Volume 28
Numlber 9

4 March 2026
Pages 5591-6132

PCCP

Physical Chemistry Chemical Physics

rsc.li/pccp

”5 %,

ISSN 1463-9076

PAPER
‘ ROYAL SOCIETY Richard M Cox et al.

-«

Thermodynamic insight into AnO,*" bonding from ThH*/UH*
O F CH EMISTRY reactions studied by inductively coupled plasma tandem Owner Societies
mass spectrometry



ROYAL SOCIETY

»
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Thermodynamic insight into AnO," bonding from
ThH*/UH™ reactions studied by inductively
coupled plasma tandem mass spectrometry

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2026, 28, 5656

Richard M Cox, ‘2 * Amanda R. Bubas'® and Amanda D. French

The bonding mechanisms of actinides have been a focus of fundamental research over the past few
decades. In the present study, reactions of the simplest actinide-containing species, ThH* and UH", with
O, and CO; are investigated by inductively coupled plasma tandem mass spectrometry. The reactions of
ThH* and UH* with O, are efficient, and the reactions of ThH" and UH* with CO, display reduced
reaction efficiencies. For both reactions involving CO,, ThO," and UO,* are observed; however, there is
a clear barrier to ThO," formation whereas UO,* forms through an exothermic, barrierless process. The
experimental observations and available thermodynamic information are used to predict the outcomes
of reactions involving the later AnH*. The anticipated reaction enthalpies for Pa—Am display a clear cor-

Received 14th November 2025, relation with the promotion energy of An* to a 6d? electronic configuration, Ep(6d2), although a shift in

Accepted 12th January 2026 the slope of the correlation of reaction enthalpies and E,(6d?) suggests that there is likely a change in
bonding mechanism that starts with Np*. Similar shifts have also been noted in previous studies. Begin-

ning with Np*, the 6d orbitals become less accessible than they are for the earlier An* as measured by
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Introduction

The actinides (An) are commonly associated with nuclear
applications, but from a fundamental perspective, An compose
the bottom edge of the periodic table and display complex
chemical behavior that is still not well understood. Experi-
mental investigations of the factors that guide An reactivity
and bonding remain limited. Gas-phase studies offer a direct
route to examine the intrinsic chemistry of the actinides (free of
perturbative solvent effects) that can provide and explain trends
in bonding and reactivity across the An series."

The simplest actinide-containing species, An-H, has been
studied using several gas-phase techniques. Surface ionization
mass spectrometry was used for the isotopic analysis of U and
Pu and led to the observation of UH" and PuH',> where the
bond dissociation energy of UH", Do(U'-H) was estimated to be
3.3 = 0.5 eV. Early ion beam mass spectrometry enabled an
examination of the energy dependences of the reactions of U"
with D, and CD, leading to the formation of UD".> The bond
dissociation energy of UH" was measured and reported as
Do(U™-H) = 2.9 + 0.2 eV. The infrared spectra of ThH and UH
in noble gas matrices have also been reported, and comple-
mentary density functional theory (DFT) calculations included
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Ep(6d2), and this accessibility of the 6d orbitals may drive actinide bonding.

in those studies were used to characterize and assign the
observed bands as well as provide mechanistic insight into
product formation and reaction energetics.*”

Fourier transform ion cyclotron resonance mass spectro-
metry (FTICR-MS) experiments enabled the formation of UH",
NpH', PuH', AmH", and CmH" as minor products in reactions
of An>* with various hydrocarbons.® A subsequent study pre-
sented theoretical potential energy surfaces (PES) that mostly
explained the observations noted in the FT-ICR MS
experiments.” Guided ion beam tandem mass spectrometry
(GIBMS) was used to study the reactions of Th* with CH, and
H,0.%° ThH* was observed as a high energy product in both
studies. Subsequent GIBMS studies of the reactions of Th* and
U" with H, led to the determination of the BDEs of ThH" and
UH", Do(Th*-H)"® = 2.45 £ 0.07 eV and Dy(U*-H)" = 2.48 +
0.06 eV. Experimental measurements of the electron affinities
of ThH  and UH™ accompanied by high level theoretical
calculations have indicated that there is a 0.37 eV discrepancy
between the theoretical and experimental Do(Th*-H) value.'*"?
The reason for the discrepancy is unclear and remains an open
investigation. Results from additional theoretical calculations
for AnH”"'~ (An = Ac, Pa, Np, Pu) species have also been
reported.’®™*> Most recently, the BDEs of AnH" (An = Th-Am)
were experimentally measured by examining the kinetic energy
dependence of the reaction An* + CH, — AnH" + CH;."® Table 1
summarizes the AnH' thermochemistry published to date.
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Table 1 Experimental and theoretical bond dissociation energies (BDE) of
AnH™ (in eV)

Do(An'-H) E,(6d)* Experimental® Theoretical° Model?
Th 0.00 2.96 + 0.81, 2.45 + 0.07¢ 2.82 2.45
Pa 0.10 2.94 £ 0.54 2.54 2.35
U 0.04 2.82 + 0.71, 2.48 + 0.06,° 2.51 2.41
2.9 £ 0.3
Np 0.00 2.87 £ 0.51 2.08 2.45
Pu 1.08 1.27 £ 0.83 0.94 1.37
Am 1.76 0.92 £ 0.74 0.69

“ Ref. 17. ” Unless noted otherwise ref. 16. ¢ FPD calculations of AnH"
BDEs compiled in ref. 15. See also ref. 12-14. ¢ Intrinsic BDE model
assuming bonding between An" 6d and H 1s electrons. Presented in ref.
10. © Ref. 11./ Ref. 3.

Notably, experimental measurables, like BDEs, can be a key
benchmark to help validate computational methods, and these
computational methods will likely prove crucial to understand-
ing An bonding.

A key finding of the previous experimental work is that the
AnH' BDEs are correlated to the promotion energy from the
ground state to the first state that populates a 6d orbital,
Ep(6d),">'® which mirrors earlier findings that indicate that
that Do(An""-0) for n = 0-2 are correlated to Ep(6d*).">'*'” The
BDEs of AnF" also display some correlation to E,(6d),'® which
follows an earlier argument by Cox, Armentrout, and de Jong
using previously reported ThF*, UF*, and PuF" values.'® Recent
inductively coupled plasma tandem mass spectrometry
(ICP-MS/MS) work has indicated that Dy(An'-CH,)'® and
Do(An'-N)"® are also correlated to E,(6d”*). The latter had
previously been speculated by Armentrout and coworkers.**>"
While this does not rule out the involvement of 5f or 7s orbitals,
the 6d orbitals are clearly important to forming actinide-ligand
(AnL) bonds.

Notably, the An species described in the previous paragraph
have formal oxidation states (II-IV). Theoretical studies have
concluded that the 5f orbitals are more active for An in higher
oxidation states.””>> Classic examples include the linear
OAnO" (V) species. Although the electrons of Th" do not
populate the 5f orbitals in the ground state, NBO analyses have
shown that 5f orbitals contribute to bonding in OThO".*?
Recent work has suggested that reaction kinetics may be
influenced by the participation of 5f orbitals in transient
species.”® In that study, the comparison of the reaction kinetics
between Pu’/Nd*/Sm" + NO/CO, were used to infer 5f orbital
participation in the NPuO" intermediate with corroborating
theoretical potential energy surfaces (PES). Likewise, observing
the reactions starting from diatomic An species (i.e. AnL"') may
shed additional light on when the 5f orbitals are active in AnL
bonding.

There are several reports of the reactions of AnO" with a
variety of co-reactants.?>*>*”73! Generally, AnO" species are less
reactive than their An" counterparts. This may be explained by
the reduced availability of electrons because two An' valence
electrons are involved in the robust AnO" triple bond. Alterna-
tively, AnO" is likely to have increased steric restrictions
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compared to An'" and AnH'. AnH' bonding employs one of
the 6d electrons of An". It is of interest to study the reactions of
AnH" to better understand the role of An" valence electrons and
assess the impact of reduced 6d electron availability upon the
observed chemistry. For the simplest polyatomic, AnH', the
reactions of UH" with background gases®” and nitriles** have
been reported in MS" experiments by Terhorst et al. However,
hydrides, like UH", are a known interference for analytical ICP-
MS experiments.** Here we take advantage of the inductively
coupled plasma’s (ICP) propensity to create hydrides in the ion
source to study the reactions of ThH" and UH" with O, and CO,.
We also compare the observed reactions to the analogous
AnO}’ (x = 0-1, n = 1-2) reactions to help determine the role
of oxidation states in the observed chemistry. Likewise, we
discuss the implications of observed thermochemical trends
on An bonding.

Experimental and theoretical methods

CAUTION: the An used in this study are all radioisotopes with
varying activities and half-lives. All work was done within the
radiological protection controls of specialized laboratories at
Pacific Northwest National Laboratory.

ICP-MS/MS

Experiments were conducted using an Agilent 8900 ICP-MS/MS
located within the physical sciences facility at Pacific Northwest
National Laboratory.*® This instrument utilizes an ICP ion
source equipped with a quartz double-pass spray chamber
and 100 pl, min ' perfluoroalkoxy alkane (PFA) nebulizer.
Hydrides are formed within the plasma source, and the result-
ing ions are focused through an initial quadrupole mass filter
where the reactant AnH' are selected. The reactant ions are
then focused into a collision reaction cell containing an octo-
pole ion guide which can be pressurized with a neutral reactant
gas, O, (Oxarc, 99.999%) or CO, (Oxarc, 99.999%). Residual
reactant and product ions are radially confined within the
octopole and drift to the exit aperture. Ions are subsequently
focused through a second quadrupole mass filter to identify
product ions and counted at a standard electron multiplier
detector.

Stock multi-element standard solutions containing 10 ng g~ *
of Th and U in 2% HNO; were prepared. Oxygen and carbon
dioxide were used as reactant gases. The flow rates of O, and CO,
were 0.09 and 0.18 mL min~*', and 0.06 and 0.12 mL min
respectively. Tuning parameters were optimized to provide max-
imum sensitivity using a 10 ng g~ * >**Th and **®U solution, with
focus on increasing hydride formation. The octopole bias was
adjusted in 1 V intervals from +7 V to —78 V while keeping other
cell parameters constant: octopole RF peak-to-peak voltage of
180 V, axial acceleration of 0 V, and a kinetic energy discrimina-
tion (KED, the voltage difference between the octopole bias in
the collision reaction cell and the second quadrupole) of —7.0 V.
Data were acquired using 3 replicates, 10 sweeps/replicate and
1 s acquisition times.
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Absolute reaction cross sections (o) are calculated from the
raw signal intensities using eqn (1)*

I= Ioefpo'l (1)

where I is the reactant ion intensity exiting the collision cell, I,
is the reactant ion intensity entering the collision cell, p is the
number density of the neutral reactant in the collision cell, and
[ is the effective length of the collision cell. For this work I, is
estimated as the sum of all observed ions from quadrupole 2.
The physical length of the collision cell in the Agilent 8900,
10 cm, is used for [/, although this is not strictly accurate
because the pressure gradient will extend beyond the bound-
aries of the collision cell. The difference is expected to be
<20% and is included in the total uncertainties reported
herein. Individual product ion cross sections (e.g., MO") are
calculated as a percentage of the overall reaction cross section.
Because the Agilent 8900 operates under multi-collision condi-
tions, to compare the observed cross sections to the reaction
collision limit, the cross sections observed at 1.5 and 3.0 mTorr
for O, and 1.4 and 2.8 mTorr for CO, were extrapolated to zero
pressure to reflect rigorous single collision conditions. Pre-
viously, we have discussed the influences on the expected
number of collisions for a given neutral reactant gas and
pressure.*! Following this analysis, the most probable number
of collisions is 2-3 at the lowest energies. Although less than
ideal, the two-point extrapolation was chosen to balance instru-
ment time and operator exposure while still executing the
experiment. Absolute uncertainties in the cross sections are
estimated to be £50% with relative uncertainties of £20%.

The energy in the laboratory frame is estimated from the
octopole bias by eqn (2)*”

ELab = Vp + (m/mAr)(S/Z)kBTp - Voct [2)

where V;, is the plasma potential (~2 V), m is the mass of the
M' reactant ion, m,, is the mass of argon (the flow gas in the
ICP), kg is Boltzmann’s constant, T, is the ion electronic
temperature entering the octopole, and V,. is the octopole
bias. The temperature of the ion exiting the plasma is expected
to be the plasma temperature, 8000-10000 K. Previous
work'®**? has indicated that T}, is between 1000-10000 K
for atomic cations. For polyatomic cations, it is less clear what
the electronic distribution may be. Presumably, some excess
electronic energy from the atomic cations in the source is
consumed to create AnH', and the electronic state density is
likely less dense than the atomic electronic state density.'®™?
Consequently, the average electronic energy available is
expected to be less than that available for atomic cations. An
assumption is made that there are sufficient crossings between
potential energy surfaces that a pathway exists between excited
state reactants and ground state products so that excess elec-
tronic energy can be treated as energy available for reaction.
Theoretical calculations were previously used to examine the
low-lying electronic states of ThH" and UH"."""® Based on this
work, the electronic energy, Ee, is Eq(ThH') = 0.37 eV and
E¢(UHY) = 0.12 eV at 5000 K.
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The energy in the center-of-mass (Ecy) frame represents the
kinetic energy available for a chemical reaction. The relation-
ship between Ej 5 and Ecy is described by eqn (3)*

Ecm = Erap X M/(M + m) (3)

where M is the mass of the neutral reactant partner, O, (32.00
amu) or CO, (44.01) and m is the mass of the reactant metal
hydride ion, ThH" (233.04 amu) or UH" (239.04 amu).

Experimental results
AnH' + O,

Fig. 1 displays the absolute reaction cross section of ThH" with
0, as a function of kinetic energy. Fig. 2 displays the UH" + O,
cross section. Reactions (4)-(7) were observed:

AnH' + O, —» AnO" + OH (4a)
— AnO" + 0O + H (4b)

— [An, O, H]' + O (5)

— AnO," + H (6)

— An"+ H + 0, (7a)

— An" + O,H (7b)

Reactions (4)-(6) are observed as barrierless exothermic pro-
cesses. The reaction efficiencies (k/k.,) compared to the Su-
Chesnavich semiclassical trajectory collision limit cross
section®® are kf/k.o(ThH") = 1.52 + 0.76 and k/k.,(UH") =
1.26 £ 0.63 calculated as an average from all energies <1 eV.

Energy (lab), eV

1 10
I

ThH" + 0, —>

~ 100

-
o

Cross Section (107° cm?

(i | lllllll

0.1

Energy (CM), eV

Fig. 1 The absolute reaction cross section of ThH™ + O, as a function of
kinetic energy in the laboratory frame (upper x axis) and center-of-mass
frame (lower x axis). The sum of the product cross sections (o) is
represented by a solid gray line. Individual products are ThO* (red circles),
HThO" (blue squares), Th* (green diamonds), and ThO,™ (purple triangles).
The Su-Chesnavich semi-classical trajectory (oy) collision limit*° is
represented by a solid black line.
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Fig. 2 The absolute reaction cross section of UH* + O, as a function of
kinetic energy in the laboratory frame (upper x axis) and center-of-mass
frame (lower x axis). The sum of the product cross sections (gior) iS
represented by a solid gray line. Individual products are UO™ (red circles),
HUO™" (blue squares), U* (green diamonds), and UO,* (purple triangles).
The Su-Chesnavich semi-classical trajectory (o) collision limit*® is
represented by a solid black line.

To our knowledge, k/k..; has not been reported for the reactions
of ThH" and UH" with O,. Guided ion beam tandem mass
spectrometry (GIBMS) experiments have reported reaction effi-
ciencies of k/k.o; = 1.21 + 0.24 for Th* + 0,** and k/k., = 1.1 £
0.2 for U™ + 0,.*> FTICR-MS experiments by Santos et al.”’
reported k/k.o; = 0.86 £+ 0.43 and k/k.o; = 0.68 £ 0.34, for the
reactions of Th” and U" with O,, respectively. Earlier FTICR-MS
studies of the same reactions from Cornehl et al.*® reported
klkeoy = 1.12 4 0.45 and k/k.o; = 1.17 £ 0.47 for Th' and U",
respectively. The reaction (4) (ThH") rate does not appear to be
significantly hindered by the H-ligand compared to the atomic
rate. A comparison of AnH" k/k. to that for An* and AnO" is
summarized in Table 2.

The product distribution is also different between ThH" and
UH'. For ThH" at the lowest energy, the dominant product is
ThO" (reaction (4)). ThO," (reaction (6)) is the second most
abundant product, while [Th, O, H]" (reaction (5)) is a minor
product. Note that previous theoretical work®*>*° indicates
that [Th, O, H]" is likely HThO". This structure will be adopted
for future discussion of [An, O, H]". At slightly higher energies
(~0.5-1.0), HThO" becomes the second most abundant pro-
duct. For UH" at the lowest energy, the dominant product is
UO," (reaction (6)). UO" (reaction (4)) is the second most
abundant product, while HUO' (reaction (5)) is a minor
product. Product branching remains relatively consistent for
energies below 1 eV. Differences in the product distributions
likely result from thermodynamic drivers. For example,
Do(OU™-0) = 7.56 £ 0.12 eV>® » Do(OTh*-0) = 4.87 + 0.04 eV,
so reaction (6) is significantly favored for UH" compared to ThH".
Reaction thermodynamics are discussed in greater detail below.
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Table2 A comparison of An"* (An=Th,U;n=1,2)and ThL* and UL" (L =
H, O) reaction efficiencies (k/kco)?

AnL' + OR  ICP-MS/MS? GIBMS® FTICR-MS?

Th' + O, 1.21 + 0.24 0.86 + 0.43; 1.12 + 0.45
Th*" + O, 0.56 + 0.28

ThH" + 0, 1.52 £ 0.76

ThO" + O, NR® NR®

U +0, 1.14+0.2 0.68 + 0.34; 1.17 £ 0.47
U**+0 0.53 & 0.26

UH' + 0, 1.26 + 0.63

Uo' + 0, 1.16 & 0.23  0.45 + 0.23; 0.95 £ 0.38
Th*+CO, 1.19 +0.60 0.88 + 0.18 0.35 & 0.18; 0.95 =+ 0.33
Th*" + CO, 0.55 & 0.28

ThH' + CO, 0.49 + 0.25

ThO" + CO, NR* NR°

U' + CO, 0.93 +£0.47 1.18 +0.24 0.29 4 0.15; 1.02 + 0.36
U*"+Co, 0.72 £ 0.36 0.38 & 0.17

UH'+ CO, 0.36 +0.18

UO" + CO, 0.02 + 0.0/ 0.004 + 0.002; 0.002 + 0.001

% Reaction efficiencies are calculated relative to the Su-Chesnavich
semiclassical trajectory collision limit. See ref. 40.” This work for
AnH'. Ref. 39 for An". U*' can be found in the SI Section.  Ref. 22,
25, 31, 41 and 42. ¢ Ref. 27, 43 and 44. ¢ NR = no observed reaction at
lowest energy studied.’ Calculated from ref. 25.

Product branching ratios are summarized in Table 3. Fig. S1-S4
also break down the branching ratios as a function of kinetic
energy.

At higher energies the product An" is observed with apparent
thresholds of 1.5 eV for Th" and 0.8 eV for U". This likely can be
attributed to reaction (7a), which is a collision induced dis-
sociation (CID) reaction. GIBMS work indicates that the thresh-
old for this process should be ~2.5 eV for both ThH" and UH"
(see Table 1).">*"'° Alternatively, the hydroperoxyl radical could
be formed through reaction (7b). Given Dy(O,-H) =2.24 + 0.01 eV,
the reaction (7b) threshold should be ~0.25 eV for both ThH" and
UH'. Exact assignment of the reaction is difficult because the ICP-
MS/MS data is extrapolated from multicollisional conditions to
“zero pressure” single collision conditions. Previous work has
indicated that while this extrapolation is reasonable, the cross
section may retain some multicollisional character.*®*® Multi-
collision conditions may lead to observable artifacts such as an

Table 3 Product branching ratios at select energies <1 eV. Relative
uncertainty is +£10%

Reaction Product 0.1 eV 0.5 eV 1eV
ThH' + 0, — ThO* 0.70 0.81 0.79
HThO" 0.09 0.13 0.10

ThO," 0.21 0.06 0.11

UH" +0, - uo* 0.31 0.26 0.32
HUO" 0.04 0.04 0.06

uo," 0.65 0.70 0.62

ThH' + CO, — ThO* 0.45 0.47 0.47
HThO" 0.55 0.53 0.53

ThO,* 0.00 0.00 0.00

UH' + CO, — uo* 0.28 0.31 0.40
HUO" 0.47 0.51 0.60

uo,” 0.25 0.18 0.00
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apparent threshold that is shifted to lower energies relative to the
thermodynamic threshold. Furthermore, AnH" can be partially
activated upon collision storing some energy within rovibrational
modes so that subsequent collisions may remove the ligand at
lower energies. By contrast, competition with the more favorable
reactions (4)-(6) may also delay the onset of reaction (7b). Conse-
quently, An* may be formed through either mechanism; never-
theless, the observed thresholds in Fig. 1 and 2 are consistent with
Do(Th'-H) =2.45 4 0.07 eV and Dy(U'-H) =2.48 & 0.06 eV reported
in GIBMS studies."®"!

AnH' + CO,

Fig. 3 and 4 display the absolute reaction cross section of ThH"
and UH" with CO, as a function of kinetic energy. Reactions
(8)-(11) were observed:

AnH' + CO, —» AnO"' + OCH (8a)
— AnO"+ CO + H (8b)

— [An, O, H]" + CO 9)

— AnO," + CH (10a)

— AnO," +C+H (10b)

— An' + H + CO, (11)

The observed reaction efficiencies are k/keo)(ThH') = 0.49 + 0.25
and k/k.oi(UH") = 0.36 4 0.18. Like AnH' + O,, the reaction of
AnH" with CO, has not been previously reported. The reactions
of An* + CO, have been previously reported for ICP-MS/MS,
GIBMS, and FTICR-MS.2>*73093139 Reaction efficiencies are

Energy (lab), eV
1 10

100

ThH' + CO, -

-
o

Cross Section (10™'® cm?)

01 T T T 1

 Fem e | II 1 ] L} 1 LI B )
1
Energy (CM), eV

Fig. 3 The absolute reaction cross section of ThH™ + CO, as a function of
kinetic energy in the laboratory frame (upper x axis) and center-of-mass
frame (lower x axis). The sum of the product cross sections (oo is
represented by a solid gray line. Individual products are ThO™* (red circles),
HThO™ (blue squares), Th* (green diamonds), and ThO,* (purple triangles).
The Su-Chesnavich semi-classical trajectory (gys) collision imit*° is
represented by a solid black line.
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Fig. 4 The absolute reaction cross section of UH* + CO, as a function of
kinetic energy in the laboratory frame (upper x axis) and center-of-mass
frame (lower x axis). The sum of the product cross sections (oior) is
represented by a solid gray line. Individual products are UO™ (red circles),
HUO™" (blue squares), U* (green diamonds), and UO,* (purple triangles).
The Su-Chesnavich semi-classical trajectory (gy,) collision limit*® is
represented by a solid black line.

listed in Table 2. For the atomic cations, ICP-MS/MS,*’
GIBMS,*" and FTICR-MS* reported values agree very well with
the exception of the FTICR-MS efficiencies reported by Santos
et al*” The AnH" reaction efficiencies are significantly reduced
from the atomic reaction efficiencies. Table 2 also lists k/k., for
AnO" reported from GIBMS and FTICR-MS experiments,>>?73143:44
While k/k.(AnH") is significantly reduced from k/k.(An"),
klkeo(AnH") >  klk.o(AnO"), see Table 2. For ThO" + CO,,
Do(OTh™-0) = 4.87 + 0.04 eV** < Dy(OC-0) = 5.45 €V, so no
reaction is expected. However, Do(OU™-0) = 7.56 + 0.12 eV*® »
Dy(OC-0) = 5.45 eV, so thermodynamics do not explain the low
reaction efficiency. Note also that by GIBMS,*" which measures the
reaction energy dependence, the observed reaction threshold (E,)
for ThO" + CO, did not match the thermodynamic threshold,
which indicates the presence of some barrier to reaction.

Unlike AnH' + O,, the primary reaction observed with CO,
was reaction (9). For ThH', HThO" was slightly favored by
HThO'/ThO" = 55/45 for all energies <1 eV. For UH', the
branching is HUO'/UO" = 60/40 (note UO," has been removed
for two energies, see Table 3) for all energies <1 eV. Reaction
(10) was observed for UH" at the lowest energies, but this
product was no longer observed by 1 eV with a rapid decline
occurring at ~0.4 eV. A slight increase in the reaction (8) cross
section occurs in this region, which may suggest a connection
between the two channels, possibly loss of an O ligand from
AnO,", but the energy resolution in Fig. 4 is not sufficient to
definitively establish this argument. Reaction (10) is not
observed until higher energies for ThH' with an apparent
threshold of 2 eV. Reaction (11) is presumably a CID reaction,
although the formation of HCO, is conceivably possible.
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Apparent thresholds of 1.5 and 1 €V were observed for ThH"
and UH", respectively. Despite the possible multicollisional
character retained in the reaction (11) cross sections, these
observed thresholds are likely consistent with the established
BDEs of ThH' and AnH".

Discussion

Comparison of reaction rates

The reaction efficiencies of An"™" (An = Th, U; n = 1, 2) and
AnL" (L = H, O) with O, and CO, from ICP-MS/MS,*
GIBMS,?>2531:4142 and FTICR-MS>"**** reactions are listed in
Table 2. For these reactions, the precursor ion includes An in
nominal oxidation states of I-1II. ICP-MS/MS data available for
the reaction U*' + CO, is also included in Table 2. The cross
section for this reaction can be found in Fig. S5 in the SI Section.

In general, the observed ICP-MS/MS k/k.., for atomic cations
matches reasonably well with the GIBMS measurements within
experimental uncertainty. Likewise, the observed efficiencies
from ICP-MS/MS are consistent with the Cornehl et al. FTICR-
MS*? results. The FTICR-MS results from Gibson and coworkers
are an average factor of 3 + 1 times lower than the GIBMS and
ICP-MS/MS values, Table 3. The difference between GIBMS and
FTICR-MS k/k., have been noted previously.>" Discrepancies
between the reaction efficiencies reported by ICP-MS/MS,
GIBMS, and FTICR-MS can likely be attributed to differences
in the starting electronic energy distributions and collision
conditions achieved by each of the methods.

The FTICR-MS work from Gibson and coworkers*”** are the
most complete for An (I-III) starting oxidation states. For the
reactions ThO™ + 0,/CO,, no reaction was observed. This result
is not surprising because both reactions are endothermic as
confirmed by GIBMS experiments.”>>" All other reactions were
observed by FTICR-MS. For An"" + O, (n = 1, 2) the reaction
efficiency decreases slightly with increasing oxidation state
(although with overlapping uncertainty). For UO" + O,, the
reaction efficiency also decreases slightly but is still within
uncertainty of both U™ (n = 1, 2) reactions. By contrast, the
efficiency of UO," (x = 0, 1) + O, measured by GIBMS are
identical within experimental uncertainty.*> The FTICR-MS
reaction trend for An"™" (n = 1, 2) + CO, appears to be reversed,
yet the efficiency for UO" + CO, is significantly reduced com-
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At present, a complete reaction set is not available for ICP-
MS/MS. Assuming that the ICP-MS/MS reaction efficiencies are
similar to those reported by GIBMS, then the reaction efficiency
may increase slightly for AnH' + O, compared to An" + O, but
would be within the combined experimental uncertainties. A
similar result may be expected for An>" given the historical
differences between FTICR-MS, GIBMS, and ICP-MS/MS. Reac-
tion enthalpies calculated from AnO}" (n = 0-2; x = 1, 2) values
compiled by Marcalo and Gibson'” indicate that all the O,
reactions in Table 2 will have similar thermodynamic drivers
(except ThO" + O,). Likewise, Table 4 indicates that the thermo-
dynamics associated with AnH' reactions with O, will be
similar. For the CO, reactions in Table 2, there is a substantial
difference between An" + CO, and AnH" + CO, reaction effi-
ciencies. Table 4 indicates ~0.5 eV difference in reaction
enthalpies.

The thermodynamics of the reactions observed in this work
are discussed in greater detail in the next section. Table S1 also
compiles the thermodynamic information for the reactions
listed in Table 2. For An > Np’, there is a significant difference
in thermodynamics between oxidation states. Marcalo and
Gibson tie this difference to E,(6d*)."” Because E,(6d*) are a
rough measure of the energy of the 6d orbitals relative to the 5f
orbitals populated in most An™" ground states, the difference
between reactivity observed in Table 2 may be a function of the
accessibility of the 6d orbitals. Conversely, the difference
between An reactivity with O, and CO, follow similar trends
regardless of the An oxidation state. The reduced reactivity of
CO, has been discussed in greater detail previously but has
been tied to the weak interaction of a late intermediate along
the potential energy surface.>®"3%8

An" thermochemistry

Most observed reactions are clearly exothermic reactions that
seemingly will only provide upper or lower limits to BDEs.
Nevertheless, the reactions here may refine existing or provide
new thermodynamic values. The expected reaction enthalpies
are discussed below.

The reaction enthalpy (A, Hg) for the ligand exchange reac-
tions, reactions (4) and (8), are:

A Hj (4) = Do(An*—H) + Dy(0O—0) — Dy(An*—-0)

pared to U™ + CO,. This result is echoed in the GIBMS report.>® — Do(O-H) (12)
Table 4 Bond dissociation energies of X—L and LX-O (X = C, O, An*, L = H, O) and reaction enthalpies in eV

X Dy(X-H)* Do(X-0)” Do(OX-H)*  Do(OX-0) AHZ (4)? AHS(8)° AH(6Y A HS(10)%

C 3.53¢ 11.09° 1.81 5.45¢

0 4.44° 5.11° 224 _

Th' 2.45 £ 0.07" 8.57 + 0.14' 4.87 + 0.04 —5.45 £ 0.16 —2.48 £ 0.16 —5.88 + 0.16 2.02 £ 0.16
Pa* 2.94 £ 0.54 8.29 £ 0.52 8.08 £ 0.30 —4.68 £+ 0.75 —1.71 £ 0.75 —8.33 £ 0.81 —0.43 £ 0.81
U’ 2.48 + 0.06" 8.01 + 0.13' 7.56 £ 0.12™ —4.87 £ 0.15 —1.90 + 0.15 —7.99 + 0.19 —0.09 + 0.19
Np+ 2.87 £ 0.51 7.88 + 0.10 6.32 + 0.23 —4.34 + 0.52 —1.37 + 0.52 —6.22 + 0.57 1.68 + 0.57
Pu’ 1.27 £ 0.83 6.75 + 0.20 5.28 + 0.39 —4.81 + 0.85 —1.84 + 0.85 —5.64 + 0.94 2.26 + 0.94
Am" 0.92 + 0.74 5.80 + 0.29 4.25 £ 0.58 —4.21 + 0.79 —1.24 + 0.79 —4.02 + 0.98 3.88 £ 0.98

“ Ref. 16 unless indicated otherwise. ” Ref. 17 unless indicated otherwise.
° See eqn (13)./ See eqn (16). £ See eqn (17). ” Ref. 10. ‘ Ref. 41. Ref. 22.
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A:Hj (8) = Do(An"—H) + Dy(OC—0) — Dy(An"—0)

— Do(OC—H) (13)

Existing thermochemical values are listed in Table 4. Both
reaction (4) and (8) are quite exothermic. A.H{(4)=
—5.45and —4.87¢eV for ThH' and UH', respectively, while
AHG(8) = —2.48 and — 1.90 eV. For the other An, the more
discerning reaction (8) should be exothermic if Dy(An"-0) >
Do(An"-H) + 3.64 eV. From D,(An"-H) listed in Table 4, reaction
(8) should be exothermic for An* = Th*-Am".
For reactions (5) and (9), the reaction enthalpies are:

AH(5) = Dy(O—0) — Dy(HAn"—O) (14)

AHE(9) = Dy(OC—0) — Do(HAn*—0) (15)

Consequently, reactions (5) and (9) are exothermic if
Do(HAn'-0) > D,(0-0)/Dy(OC-0). Fig. 3 and 4 indicate that
Do(HAn'-0) > D,(OC-0) = 5.45 €V for both Th" and U". The
branching ratios may provide additional information to refine
Do(HANn'-0). Assuming that the primary driver to the branching
ratios is the reaction enthalpy, then °4, Hy"(9) < °4,H,°(8) = —2.48
and —1.90 eV for ThH" and UH". This is true for Do(HTh"-0) > 7.93
and Dy(HU'-0) > 7.38 eV. Because reaction dynamics are con-
trolled by more than the thermodynamic driver, the BDEs may not
be this large. Nevertheless, comparison of theoretical bond
distances® {Th'-0) = 1.79 A and {HTh"-O) = 1.80 A indicates that
both the ThO" and HThO" BDEs are likely of similar strength,
consistent with Do(HTh'-0) > 7.93 €V.
For reaction (6) and (10), the reaction enthalpies are:

AH{ (6) = Do(An*—H) + Dy(O—0) — Dy(OAn*—0)

— Do(An*-0) (16)
A:H{(10) = Do(An*—H) + Dy (OC—0) + Dy (C—0)
— D() (OAH+*O) — DO(An+70)
— Do(C—H) (17)

A H§(10) = 2.02 £ 0.16 and —0.09 + 0.19 eV for ThH" and UH",
respectively. The apparent threshold observed for reaction (10)
in Fig. 3 is consistent with A H{(10) =2.02+0.16. Like-
wise, the observation of a barrierless exothermic reaction for
reaction (10) in Fig. 4 is also consistent with A.H{(10) =
—0.09 4 0.19 eV. Notably, eqn (17) requires that Dy(OAn*-0) +
Do(An"-0) — Do(An'-H) > 13.01 eV for reaction (10) to be
exothermic.

Table 4 indicates that this may only be true for PaH" and UH",
although the high uncertainty in A;Hj(10) = —0.43 +0.81 eV
may indicate otherwise for PaH'. Observation of the energy
dependence of reaction (10) may refine some of the uncertainty
in the reported Pa" BDEs.

There is a noticeable change in the reaction (10) thermo-
chemistry after UH', as detailed in Table 4. While it has been
clearly demonstrated that the 5f orbitals contribute to bonding
in linear OAnO", the primary participants in bonding are the
6d orbitals. Promotion energies to a state with one unpaired
6d electron are nearly equivalent in the early series
Ey(6d) Th" &~ Ey(6d) Pa” ~ Ey(6d) U" ~ E,(6d) Np* « Ep(6d)
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Fig. 5 The correlation between Ep(6d2) and the reaction (10) enthalpy
calculated using the values found in Table 4 and egn (17). The solid line
represents the least square linear regression trend line (—0.5 + (1.3 +
0.3)Ep(6d%), r? = 0.87).

Pu’ « Ey(6d) Am". For Epy(6d*), E,(6d*) Th® < E,(6d*) Pa" ~
E,(6d%) U" < Ep(6d”) Np" « E,(6d*) Pu’ « Ep(6d*) Am". This
appears to lead to a shift in the reaction (10) enthalpy after U to
a new trend as observed in Fig. 5. Note that Th' is excluded
from this analysis because it lacks the four valence electrons to
form strong dioxide bonds.

Promotion energies, Ep(6d) and E,(6d®), to some extent
represent the accessibility of the 6d orbitals for bonding.
Comparing these promotion energies to the A;H{(10) indicates
how influential the 6d orbitals may be in forming OAnO"
bonds. Assuming similar driving forces across the An series
to OAnO" bonding, the trend should be linear. Fig. 5 does
indicate a relatively linear correlation, yet a clear difference
between the early and latter An is observed. This mirrors
observations in other single ligand systems that may have
deviations in observed trends between Np* and Pu*.'®'® This
trend may suggest that there is a difference in bonding mecha-
nism (i.e. orbital participation) for NpO,'-AmO,". Considering
only spatial overlap as the driving force to molecular orbital
formation, Fig. 5 is consistent with 5f orbital participation
where the 5f orbitals are spatially larger for the early An.
Armentrout and coworkers®**® have demonstrated 5f orbital
participation for ThO," and UO,". 5f orbital participation in
hydrocarbon activation in the early An has also been argued
previously to interpret FTICR-MS studies of the reactions of An*
with hydrocarbons of varying lengths.*® Nevertheless, 5f orbital
participation in the early An cannot explain the trend observed
in Fig. 5. A natural bond order analysis of AnO," (An = U-Am)
presented by Feng, Glendening, and Peterson® indicates that
the 5f and 6d orbital participation in both the ¢ and © bonding
orbitals remains consistent across the four An at 50% 6d and
50% 5f (df hybrid orbital) and 50% 6d and 35% 5f (pd*f> hybrid
orbital), respectively. Computational studies® utilizing B3LYP
indicate two ¢ and two © bonding orbitals for neutral AnO,. o,

and n, orbitals were characterized as having major
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contributions from the O 2p orbitals with minor contributions
from the An 6d/7s orbitals. By contrast the o, and w, orbitals
were characterized by major An 5f and minor O 2p orbital
contributions. For the early An, the gerade orbitals are lower in
energy, but this shifts between Am and Cm. The shift in the
relative energy between the 5f and 6d orbitals is possibly the
driving force to the shift in bonding. Between Np* and Pu" is
where the 6d orbitals become less accessible. This concept can
be observed in Table 1 where the Ey(6d) values are listed and
Table S2 where E,(6d”) are listed. For both promotion energies,
there is a clear escalation in energies from Np* to Pu'. Since the
5f/6d orbital participation does not seem to vary significantly
according to theoretical observations, it is plausible that how
the participation is incorporated shifts (i.e. orbital overlap vs.
energy driven degeneracy).

An alternate explanation could be that NpO," is unusual.
Removing the NpO," from the trend in Fig. 5 (+* = 0.87) results
in an improved linear correlation (Fig. S6, r* = 0.99). This
correlation excluding NpO," is stronger than both of the linear
trends displayed in Fig. S7 (> = 0.95 for both trends). NpO,"
may be an outlier because the electronic configuration of Np" is
unusual for the early An series and has a "L; (5*6d7s) ground
level with a low lying °1, (5f*7s%, 0.003 eV) level.>> Pa* (n=4) and
U" (n = 5) both have 5f* >7s® ground configurations, although
the 5" ?6d7s configurations are very low lying at 0.10 and 0.04
eV, respectively. Pu” (n =7) and Am" (n = 8) both have 5" '7s
ground configurations. The 5f, 6d, and 7s orbitals of ground
state Np* are occupied, which may suggest that they are also
similar in energy. This energy similarity may drive a bonding
mechanism (orbital participation) for Np* that is different from
the other An*, although theoretical calculations indicate mini-
mal differences in the bonding orbital contribution.’® Np* also
has a low lying j = (5/2, 1/2) 5f°7s level at 0.01 eV, so if the
ground electronic configuration is related to the observed trend
in Fig. 5, then Np' can be grouped with both Pa’/U" and Pu'/
Am". The experimental uncertainty limits the conclusions that
can be drawn because the trend excluding NpO," (Fig. S6) and
the split trend (Fig. S7) are both reasonable. Additional experi-
mental work is necessary to provide support for the validity of
either argument.

Conclusion

The reactions of AnH" + 0,/CO, (An" = Th, U) may provide
additional insight into An bonding. Observed reactions, in
particular reaction (8), are consistent with thermochemistry
derived from previous reports.'®'” Extending these results to
the additional An in the series indicates that there may be a
change in bonding mechanism that starts at Np', Fig. 5.
Notably, at Np" the 6d orbitals become less accessible than
the earlier An’ as measured by E,(6d*). Computational
studies,®® however, suggest that there is minimal change in
the orbitals involved in AnO," bonding. Because the 5f orbitals
contract with increasing atomic number, the consistent com-
position of the An bonding orbitals may be indicative of the

This journal is © the Owner Societies 2026
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newer concept of energy driven covalency.” This concept is far
from proven, but observed shifts in bonding in gas phase
experiments*®*® are consistent with an energy driven covalency
model. Although much of the focus of An chemistry has been
on when and why the 5f orbitals participate in bonding, these
may be the wrong questions to ask. It appears that there may be
a fundamental shift in bonding mechanism between early and
latter An. Additional studies should be focused on understand-
ing that difference.
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