* ground state of ThN and
measure a vibrational frequency of 950 + 15 cm™" and a rotational
constant of 0.393 + 0.002 cm ™", which translates to a bond length of
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1.80 + 0.01 A."” Their high-level MRCI+Q calculations indicate a
vibrational frequency of 941.3 cm™" and a bond length of 1.826 A.
Steimle and co-workers have spectroscopically characterized ThN
obtaining a bond length of 1.822 22 A, in good agreement with con-
comitant density functional theory (DFT) calculations.” Heaven
and co-workers also examined ThN" using pulsed-field ioniza-
tion zero kinetic energy (PFI-ZEKE) photoelectron spectroscopy.'”
There, an ionization energy of IE(ThN) = 6.3272 + 0.0004 eV and
a rotational constant for ThN* of 0.410 + 0.005 cm™" (translating
to a bond length of 1.76 + 0.02 A) were obtained and the ground
state was spectroscopically confirmed to be 'X*. Notably, the IE
differs by only 0.020 eV from that of the atom, IE(Th) = 6.306 92
+0.00001 eV,”***" which means that the neutral and cationic BDEs
differ by this amount as well. Given the BDE of ThN above, this sug-
gests that Do(Th*-N) = 5.92 + 0.35 eV. This value is consistent with
the lower limit of Do(Th*-N) > Do(N-NO) = 4.925 eV noted above
and with the failure to observe formation of ThN™ in the reaction of
Th* with NO, suggesting Do(Th*-N) < Do(NO) = 6.50 eV (although
such a failure can also be a result of kinetic limitations). Calculations
indicate that all excited states of ThN" are relatively high in energy
(>1.5 eV) because they must involve excitation of a bonding electron
to a nonbonding orbital.

EXPERIMENTAL AND THEORETICAL METHODS
Instrument

The GIBMS used in these experiments has been described in
detail previously."” Briefly, ions were created in a direct current dis-
charge/flow tube source (DC/FT) described in more detail below. 9
After exiting the source, ions were focused through a magnetic
momentum analyzer where the reactant **Th* ion beam was mass
selected. These ions were decelerated to a well-defined kinetic energy
and passed into a radio frequency (rf) octopole ion guide'** that
constrained the ions radially. The octopole passed through a static
pressure reaction cell that contained the neutral reaction partner
(N2 or NO). To ensure that the probability of multiple collisions
between Th* and the neutral gas was sufficiently small, the pressure
in the reaction cell was maintained at typical pressures of 0.10-
0.40 mTorr. Measurements at several pressures were performed to
ensure that measured cross sections are independent of neutral reac-
tant pressures. Reaction cross sections were calculated from product
ion intensities relative to reactant ion intensities after correcting
for background ion intensities measured when the neutral gas was
no longer directed into the gas cell." Uncertainties in the calcu-
lated absolute cross section were estimated to be +20%, with relative
uncertainties of +5%.

Laboratory ion energies (lab) were converted to the center-of-
mass frame (CM) using the relationship Ecm = Epp x m/(m + M),
where m and M are the masses of the neutral reactant and ion,
respectively. At very low energies, the conversion included a cor-
rection for the truncation of the ion kinetic energy distribution as
described previously. Cross sections are known to be broadened
by the kinetic energy distribution of the reactant ions and the ther-
mal (300 K) motion of the neutral reactant.”’” The absolute zero of
energy and the full width at half-maximum (fwhm) of the ion beam
were determined by using the octopole guide as a retarding poten-
tial analyzer."® Typical fwhms of the energy distribution for these
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experiments were 0.4-0.6 eV (lab). Uncertainties in the absolute
energy scale are 0.1 eV (lab). All energies reported below are in the
CM frame.

lon source

The DC/FT source has been described in detail previously."
Briefly, a cathode containing the thorium sample (***Th, 100% abun-
dance) was held at ~2.5 kV. The resultant electric field ionized Ar
gas that flowed over the cathode in a 9:1 He/Ar mixture. The ion-
ized Ar collided with the cathode, and Th* ions were sputtered off
and swept into the flow tube by the He/Ar flow at typical pres-
sures of 0.3-0.4 Torr. In the flow tube, ions were thermalized by
~10° collisions with carrier gas. In this work and previous work with
Th*,'*'**® there was no evidence of excited state species. Previous
experiments”’ ” utilizing the DC/FT source with transition metal
ions have indicated that the effective electronic energy of atomic ions
can be characterized by temperatures of 300-1100 K. A population
analysis at 300 K indicates that 99.89% of Th" is in its ground level
(4F3/2, 6d27s), whereas at 1100 K, 76% is in the ground level.*1**
Conservatively, we estimate the internal temperature to be 700
+ 400 K, where Th* has an average electronic energy of Eq = 0.02
+ 0.03 eV. The average excitation energy and its uncertainty are
incorporated into all threshold and bond dissociation energies
reported here.

Data analysis

The kinetic energy gqpendence of endothermic reactions was
modeled using Eq. (2),"

o(E) =00 . gi(E+Eq + Ei — Eo)"[E, )

where og is an energy-independent scaling factor, E is the relative
kinetic energy of the reactants, E; is the internal energy of the neutral
reactants having populations g; (£gi = 1), n is an adjustable param-
eter, and E is the 0 K reaction threshold. Before comparison to the
data, Eq. (2) was convoluted over the kinetic energy distributions
of the reactants, and the oy, n, and E, parameters were optimized
using a nonlinear least-squares method to best reproduce the exper-
imental cross section.”®”” Uncertainties in Eo were calculated from
the threshold values from several independent data sets over a range
of acceptable # values and combined with the absolute uncertainties
in the kinetic energy scale and internal energies of reactant ions (Eg
= 0.02 + 0.03 eV). At high energies, cross sections decline because
of product dissociation, so Eq. (2) was modified to include a sta-
tistical model of the dissociation probability, as discussed in detail
elsewhere.” Briefly, the dissociation probability is controlled by two
adjustable parameters: p, which is similar to #, but can hold only
integer values, and E,, the energy at which product cross sections
begin to decline.

E, obtained from Eq. (2) is used to determine Do(Th™-N) using
Eq. (3), where L=Nor O,

Do(Th" = N) = Do(N - L) — Eo. 3)

Equation (3) assumes that there are no barriers in excess of the
endothermicity of the reaction. No experimental evidence was
found to suggest that such a barrier is present in either sys-
tem studied here, and potential energy surfaces presented below

ARTICLE scitation.org/journalljcp

are consistent with no barriers being present. For the neutral
thermochemistry, we use values from the Active Thermochemi-
cal Tables (ATcT) of Do(N3z) = 9.7544 + 0.0004 eV and Do(NO)
=6.4964 + 0.0007 eV.”

Theoretical calculations

The majority of the quantum chemical calculations were
performed using the Gaussian 09 suite of programs.”’ For
Th*, a polarized correlation consistent core-valence quadruple-{
(20s17p12d11f7g4h1i)/[9s9p8d8f7g4hli] basis set”’ was used with
the Stuttgart-Cologne (MDF) small core (60 electron) relativistic
effective core potentialM (ECP), cc-pwCVQZ-PP. The cc-pwCVTZ-
PP basis set was also used in combination with the MDF ECP.
Additionally, Stuttgart-Dresden (SDD-VDZ-MWB) and segmented
quadruple- (Seg. SDD-VQZ-MWB) were used in combination with
the Stuttgart-Dresden small core quasirelativistic ECP (MWB)."***
The cc-pVXZ," aug-cc-pwCVQZ,” cc-pwCVXZ (X = T, Q),”
and Pople”” 6-311 + G(3df) basis set were used for N. Extrapo-
lation to the complete basis set limit (CBS) for the cc-pwCVXZ
(X = T, Q) basis sets was performed using the Karton-Martin
method® [Eq. (4)], for HF energies (where Y = 3 for T and
Y =4 for Q),

Ex = Ecps + A(Y + 1)676'57\5. (4)

For CCSD(T)/cc-pwCVXZ calculations, Eq. (5)°” was used to
extrapolate the correlation energy,

Ex = Ecps + B(Y + 1/2)74. (5)

The use of these basis sets has previously yielded reasonable results
for other Th* and Th systems.'*'"**70"7

Structures were optimized using density functional theory
(DFT) functionals, BALYP,*”* B3PW91,”” BHandHLYP (BHLYP),’
MO06,”° and PBEO”” with unrestricted wavefunctions. B3LYP and
B3PW91 have proven reliable in actinide theoretical calculations
by us and others."*""**”" PBE0 and M06 have also yielded rea-
sonable results, and M06 was indicated as a promising functional
in studies of the ThO," BDE.”” BHLYP has previously performed
well in actinide systems when the molecule is singly bound'®'” but
performs poorly in systems with higher bond orders.'””” Never-
theless, it is included here because it performs well in predicting
the energy spacing between electronic states of Th*.'*'” Addition-
ally, single point energies using a spin unrestricted coupled clus-
ter method that include single and double excitations and pertur-
bative triple excitations, U/UCCSD(T),S“’“5 were performed using
the B3LYP optimized structures. For electron correlation calcula-
tions using U/UCCSD(T), the Th* 5s and 5p and the N 1s elec-
trons are frozen. Electronically excited states of different spin and
orbital angular momentum were calculated by explicitly manip-
ulating the orbital occupations. All energies discussed below are
corrected by the zero-point energy (ZPE) using the harmonic fre-
quencies generated at their respective optimized structure after
scaling by 0.989.”" Potential energy surfaces were generated by
performing relaxed potential scans along the «LThN" coordinate
(L=NorO).

For the above theoretically calculated BDEs, a semiempirical
approach that corrects for spin-orbit (SO) splitting was employed.
This model is described in detail elsewhere.'**"*’ Briefly, the uncor-
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rected theoretical BDE is a value averaged over all spin-orbit states
of the molecule and the dissociation asymptote. To correct for the
SO splitting of the Th* + L asymptote, the contributions of L are
considered negligible, and contributions of Th* are corrected by
the difference in energy of the ground level and the energy of
the ground state averaged over all SO levels. For Th', the ] = 3/2
ground level is a mixture of the “Fs/, and 2D3/2 levels. For the pur-
pose of comparing experimental energies to theoretical energies,
we have previously assigned the ground level as *Fs.'° Experi-
mentally, the 4F3/2 ground level lies 0.40 eV below the SO aver-
aged °D ground state, which lies 0.06 eV below the SO averaged
“F state. For ThN", the ground state is Is* and hence has no first-
order SO splitting such that no additional correction is necessary
although this ignores any potential second-order effects from inter-
acting states. For ThN*, potential interacting states are separated
sufficiently in energy that second-order effects are not believed to be
significant.’” Furthermore, the empirical spin-orbit correction used
here (0.40 eV) is comparable to the spin-orbit contributions calcu-
lated using a composite thermochemistry approach described below
(0.45 V).

Composite thermochemistry with explicit
spin-orbit calculations

Accurate composite thermochemistry, as outlined in the Feller-
Peterson-Dixon method (FPD),**” was used to describe the
numerous contributions to the atomization energies at 0 K for ThN™*
and ThN. The majority of these calculations were carried out at
the CCSD(T) level of theory with the third order Douglas-Kroll-
Hess (DKH3) Hamiltonian’"** utilizing aug-cc-pVXZ-DK basis
sets”**>”” on the N atom and the all-electron cc-pVXZ-DK3 basis
sets on Th (X = D, T, Q)*"*” (denoted cc-pVXZ-DK3 below). Core-
valence correlation (1s on N with 5s5p5d on Th) was also con-
sidered, and in these cases, the aug-cc-pwCVXZ-DK (N)* and
cc-pwCVXZ-DK3 (Th)® basis sets were used. Geometries were
optimized at the frozen-core CCSD(T)/cc-pVQZ-DK3 level of the-
ory and were consistently used as the reference geometries for all
single point calculations except in the case of the ZPE described
below. Open-shell calculations employed restricted open-shell HF
(ROHEF) orbitals, but the spin restriction was relaxed in the CCSD(T)
calculations, i.e., the R/UCCSD(T) method”*° was used. Because
of the highly multireference character of the *Fs;, ground state
of Th™ when SO is included, all dissociation energy calculations
below were carried out relative to the ground electronic state of
neutral Th atom (’F,). The calculated dissociation energies of
ThN" were then corrected to the ground state of the Th* cation
using the accurate experimental ionization energy (IE) of Th atom
(6.30692 eV).” All of these calculations, excluding the SO contri-
butions, were carried out using the MOLPRO quantum chemistry
package.”

The final FPD calculated dissociation enthalpies at 0 K con-
sisted of the following contributions:

Dy = Evqz-px3 + AEcgs + AEcy + AEso + AEQED + AEGaunt
+AET + AEqQ + AEig + AEzpg, (6)

where Evqz.pks is the equilibrium dissociation energy at the frozen-
core CCSD(T)/cc-pVQZ-DKS3 level of theory. The HF energies were
then extrapolated to the CBS limit using Eq. (4) with cc-pVTZ-DK3
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and cc-pVQZ-DK3 basis sets, while the correlation energies were
extrapolated to their CBS limits using Eq. (5). The results of these
two extrapolations for the molecules and atoms were combined
to yield the total CBS limit dissociation energies, with the differ-
ence between the latter values and Evqz.pks yielding AEcps. AEcy
is the core correlation contribution, Ecy — E,gjence> both in the same
cc-pwCVXZ-DK3 basis sets (X = T and Q), extrapolated to the CBS
limit using Eq. (5). The value of Ecy was obtained by correlating the
5s, 5p, and 5d electrons of Th and the 1s electrons of N in addition
to the valence electrons.

SO contributions, AEso, were calculated using full 4-
component Dirac-Hartree-Fock CCSD(T) with the Dirac-Coulomb
Hamiltonian””’ and uncontracted cc-pVDZ-DK3 basis sets. The
spin-free Hamiltonian of Dyall'”’ was used for comparison. The
contributions from the 2-electron Gaunt term, AEGaunt, were
obtained at the 4-component DHF level with the Dirac-Coulomb-
Gaunt Hamiltonian. The open-shell calculations for the Th atom
utilized average-of-configuration HF orbitals (2 electrons in the 10
spinors arising from the 6d orbitals). All SO calculations involving
coupled cluster correlated only the valence electrons and were car-
ried out using a virtual orbital cutoff of 12.0 a.u. The SO calculations
were carried out using the DIRAC program.'”' The SO contributions
for the N(*S) atom were taken to be zero.

AEqep is a contribution for quantum electrodynamic effects
(QED), namely, the Lamb shift. When considering molecules that
contain heavy atoms such as actinides, this contribution can begin
to become significant.'” In this work, the local potential approach
of Pyykko was used for both the vacuum polarization and self-
energy contributions.”"”'”” The latter were carried out with the
MOLPRO program at the frozen-core CCSD(T) level of theory with
the cc-pwCVDZ-DK3 basis sets at the frozen-core cc-pVQZ-DK3
geometries.

The next two terms, AEr and AEq, account for valence elec-
tron correlation effects beyond the CCSD(T) level of theory. The
AE; term is defined as the difference between CCSDT’*!*!10°
and CCSD(T) in the cc-pVTZ-DK3 basis set with the DKH3
Hamiltonian. The effects of quadruple excitations, AEg, were
defined as the difference between CCSDTQ'"'"” and CCSDT using
cc-pVDZ-DK3 basis sets. The CCSDTQ/cc-pVDZ-DK3 calculations
on ThN involved just under 3.4 x 10° configurations. The MRCC
program''’ as interfaced to MOLPRO was used for all the higher-
order electron correlation calculations. After correcting the dissoci-
ation energies of ThN" to the Th* dissociation asymptote using the
experimental IE of Th,” AEjg, harmonic frequencies at the frozen-
core CCSD(T)/cc-pVDZ-DK3 level of theory were used to define the
ZPE of each molecule, yielding AEzpg.

RESULTS
Th* + N, experimental results

The cross sections as a function of kinetic energy for the reac-
tion of thorium cation with molecular nitrogen at a pressure of 0.4
mTorr are presented in Fig. 1. Reaction (7) was observed,

Th* + N, - ThN* + N, 7)

The reaction appears endothermic with an apparent threshold near
3 eV and a cross section that increases with increasing energy until it
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FIG. 1. Absolute cross sections for reaction of Th* + N, as a function of kinetic
energy in the laboratory (upper x-axis) and center-of-mass (lower x-axis) frames.
Lines show the model cross sections of Eq. (2), convoluted over the reactant inter-
nal and kinetic energy distributions (solid lines) and unconvoluted (dashed lines).
The inset shows the data and models expanded by a factor of 10 and offset from
zero by 0.2 A2. The arrow shows Dy(N-N) = 9.75 eV.

peaks near Do(N;) = 9.75 eV. At this point, sufficient energy is avail-
able to allow the ThN™ product to dissociate, equivalent to atomizing
N, according to reaction (8),

Th* +N; - Th* + N+ N. (8)

Th* + NO experimental results

The cross sections of the reaction of Th* with NO as a function
of kinetic energy are presented in Fig. 2. Both reactions (9) and (10)
are observed,

Th* + NO - ThO" + N, 9)
— ThN™ +O. (10)

The cross section for reaction (9) decreases with increasing energy,
consistent with an exothermic, barrierless reaction. At low ener-
gies, the reaction efficiency is 6/0Tr; = 0.91 + 0.18, where the col-
lision limit, OTrj, is the trajectory calculation for polar molecules
of Su,'"! calculated using a = 1.70 A*> and u = 0.16 D.""* The
cross section at low energies can be converted to a rate constant of
55 + 1.1 x 107! cm?/s, which compares well with that measured
previously by Johnsen et al., 7 + 1.5 x 107'° cm®/s.”® (Notably, the
trajectory calculation indicates that the collision rate is 6.0 x 107"

cm?/s.) The cross section declines with an energy dependence of
E~%#01 consistent with the energy dependence (E"Y%) of the trajec-
tory cross section (07r,j) until approximately 0.2 eV where it begins
to decline more rapidly until it levels out from 4 to 6 eV. This
decline in the intermediate region can probably be attributed to the
rate-limiting step in the reaction moving from the entrance channel
(which controls oTr,) to the product channel. Although the prod-
uct channel is much lower in energy (exothermic by 2.07 eV, see

ARTICLE scitation.org/journalljcp

Energy (eV, Lab)
0 20 40 60 80 100

()
i )

M M PR BT R
100 4 Th" +NO—

Trajectory

_
o

UL L e L |

Cross Section (A?)

Energy (eV, CM)

FIG. 2. Absolute cross sections for reaction of Th* + NO as a function of kinetic
energy in the laboratory (upper x-axis) and center-of-mass (lower x-axis) frames.
The solid black line represents the trajectory model of the collision limit. Blue lines
show the model cross sections of Eq. (2), convoluted over the reactant internal
and kinetic energy distributions (solid lines) and unconvoluted (dashed lines). The
arrow shows Dy(N-O) = 6.50 eV.

below), this shift occurs because the reduced mass of the products
(W = 13.3 amu) is much smaller than that of the reactants
(4= 26.6 amu) such that conservation of orbital angular momentum
leads to a more rapidly increasing centrifugal barrier in the product
channel with increasing energy.'"” At energies above 6 eV, the cross
section begins to decline more rapidly, which can be attributed to
there being sufficient energy present to dissociate the ThO™ product,
a process that can begin at Dg(N-O) = 6.50 eV.

The cross section for the ThN* product in reaction (10) is
complicated by a small amount of mass overlap with the much
more intense ThO™ product. In the cross section shown, this has
been subtracted out leading to a ThN™ cross section that increases
with increasing energy, indicating an endothermic reaction. This
endothermicity is consistent with the failure to observe this process
in ICR and drift tube studies at thermal energies.””® The cross sec-
tion rises monotonically until it reaches a maximum near Do(NO), at
which point there is sufficient energy for the ThN™ product to begin
to dissociate. Interestingly, the magnitude and shape of the ThO*
and ThN" cross sections are very similar above this energy.

ThO" thermochemistry

In previous work, we have measured Do(Th*-O) = 8.57
+ 0.14 eV from analysis of the reaction of Th* with CO."" As
this BDE exceeds Do(NO) = 6.50 eV, reaction (9) is exother-
mic by 2.07 eV, consistent with the behavior displayed in Fig. 2.
Pulsed field ionization-zero kinetic energy (PFI-ZEKE) photoelec-
tron spectroscopy experiments have determined a *T* ground
state for ThO" with a bond length of 1.807 A and vibrational
frequency of 955 cm™.” Theory indicates that this state has
a (10)%(20)*(17)*(30)! molecular orbital occupation, where the
lo-orbital is the O 2s-orbital, and the 20- and 1n-bonding orbitals
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TABLE I. Fitting parameters from Eq. (2) for the indicated reaction cross section.
Reaction n 0o Ey (eV) Do(Th*-N)
Th* + N, - ThN* + N 1.9+0.2 0.4+0.2 3.21+£0.20 6.54 +0.20
Th* + NO - ThN* + O 2.5+0.2 0.07 +0.03 0.027%18 6.48"9%%

are formed by combining O 2p and Th* 6d orbitals. The radical
electron is found in the 3c-orbital, which is largely composed of
the Th* 7s-orbital, indicating that the 2Z* state forms from the
atomic asymptote, Th* (*F, 6d*7s) + O (CP), a major component
of the J = 3/2 ground level configuration. Bond lengths and vibra-
tional frequencies calculated using B3LYP/cc-pwCVQZ-PP/aug-cc-
pwCVQZ yielded molecular parameters that agree very well with
experimental values: a bond length of 1.808 A and a calculated vibra-
tional frequency of 950 cm™"."" This level of theory provided a 0 K
BDE of 8.70 eV, which was matched by CCSD(T) calculations using
the same basis set. The FPD approach yielded a BDE of 8.68 eV,
within the uncertainty of the experimental value.'’

ThN* thermochemistry

The cross sections for formation of ThN* in reactions (7) and
(10) can be modeled using Eq. (2). These models are shown in
Figs. 1 and 2, where it can be seen that they reproduce the cross
sections with fidelity throughout the threshold region. As noted
above, above the dissociation energy of the neutral, Eq. (2) is mod-
ified to include a dissociation probability, and it can be seen that
these models also match the experimental results well for extended
energy ranges. The parameters of Eq. (2) used in these models are
given in Table I. For reaction (7), the Ey value of 3.21 + 0.20 eV
can be combined with Do(N;) = 9.7544 eV in Eq. (3) to provide
Do(Th*-N) = 6.54 + 0.20 eV. For reaction (10), the best Ey value
is 0.02 eV, which can range up to 0.20 eV and down to nearly
zero (0.001 eV) while still reproducing the data well. Indepen-
dent of the modeling, the cross sections clearly suggest that reac-
tion (10) is endothermic, even if only slightly, as do the ICR and
drift tube experiments.;“(’ Combined with Dy(NO) = 6.4964 eV, we
take this threshold measurement to indicate that Do(Th*-N) = 6.48
+0.18 eV, in good agreement with the result from the N, reaction. A

weighted average of 6.54 + 0.20 and 6.48 + 0.18 eV yields Do(Th*-N)
= 6.51 + 0.08 eV, where the uncertainty is two weighted standard
deviations. This value properly reflects the likely endothermicity of
reaction (10).

To the best of our knowledge, there are no direct determi-
nations of the ThN* BDE in the literature. As described above,
a value of Do(Th*-N) = 5.92 + 0.35 eV can be calculated from
the neutral ThN BDE evaluated in high temperature mass spec-
trometry experiments’’ combined with the IEs of Th and ThN.”"
This value is somewhat lower than that obtained here. Likely rea-
sons for the discrepancies are the assumptions made in extrapo-
lating the high temperature results (near 2700 K) down to 0 K.
We can combine our present ThN* BDE with the precisely known
IE(Th) and IE(ThN) to yield a better estimate of Do(ThN) as
6.53 £ 0.08 eV.

ThN* theoretical results

A summary of our theoretical calculations on ThN" is pro-
vided in Table II. Here, the 1o orbital is primarily composed of
the N 2s orbital, the 20 and 1n orbitals are bonding interactions
between the N 2p and Th* 6d, the 30 orbital is primarily the Th*
7s orbital, the 18 orbital is the remaining Th" 6d orbitals, and the
40 and 2m orbitals are the antibonding interactions corresponding
to the 20 and 1m orbitals. These establish a triply bonded '=* with
a (10)%(20)2(1m)* configuration as the ground state of ThN*. In
agreement with the theoretical work of Heaven,'’ the lowest lying
excited state is a *2" excited state where one of the 20 bonding
electrons is promoted to the 30 orbital. This state is found to lie
1.06-1.62 eV above the ground state, comparable to an excitation
of ~1.4 eV calculated by Heaven ef al. These authors note that the
associated '=" (16)%(20)! (17)* (30)" state lies only slightly higher in
energy. If the promotion occurs to a 18 orbital instead, the *A state is

TABLE II. Bond lengths (A), vibrational frequencies (cm—"), and relative energies (in eV) of low lying states of ThN* 2

State r(Th*-N)° V) CCSD(T) B3LYP B3PW91 M06 BHLYP PBEO
'$* (16*1n*20%)  1.78(1.76) 1058 (1010)  0.00 0.00 0.00 0.00 0.0 0.00
3yt (16*1n*2030)  1.87 913 1.40 1.20 130 162 128 1.06
’A (16%11*2018)  1.89 869 1.96 1.68 1.69 193 152 1.67
1 (16*17°26%30) 195 833 2.13 1.83 199 227 171 198
SO (16°17°203018) 2.14 609 434 4.00 410 461 359 4.07

*Structure optimized at respective level of theory [except CCSD(T)] using cc-pVQZ-PP/6-311 + G(3df) basis sets.
*Bond lengths (in A) or frequencies (in cm ") from B3LYP/cc-pVQZ-PP/6-311 + G(3df) optimized structures. Frequencies
scaled by 0.989. Values in parentheses are experimental values from Ref. 10.
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formed, 1.52-1.96 eV above the ground state (1.89 eV from Heaven
et al.). Excitation of a bonding m-electron to the 3c-orbital leads
to the *IT excited state, 1.71-2.27 €V higher than the ground state
(~2.2 eV from Heaven et al.). We also located a >® state involv-
ing two excitations and hence a much higher excitation energy,
3.6-4.6 eV.

Interestingly, although ground state ThN" has a triple bond
similar to ThO", the ThN" bond energy is 2 eV weaker than that
of ThO*. Importantly, ThO* (*Z*, 16*26*17*30) can form directly
from ground state Th* (*Fs/2, 64°7s) and O (P, 2524p4). By con-
trast, coupling of ground state Th* and N (*S, 25*2p*) would lead
to the first excited state ThN® (*2*, 16*1n*2030) with a bond order
of 2.5. When accounting for the ~1.4 + 0.2 eV excitation energy of
the ground state to the 3%* state, the bond energy, Do(Th*-N, 3%h
= 5.1 + 0.2 eV, is very similar to the BDE of ThC* (=", 16211*20),
Do(Th*-C) = 4.82 + 0.29 eV reported previously.'® This is consistent
with the nonbonding nature of the 3¢ orbital. Diabatic formation of
the '=* ground state of ThN" requires that three unpaired 6d-orbital
electrons be available to bond with the three unpaired 2p-electrons
in the nitrogen to form the requisite triple bond. The first electronic
level of Th* with three unpaired 6d-electrons available is the *Fs
(6d%) level that lies 0.87 eV above the ground level.''* Assuming no
secondary interactions, the diabatic BDE of the ThN*'Z* ground
state can then be estimated as 7.38 + 0.08 eV. This value is 1.2 eV
lower than the ThO™ bond energy, similar to the difference in the
BDEs of N; and CO, 1.4 eV. Thus, the bond energy of ThN"* is
depressed by the cost of the excitation energy to the reactive *F (64°)
state.

Our B3LYP/cc-pVQZ-PP/6-311 + G(3df) calculations find a
bond length of 1.78 A for the ground state, consistent with the spec-
troscopic results of Heaven.'’ B3LYP bond lengths for ThN" ground
and excited states are listed in Table I1. As can be expected, excitation
of a bonding electron to a nonbonding orbital results in lengthening
of the bond and a drop in the vibrational frequency, and the dou-
ble excitation associated with the *® state increases these changes

TABLE Ill. Comparison of theoretical Do(Th*-N) to experimental values (in eV).
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even more. The bond lengths calculated here are in qualitative
agreement with the potential energy surfaces for the 359 3A, and
*TI states shown by Heaven.'’

Theoretical BDEs for ThN™ are listed in Table III and range
from 6.23 to 6.63 eV (SDD-VDZ-MWB), 6.15-6.76 eV (Seg.
SDD-VDZ-MWB), 6.38-6.56 eV (cc-pwCVQZ-PP), 6.42-6.76 eV
(CBS-PP), and 6.49 eV (FPD). In general, all levels of theory are in
reasonable agreement with the experimental BDE with most values
within 0.3 eV. In particular, the CCSD(T)/CBS-PP, PBE0/CBS-PP,
and FPD results are rather accurate (as are several other
determinations).

We can also compare these results to those for ThCH?, iso-
electronic with ThN*. Here, the bond length was calculated as
1.92 A (B3LYP/SDD-VDZ-MWB), longer than that of ThN", con-
sistent with the weaker BDE, measured as Do(Th*-CH) = 6.19
+ 0.16 eV.'° Theoretical BDEs for ThN* are similar but systemat-
ically greater than those calculated for ThCH', 5.57-6.21 eV (Seg.
SDD-VQZ-MWRB).'® This is consistent with a bond order of three
in both molecules and with the relative values in the experimental
determinations of both ThN* and ThCH".

ThN theoretical results

In order to calculate IE(ThN), additional calculations were
performed for ThN using the B3LYP/cc-pwCVQZ-PP/aug-cc-
pwCVQZ approach. Additional single point energies were cal-
culated using CCSD(T)/cc-pwCVQZ-PP/aug-cc-pwCVQZ and its
CBS extrapolation using the B3LYP optimized structures. As in the
literature,” the ThN ground state is 23* (16*11*20%30), isoelec-
tronic with ThO*. Thus, the electron removed upon ionization of
ThN is from the nonbonding 30 (largely Th 7s) orbital, consistent
with the observation that IE (ThN) ~ IE(Th). Calculated IEs of ThN
are 6.38 (B3LYP), 6.30 (CCSD(T)/VQZ), and 6.31 (CCSD(T)/CBS)
eV, in good agreement with the 6.3272 + 0.0004 eV experimental
value determined by Heaven et al."”

Experimental Theoretical’
Literature This work Basis set CCSD(T)" B3LYP B3PW91 PBEO BHLYP Mo6
5.92 + 0.35° 6.51 +£0.08 SDD 6.23 6.45 6.63 5.54
>4.925 + 0.001° Seg. SDD 6.15 6.56 6.76 6.73 5.66 6.91
<6.4964 + 0.0007° Cc—pWCVQZ—PP‘ 6.38 6.41 6.53 6.56 5.52 6.72
CBS-PP? 6.49 6.42 6.76 6.56 5.52 6.68
FPD" 6.49

*From structures optimized at the respective level of theory [except CCSD(T)] with the indicated basis set. Energies include an estimated spin-orbit correction of —0.40 eV. See text
and Ref. 16. Values in bold are within experimental uncertainty of the experimental value from the present work.
YEnergies from single point calculations using B3LYP optimized structures with the indicated basis set for Th*.

“Derived from Do(Th*-N) = Do(ThN) + IE(Th) — IE(ThN); see text.
dLower limit from observation of reaction (1), Refs. 3 and 5.

“Upper limit from failure to observe formation of ThN" in reaction of Th* with NO, Refs. 5 and 36.

fcc—prVQZ—PP/aug—cc—pchQZ basis sets.

8Complete basis set limit extrapolated from pwCVXZ-PP/cc-pwCVXZ (X = T, Q) basis sets using Egs. (4) and (5); see text.
hEeller-Peterson-Dixon model for composite thermochemistry. See text, Eq. (6), and Table IV.
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TABLE IV. Calculated contributions to the dissociation energies within the FPD scheme in kJ/mol (eV). See Eq. (6) for details.

Molecule EVQZ-DK AECBS AECV AEQED AET AEQ AESO AEGaunt AEIE AEZPE Do

ThN* 49.11 +11.24 +3.79 +3.98 —6.57 —0.06 —43.50 +5.36 608.53 —6.04 625.8
'z (0.51)  (+0.12) (+0.04) (+0.04)  (—0.07)  (+0.00) (—0.45)  (+0.06) (6.31)  (—0.06) (6.49)
ThN 653.00 +11.46 +7.32 +2.34 —7.12 +1.42 —39.74 +4.04 N/A —5.63 627.1
¢z (6.77)  (+0.12) (+0.08) (+0.02)  (—0.07)  (+0.01) (—0.41)  (+0.04) (—0.06)  (6.50)°

*Ata FC-CCSD(T)/cc-pVQZ-DK3 equilibrium bond length of 1.7906 A. Combining the current results for ThN* and ThN yields a final FPD ionization energy at 0 K of 609.8 kJ/mol

(6.320 V).
bAta FC-CCSD(T)/cc-pVQZ-DK3 equilibrium bond length of 1.8282 A.

“Using the experimental IEs of both ThN and Th atom, this yields Do(ThN™) = 625.1 kj/mol (6.48 V).

Composite thermochemical calculations

In previous calculations of actinide species,”’ the FPD com-
posite approach without any higher-order correlation contributions
reproduced the atomization energies of ThO, and UF, (n = 1-6)
species within 0.05 eV of the mean experimental values. Further-
more, the BDEs of ThO" and ThC*, which also included correla-
tion contributions beyond just CCSD(T), were reproduced within
the uncertainties of the experimental values.'® Here, the details of
the FPD results are displayed in Table IV. The value of IE(ThN)
obtained from the composite FPD approach is calculated to be
6.320 eV, in excellent agreement with the accurately known exper-
imental value of 6.3272 + 0.0004 eV."” Furthermore, the compos-
ite Dg(Th"-N) value agrees very well with the experimental value
reported here whether the theoretical or experimental IEs of Th and
ThN are used, 6.49 and 6.48 eV, respectively. As with the calculations
for ThO" and ThC*, and as shown in Table IV for ThN and ThN",
to confidently obtain an accuracy of a few kJ/mol, certainly CCSDT
and also CCSDTQ calculations are necessary (although the Q contri-
butions were small relative to CCSDT, this was not known a priori).
Also shown in Table I'V is the importance of the Lamb shift (QED)
correction, which increased the BDEs by 2-4 k]J/mol. The Lamb shift
is generally large when there is a change in s orbital occupation
because these processes exhibit the largest effects of scalar relativity.
For the present ThN* and ThN calculations, the BDE is computed
relative to neutral Th atom, which has a 64%7s* electron configu-
ration, whereas ThN* and ThN have nominal 7s” and 7s' occupa-
tions, respectively. Also shown in Table IV is the large impact of
including SO coupling. This is almost entirely a result of the atomic
SO of Th atom. As for transition metal species (see, for instance,
Refs. 115-117), these results indicate that high level theoretical cal-
culations are necessary to accurately reproduce experimental BDEs
for actinide systems.

Th* + N, potential energy surfaces

Relaxed potential energy scans of the electronic surfaces for
reaction (7), Th* + N», were calculated at the B3LYP/SDD-VDZ-
MWB/6-311 + G(3df) level and are presented in Fig. 3 (where only
species having C,, or near C,, symmetry are shown). These sur-
faces (as well as those for Th* + NO below) do not include consid-
eration of spin-orbit effects. Molecular parameters for the various
intermediates on these surfaces can be found in Table V.

Ordinarily, dinitrogen binds to metal ions end-on in a linear
geometry, but such an interaction with Th*(*D) means that the dini-
trogen electrons interact repulsively with the 7s* orbital on Th*(*D);
hence, interaction with Th+(4F, 6d27sl) is more favorable. Five lin-
ear TRNN* complexes were located lying 0.61-0.18 eV below the
Th*(D) + N2(12g+) asymptote. These all have NN bond lengths
that are slightly extended (by 0.02-0.04 A) compared to free N,
(1.09 A). If the dinitrogen interacts side-on with Th*, several quar-
tet and doublet species surfaces having potential wells near 30° were
located. The lowest of these is a 2A; state (0.59 eV below reactants)
with a NN bond length of 1.225 A, suggesting that the Th has been
inserted into the in-plane N, © bond (which is also consistent with
the orbital character). Further insertion of Th* into the dinitrogen
bond at larger «NThN bond angles of 40°-60° leads to barriers
that lie about 3 eV above ground state reactants. Along the doublet

Th*(D,*F) + N('5,")
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FIG. 3. B3LYP/SDD-VDZ-MWB/6-311 + G(3df) relaxed potential energy surface
calculations of the Th* + N, reaction as a function of ~NThN in degrees. Ener-
gies are relative to Th* (2D, 6d7s?) + N,. In C,, symmetry, doublet surfaces are
represented by solid lines and quartet surfaces by dashed lines. Surface crossings
that are avoided in Cs symmetry are represented by open circles. Reactant and
product energy levels are indicated by thick bars at 0° and 180°, respectively. No
spin-orbit interactions are included.
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TABLE V. Bond lengths (A), bond angles (deg), vibrational frequencies (cm—1), and energies of intermediates along the ThN,* potential energy surfaces calculated at the

B3LYP/SDD-VDZ-MWB/6-311+G(3df) level.

r(ThN)* r(N,) «NThN v(ecm 1) E (Epn) ZPE (Ep) Erel (eV)
Th* (*D) —407.331717
N (*S) —54.600 723
N, ('Z") 1.091 2446 —109.567 371 0.005 572
1 2.379,3.492 1.112 0.0 200, 244, 264, 2110 ~516.921014 0.006419 —0.534
2y~ 2.308,3.429 1.121 0.003 240, 264, 281, 2028 —516.912296 0.006411 —0.337
4y 2.274,3.398 1.124 0.0 224, 285(2), 1951 —516.922280 0.006 255 —0.613
A 2.261,3.394 1.134 0.0 282, 304(2), 1867 —516.906418 0.006 283 —0.180
‘o 2.392,3.506 1.114 0.0 199, 250, 267, 2089 —516.918 809 0.006 390 —0.515
A7 2.427,2.426 1.156 27.6 178, 262, 1907 —516.912 807 0.005 346 —0.379
B, 2.403(2) 1.158 27.9 174, 386, 1873 —516.918 054 0.005 543 —0.517
‘B, 2.259(2) 1.213 31.2 352, 707, 1549 —516.894039 0.005 942 0.147
N 2.224(2) 1.225 32.0 427, 434, 1570 —516.920876 0.005 537 —0.594
’B, 2.199(2) 1.232 325 342, 354, 1462 —516.892 485 0.004918 0.162
24, 2.070(2) 1.318 37.1 271, 413, 1185 —516.911 341 0.004 258 —0.369
2A, 1.928(2) 1.853 57.4 486, 811, 835 —516.839 944 0.004 856 1.590
B, 2.024(2) 1.952 57.7 325,700, 745 —516.788 456 0.004 035 2.969
‘A 1.978(2) 2.806 90.3 178, 257, 775 —516.824855 0.002 759 1.944
vy 2.011,2.143 3.396 109.6 58, 206, 692 —516.798 208 0.002177 2.654
’B, 1.950(2) 3.218 111.2 127, 681, 1000 —516.801 266 0.004118 2.623
40" 1.886,2.149 3.411 115.3 89, 450, 794 —516.822784 0.003 039 2.008
ZA; 1.926(2) 3.551 134.4 90, 698, 1020 —516.816 384 0.004117 2211
ZA" 1.876,2.125 3.997 175.0 —36,514, 834 —516.824363 0.003 070 1.966
1 1.929(2) 3.858 180.0 —25, 80, 746, 1429 —516.805 332 0.005 139 2.540
iyt 2.021(2) 4.042 180.0 —106(2), 543, 660 —516.797 067 0.002 742 2.700

*Degeneracies in parentheses.

surfaces, these lead to intermediates having bond angles of about
57° and NN distances of 1.85-1.95 A such that the NN bond has
essentially been cleaved. A series of both doublet and quartet dini-
tride intermediates having large «NThN bond angles (90°-134°)
was also located (Table V). Linear NThN™ species were located, but
all had imaginary bending frequencies. The NThN" quartet inter-
mediates should readily dissociate to the ThRN*('=*) + N(*S) product
asymptote, whereas dissociation of the more strongly bound doublet
intermediates is spin-forbidden (although this may not be a restric-
tion for such a heavy metal system). Overall, these surfaces show that
reaction (7) can occur by insertion of the thorium cation into the
dinitrogen bond with a barrier comparable to or slightly less than
the endothermicity of reaction (7). Therefore, it seems possible that
this reaction may also occur via more direct pathways in which the
Th" strips one of the nitrogen atoms without actually forming an
insertion intermediate.

If spin-orbit effects are considered, the only significant change
to the surfaces is that the ground level of the reactants (and prin-
cipally occupied level) becomes Th*(*Fs/2) + N2('Z,"), which lies
0.40 eV lower than the 2D state shown as the reactant asymptote
at zero in Fig. 3. These reactants can combine to form quartet sur-
faces that lead to the final products. Because the ] = 3/2 ground level

also contains appreciable *Dj/, character, evolution along the dou-
blet surfaces is also possible but requires formally converting back to
a quartet surface upon product formation.

Th* + NO potential energy surfaces

Surfaces from relaxed potential surface scans calculated using
B3LYP/SDD-VDZ-MWB/6-311 + G(3df) for reactions (9) and (10),
Th* + NO, are presented in Fig. 4. Molecular parameters for the
various intermediates on these surfaces can be found in Table VI.
Covalent interaction of NO with Th*(®D, 6d47s%) leads to the singlet
surface, ' A’, which shows minima at £ NThO angles of 2° and 48°,
which are both ThNO" geometries. There is also a shallow minimum
atlarge angles that indicates an inserted NThO™ geometry, and there
isa 'X* state at 180° as well. Examination of the molecular orbitals
here shows a o®n*n* valence configuration such that the bond order
between thorium (which uses three 6d orbitals) and each ligand is
2.5. Finally, a ThON" geometry having a bond angle of 6° was also
located (Table VI) (not shown in Fig. 4).

We also located two triplet surfaces having A" and A” sym-
metry (there should be several more that our computational pro-
cedure will not locate). The A’ surface forms a bound species
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Th*(D,*F) + NO(I)

Relative Energy (eV)

N-Th*-O Bond Angle (°)

FIG. 4. B3LYP/SDD-VDZ-MWB/6-311 + G(3df) relaxed potential energy surface
calculations of the Th* + NO reaction in Cs symmetry as a function of «NThO
in degrees. Energies are relative to Th* (2D, 6d7s?) + NO. Singlet surfaces are
represented by solid lines, triplet surfaces by dashed lines, and quintet surfaces
by dashed-double dotted lines. Reactant and product energy levels are indicated
by thick bars at 0° and 180°, respectively. No spin-orbit interactions are included.

at a linear ThNO" geometry that can be thought of as a cova-
lent interaction of the NO singly occupied orbital (SOMO) with
a singly occupied 6dm orbital on Th*(*F), with the singly occu-
pied orbitals being 7s and the other 6dn (which interacts with the
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empty * orbital on NO). On both *A” and *A” surfaces, bound
species are formed at angles near 38°. Here, the Th*(*F) state has
been inserted into a m bond of NO such that the highest occupied
orbitals are either (1a’)'(2a’)}(12”)? or (1a’)!(22’)*(1a”)! where
la’ is largely 7s, 2a’ is an in-plane bonding interaction between
NO(n*) and Th*(6dn), and 1a” is an out-of-plane bonding inter-
action between NO(n*) and Th*(6d0). At still larger angles, both
surfaces become nearly degenerate with minima near 112° converg-
ing to a degenerate *IT state at 180° (imaginary bending frequencies).
The >A” state at 112° is the global minimum on all potential energy
surfaces (4.59 eV below reactants). Note that formation of either
product asymptote, ThO*(*Z*) + N(*S) or ThN*(=*) + OCP),
can evolve from these triplet surfaces in spin-allowed reactions,
whereas neither asymptote correlates diabatically with the singlet
surface.

Interaction of NO with Th*(*F) can also lead to intermediates
having quintet spin, but these are relatively high in energy. Indeed,
the A" surface can be characterized as a nitrogen atom adduct of
ThO?*, in which there is a high-spin interaction between the SOMO
(largely 7s) on ThO" and the three p electrons on N. This also
explains why there is little change in the energy of this state as the
2OThN bond angle changes. The *A’ surface is much higher in
energy because it decreases the bond order of the ThO bond from
3 to 2.5 (increasing the bond length from 1.8 to 2.1 A) while mak-
ing a covalent ThN bond (bond order of 1.5-2, decreasing the bond
length from 2.9 to 2.1 A).

Importantly, the formation of strongly bound NThO" inter-
mediates can occur in a spin-allowed fashion from ground state

TABLE VI. Bond lengths (A), bond angles (deg), vibrational frequencies (cm—"), and energies of intermediates along the TANO* potential energy surfaces calculated at the

B3LYP/SDD-VDZ-MWB/6-311 + G(3df) level.

r(ThN) r(ThO) r(NO) «NThO v(em )? E (Ep) ZPE (Ep) Erel (eV)

0 (Cp) —75.090913

NO (*11) 1.145 1980 —129.939901 0.004510

'A’(ThNO™) 1.962 3.166 1.207 1.9 307, 536, 1497 —537.365 187 0.005 328 —2.524
31 (ThNO™) 1.999 3.207 1.209 0.0 305, 350, 515, 1428 —537.383770 0.005918 —3.014
A (ThNO") 2.197 3.370 1.173 0.0 251(2), 409, 1745 —537.364701 0.006 050 —2.491
'A’(ThON™) 3.271 2.084 1.217 6.0 142, 427, 1273 —537.291137 0.004 196 —0.540
31 (ThON™) 3.385 2.107 1.278 0.0 184, 191, 446, 1113 —537.333735 0.004 407 —1.693
A (ThON™") 3.373 2.097 1.276 0.0 193(2), 449, 1100 —537.345 872 0.004410 —2.023
3A 2.079 2.123 1.371 38.1 343, 598, 991 —537.361012 0.004 400 —2.435
3" 2.123 2.103 1.362 37.6 457, 591, 1047 —537.399418 0.004 772 —3.471
A 1.947 1.966 1.590 47.9 457, 697, 852 —537.427758 0.004 572 —4.247
SA” 2.946 1.814 3.291 83.9 50, 118, 932 —537.354720 0.002 508 —2.316
A 2.133 2.125 3.459 108.7 85, 596, 600 —537.289956 0.002919 —0.542
3A" 2283 1.826 3.414 111.9 108, 456, 917 —537.435917 0.003371 —4.501
3A 2.140 1.829 3.303 1124 110, 546, 905 —537.439288 0.003 557 —4.588
1A 2.119 1.833 3.367 116.7 91, 496, 893 —537.423997 0.003 372 —4.177
Iyt 1.890 1.846 3.736 180.0 100(2), 769, 831 —537.421502 0.004 101 —4.090
1 2.163 1.826 3.989 180.0 —101, —81,521,889  —537.428536 0.003 212 —4.305
Syt 3.079 1.815 4.894 180.0 31(2), 101, 934 —537.356 266 0.002 496 —2.358

*Degeneracies in parentheses.
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reactants with no activation energy required. No barriers from
these intermediates to either product asymptote exist such that
the global minimum can readily dissociate to either ThO*(*Z*)
+ N(*S) or ThN*(*Z*) + O(CP) product asymptotes. If spin-
orbit effects are considered, the Th* (*Fs;) reacts most read-
ily with NO (*II) along a triplet spin surface. However, the
J = 3/2 ground level is actually a mixture of 4F3/2 and 2D3/2 such that
both singlet and triplet surfaces should be accessible in the reaction
and that switching between surfaces of different spin is facile.

DISCUSSION
Comparison to other metal nitride cations

An interesting aspect of Th* is that unlike the other actinides,
the 5f-orbitals are not populated in the ground level. This makes
the comparison of the Th" chemistry to transition metal chem-
istry, which usually has been more thoroughly studied, especially
fruitful. In our work on ThH", ThCH," (x = 0-3), and ThO™,'""®
we compared Th* to the group 4 transition metal ions, Ti*, Zr",
and Hf'. Unfortunately, nitrides have been much less thoroughly
studied than these other ligand systems so that data available for
comparison are sparse. Of the three group 4 transition metals, only
Do(Ti*-N) = 5.19 + 0.13 eV has been directly determined, in
a guided ion beam study of the reaction of Ti* with NH;.”
Clemmer et al. combined this bond energy with that for the neutral,
Do(TiN) = 4.93 + 0.35 eV, and IE(Ti) = 6.82812 eV"' to determine
IE(TiN) = 6.56 + 0.37 eV, nearly the same as the atom and in agree-
ment with the rough value measured by Stearns and Kohl using high
temperature mass spectrometry (HTMS), 6 + 2 eV."" This relation-
ship is also obtained for Th, where IE(ThN) and IE(Th) differ by
only 0.02 eV."” For Zr and Hf, BDEs of the neutral mononitrides
have been determined by HTMS as Do(Zr-N) = 5.81 + 0.26 eV by
Gingerich'"” and Do(Hf-N) = 5.50 + 0.31 eV by Kohl and Stearns, '’

TABLE VII. A comparison of ML* (L = N, CH, O) BDEs (eV).
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in rough agreement with the estimated value of Gingerich of
6.1eV.”” Gingerich also determined the ionization energy of ZrN as
IE(ZtN) = 7.9 = 0.4 eV, which is much larger than IE(Zr)
=6.63412 = 0.00006 eV'*" and leads to Do(Zr*-N) = 4.5 £ 0.5 eV.
This bond energy is suspect, however, given the similar values of
IE(M) and IE(MN) for both Ti and Th, consistent with removing a
nonbonding electron. Assuming that IE(M) — IE(MN) remains sim-
ilar between all four metals, then the IE(M) — IE(MN) for M = Zr
and Hf can be estimated conservatively as the average between the
differences for Ti and Th: 0.13 + 0.17 eV. Using this value, ZrN and
HfN bond energies can be estimated as Do(Zr"-N) = 5.94 + 0.31 eV
and Do(Hf -N) = 5.63 + 0.35 eV (Table VII). For Ti, Zr, and Th,
these various bond energies agree with lower limits obtained by the
observation of the reactions M* + N,O — MN"' + NO, indicating
D(M'-N) > Do(N-NO) = 4.925 eV.” For Hf, this reaction is not
observed, but this could be because Hf' has a 2D(5d6s%) con-
figuration such that the filled 6s orbital lessens the reactivity.'””
These BDEs also agree with upper limits obtained by the failure to
observe the reactions M™ + NO - MN" + O, indicating D(M*-N)
< Dop(N-0) = 6.50 eV.'”

Notably, MCH" and MN" for the group 4 transition metals
and thorium are isoelectronic, and the BDEs of MCH™ have been
measured in guided ion beam studies of the reactions of the atomic
ions with methane.'®!**1?*1%° For comparison, the MCH" BDEs are
also listed in Table VII and Fig. 5. For both M = Ti and Th, the
MCH" BDEs are very similar to the measured MN" BDEs. Thus,
Do(Zr"-CH) = 5.96 + 0.22 eV and Do(Hf'-CH) = 5.10 + 0.15 eV
indicate that the ZrN* and HfN" BDEs estimated here are reason-
able.

The trend of BDE:s for the group 4 transition metals and Th is
similar to the trend observed for other ligands (O and CH),'* ' as
shown in Fig. 5. The dissociation energy generally increases moving
down the group as would be expected from the lanthanide/actinide
contraction. The exception is Hf", which has BDEs closer to those

M Ti Zr Hf Th U
Do(M*-N) 519+0.13" 594+031°  5.63+0.35° 6.51 + 0.08° 47 +02°
Do(M*-CH)  5.25+0.17" 596+022°  510+015"  6.19+0.16

Do(M*-0) 6.88 +0.07 776 +0.11°  6.91+0.11" 8.57+0.14"  8.02+0.14"

*Reference 29.

bCalculated from neutral BDE (Ref. 119) and the estimated difference IE(MN) — IE(M) = 0.13 + 0.17 eV, as discussed in the

text.

“Calculated from neutral HIN BDE using estimate from Ref. 120 and the estimated difference in IE (see note b).

4This work.
Reference 33.
fReference 124.
8Reference 125.
"Reference 122.
IReference 16.
JReference 130.
KReference 131.
'Reference 132.
MReference 18.
"Reference 13.
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FIG. 5. Correlation of ML* bond dissociation energies for the group 4 transition
metals, thorium, and uranium and L = O, CH, and N. Values are taken from
Table VII. Lines are linear regression analyses of the data constrained to pass
through the origin.

of Ti" rather than exceeding those of Zr" because Hf" has a doubly
occupied frontier orbital in its D3, (5d65°) ground electronic state,
unlike those of Ti" and Zr" that have a *Fs)5, d*s ground state config-
uration, and Th*, which is a mixture of the 4F3/2 and 2D3/2 levels.'**
Thus, the promotion energy required to form the covalent bonds in
these molecules is larger for Hf than for the other three metal cations,
weakening its BDEs.

Figure 5 also includes this comparison for UO" and UN",
where it can be seen that the latter value is much smaller than what
might be expected on the basis of the other metals. As the thermo-
chemistry for UO" is reasonably well established, a reinvestigation of
the UN" bond energy (obtained in an early ion beam experiment)”’
may be warranted; however, an alternative explanation for this lower
BDE is discussed in the section titled “Estimation of actinide nitride
bond dissociation energies.”

Estimation of actinide nitride bond
dissociation energies

BDEs of the actinide nitrides are not readily available. UN*
was observed in ion beam experiments in the reaction of U*
with N, by Armentrout et al.”’ where they determined Do(U*-N)
= 4.7 £ 0.2 eV. Later in FT-ICR experiments at thermal energies
reported by Heinemann and Schwarz, 126 UN* was observed in reac-
tions with N, O with a branching ratio of 30/70 UN"/UO". The same
report examined the reactions of UN" with several oxidants includ-
ing O, and CO,. Products formed were NUO" + O/CO (33%/25%),
UO" + NO (24%), and UO," + N/CN (43%/75%), indicating lower
and upper limits to the UN* BDE 0f4.925 eV < Do(U"-N) <9.80 eV.
On the basis of the previous ion beam experiments, Heinemann and
Schwarz concluded that the UN" BDE was likely close to the lower
limit of 5 eV. Later, UN" and NpN?¥, in addition to ThN™, were
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observed in reactions with N,O in FT-ICR experiments reported
by Santos et al.” with AnN*/AnO" branching ratios of 40/60 and
25/75, respectively, and in agreement with Heinemann and Schwarz.
The failure to observe AnN" in corresponding reactions with NO
infers that an upper limit of Dg(An*-N) < Do(N-O) = 6.50 eV can
be established for UN* and NpN*. The failure to observe AnN" for
all actinides other than Th*, U*, and Np* in this and subsequent
reports‘ Y27 indicates an upper limit of Do(An"-N) < Do(ON-N)
= 4.925 eV. To the best of our knowledge, gas phase determina-
tions of neutral AnN thermochemical values are limited to ThN
and UN.

Unfortunately, the lack of experimental data makes it hard
to project nitride thermochemistry throughout the actinide series.
Nevertheless, a simple model may predict AnN" BDEs. Previously,
Gibson has reported that LnO" and AnO* BDEs are correlated
with the promotion energy of the ground state Ln*/An" to the first
state with a 5d/6d* configuration.” Such a configuration allows the
Ln"/An" ion to form a triple bond with O by the O donating four 2p
electrons and the Ln*/An"* donating two 5d/6d electrons. Because
the 5f electrons play a minimal role in the oxide bonding, Gibson
proposed an intrinsic AnO* BDE (L = O), Do(An*-0)*,

Do(An* —L)" = Do(An" - L) +E,(6d°), (11)

where E,(6d°) is the promotion energy of An" from the ground
state to the first state with a 64> configuration. Notably, for Th*,
EP(6d2) =0 eV so that Dy(An"-0)* ~ Do(Th"-0) and the ThO*
BDE can be used to predict the AnO* BDEs for the remaining An
series.

DFT and higher order calculations for Th and U species indi-
cate that orbital structure remains relatively constant between car-
bides, nitrides, and oxides. "' Presumably, the simple model in
Eq. (11) could potentially be extended to predict AnN* BDEs; how-
ever, the tables of Blaise and Wyart™ indicate that, unlike Th*, states
with 6d° configurations are not readily available for the remaining
An". Therefore, unlike the triple bond of ThN*, the remaining AnN*
likely have a bond order of 2.5 where the N donates three 2p elec-
trons and An"* again donates the two 6d electrons. Consequently,
a better estimate of Do(An"-N)* may be the diabatic BDE of the
ThN* (3Z") state that can form directly from ground state Th* (*F,
6d%7s) + N (*S). This BDE can be estimated from the ground state
BDE by utilizing the estimated excitation energy of the ThN* '=*
state to the =7 state E*(*Z") = 1.31 + 0.19 eV, calculated from the
values in Table 11, which results in Do(Th*-N, >=*) ~» Do(An*-N)*
=520+0.21eV.

The estimated BDEs of AnN™ from Eq. (11) with L = N are pre-
sented in Table VIII. A comparison to the available experimental
data for UN" and NpN" are also presented in Table VIII. The esti-
mated UN" BDE is in good agreement with the previously reported
ion beam value of 4.7 + 0.2 eV; however, the estimated value is lower
than Do(N-NO). Given the FT-ICR results, this suggests that the
model in Eq. (11) underestimates the true BDE of UN™. This discrep-
ancy is also observed in the estimated BDE of NpN*. Nevertheless,
given the large discrepancies reported in DFT calculated BDEs,"”
Eq. (11) model may represent a reasonable and computationally
inexpensive estimate of AnN"* BDEs in the absence of experimental
results.
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TABLE VIII. AnN* BDEs (in eV) estimated using the intrinsic BDE model in Eq. (11) with comparison to experimental values.

AnN* AnN*** AcN* PaN”™ UN* NpN* PuN”™ AmN?* CmN*
Ep(6d%)" 1.64 0.59 0.57 0.9 4 0.4° 2.14 3.6+02° 1.84
D()(AnJr—N)d 5.20 + 0.21° 3.56 £0.21 4.61 £0.21 4.63 £0.21 4.30 £ 0.45 3.06 £0.21 1.60 + 0.29 336 +£0.21
Experimental 4.7 +0.2° >4.92'

>4.92"¢

*The intrinsic BDE of AnN" for the actinide series estimated as the diabatic BDE of ThN* (°%*) calculated using Do(Th*-N) = 6.51 + 0.08 eV and the estimated excitation energy

from ThN™ (27) to ThN* *£%), E*(®Z") = 1.31 £ 0.19 eV. See text.

®Promotion energy from the ground state to the first state with two 6d electrons. Unless noted otherwise, all energies are taken from the tables of Blaise and Wyart (Ref. 54).

“Reference 13 and supplementary material.

4Estimated AnN* BDE calculated using Eq. (11). See text.
Reference 33.

fReference 5.

8Reference 3.

CONCLUSION

Analysis of the kinetic energy dependence of the cross sec-
tion from reaction (7) (Fig. 1) and reaction (10) (Fig. 2) gives
thresholds providing consistent values of Do(Th*-N). Combining
the two results leads to our final value of 6.51 + 0.08 eV. The
only literature thermochemistry on ThN" available for compari-
son comes from combining the precisely known IEs of Th and
ThN with a ThN BDE extrapolated from high temperature mass
spectrometry experiments, yielding Do(Th*-N) = 5.92 + 0.35 eV,
somewhat below the present value. It seems likely that the dis-
crepancy arises from the choice of parameters used to extrapo-
late data from high temperatures to 0 K for Do(Th-N), which
can be a significant source of error as noted by Murad and
Hildenbrand.'”*'* Therefore, we combine the present value of
Do(Th*-N) with IE(Th) and IE(ThN) to provide a refined value
for Do(ThN) of 6.53 + 0.08 eV. We also find that Do(Th"-N)
is larger than its transition metal cation congeners, Ti*, Zr", and
Hf", consistent with the result expected because of the actinide
contraction.

In general, approximate quantum chemical calculations pro-
vide ThN* BDEs in reasonable agreement with the experiment once
spin-orbit corrections using a semiempirical approach are included.
In particular, complete basis set extrapolations generally yield good
results. The most advanced computational approach used here, FPD
composite calculations, leads to BDEs for both ThN"* and ThN in
excellent agreement with our experimental value, further validating
the FPD approach as an accurate method for calculating actinide
thermochemical values.
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