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ABSTRACT 

 Laser vaporization of uranium in a pulsed supersonic expansion of nitrogen is used to 

produce complexes of the form U+(N2)n (n = 1–8).  These ions are mass selected in a reflectron 

time-of-flight spectrometer and studied with visible and UV laser fixed-frequency 

photodissociation and with tunable infrared laser photodissociation spectroscopy.  The 

dissociation patterns and spectroscopy of U+(N2)n indicate that N2 ligands are intact molecules 

and that there is no insertion chemistry resulting in UN+ or NUN+.  Fixed frequency 

photodissociation at 532 and 355 nm indicate that the U+–N2 bond dissociation energy varies 

little with changing coordination.  The photon energy and the number of ligands eliminated 

allows an estimate of the average U+–N2 dissociation energy of 12 kcal/mol.  Infrared bands are 

observed for these complexes near the N−N stretch vibration via elimination of N2 molecules.  

These resonances are observed to be shifted about 130 cm–1 to the red from the free-N2 

frequency for complexes with n = 3–8.  Density functional theory indicates that U+ is most stable 

in the sextet state in these complexes, and that N2 molecules bind in end-on configurations.  The 

fully coordinated complex is predicted to be U+(N2)8, which has a cubic structure.  The 
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vibrational frequencies predicted by theory are consistently lower than those in the experiment, 

independent of the isomeric structure or spin state of the complexes.  Despite its failure to 

reproduce the infrared spectra, theory provides an average U+–N2 dissociation energy of 11.8 ± 

0.5 kcal/mol, in good agreement with the value from the experiments. 

 

INTRODUCTION 

 Actinide chemistry most often features the uranyl cation, UO2
2+, because this is the 

prominent species present in solution.1-5  However, uranium nitrides are also of interest as a class 

of ceramic materials being implemented as new nuclear energy sources.6-9  Uranium dinitride, 

NUN, is of particular interest because it is isoelectronic with the uranyl cation, UO2
2+.  However, 

few uranium complexes are known that contain the nitride or dinitride.  Transition metal 

complexes with nitrogen are of course well-known in inorganic and organometallic chemistry 

because of the widespread importance of nitrogen activation in chemistry and biology.  

Transition metal neutral and ionic complexes with N2 have been studied extensively with mass 

spectrometry and optical spectroscopy, as well as computational chemistry.10-26  Actinide-

nitrogen complexes are much less common, and the presence of f electrons is expected to have a 

strong influence on their bonding.  In this study we employ UV-visible and infrared 

photodissociation measurements to investigate U+(N2)n complexes. 

Although uranium-nitrogen bonding is uncommon, several studies have investigated 

these interactions.  New approaches in synthetic chemistry have produced a variety of ligated 

uranium-nitrogen complexes.27-36  Isolated uranium-nitrides and uranium-nitrogen complexes 

have been studied with infrared spectroscopy of species produced in rare gas and nitrogen 

matrixes.37-45  Unfortunately, gas phase spectroscopy on uranium-nitrogen compounds is quite 
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limited.  The UN diatomic has been studied using resonant photoionization spectroscopy.46,47  

Bowen and coworkers recently reported the photoelectron spectrum of the uranium dinitride 

anion.48  This study revealed a closed-shell electronic structure for the corresponding neutral 

with uranium in the +6 oxidation state, isoelectronic with the uranyl cation.  The insertion of U 

into N2 was found to result in a linear structure with each nitrogen triply bonded to the uranium. 

 The structure and bonding of actinide molecules present a range of challenges for 

computational chemistry.  Accurately modeling the effects of relativistic electron velocity and 

partially occupied f orbitals are active areas of research.  The large number of electrons poses 

further issues of computational cost.  Relativistic Hamiltonians with all-electron treatments are 

preferred but are prohibitively expensive for large molecules.  Fully relativistic effective core 

potentials (ECP) reduce computational expense and provide reasonably accurate treatment of 

valence electrons, where relativistic effects are small.  The recently published cc-pVnZ-PP (n = 

D, T, Q) basis set which uses the Stuttgart/Köln fully relativistic 60 electron ECP for uranium 

has attracted significant interest for actinide chemistry.49,50  This is compatible with Dunning 

basis sets on non-relativistic atoms such as nitrogen.  However, this and other actinide 

computational methods need validation through gas phase spectroscopy on uranium complexes.  

There are several examples of gas phase spectroscopy for small uranium oxides and uranyl ions 

with polyatomic ligands with corresponding computational work.51-67  However, there are few 

examples of small ligated species that are more tractable for theory and allow its performance for 

coordination numbers and structures to be evaluated.  In the present work, we investigate 

infrared spectroscopy of the U+(N2)n complexes using density functional theory (DFT) and the 

B3LYP functional with the cc-pVTZ-PP basis sets to predict structures and spectra of these 

complexes for comparison to our experiments.  Previous computational work on neutral U(N2)n 
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molecules by Gagliardi and coworkers used DFT with the B3LYP functional and the SDD 

relativistic ECP, combined with large Pople basis sets.43  These computations predicted that the 

fully coordinated complex contained seven nitrogen molecules bound end-on to the neutral 

uranium.   

Infrared photodissociation (IR-PD) spectroscopy has been applied previously to transition 

metal cation-N2 complexes of vanadium, niobium and rhodium.19,20,23  These were generally 

observed to have end-on bonding of nitrogen to metal, N−N stretches with strong IR activity, and 

N−N stretches that were shifted to the red from the frequency of isolated N2 (2330 cm-1).  IR-PD 

has also been successful in recent investigations of uranium oxides and carbonyl complexes.66,67  

In the case of U+(CO)8, the C−O stretch vibration was observed about 60 cm–1 to the red of the 

vibration in the isolated CO molecule (2143 cm-1).66  In the case of either CO or N2 ligands, the 

well-known effects of σ donation and π back-bonding govern the charge transfer between ligand 

and metal, and are recognized to cause the shifts of the ligand vibrations.  For transition metals, 

these effects involve the d electrons, but the role that f electrons may have on such interactions is 

not well documented.  The results presented here allow a comparison of structures and spectra 

for the uranium-nitrogen complexes to the predictions of theory and to those of the carbonyls 

studied previously.  

 

EXPERIMENTAL 

Uranium cation-nitrogen complexes are produced in a pulsed supersonic expansion of 

100 psi UHP nitrogen (Airgas) with laser vaporization68 of a solid rod of depleted uranium.  A 

Spectra Physics INDI Nd:YAG laser is used to produce up to 20 mJ/pulse at 355 nm for the 

vaporization.  Mass separation and selection were carried out in a reflectron time-of-flight mass 
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spectrometer described previously.69,70  After mass selection, photodissociation is conducted in 

the turning region of the reflectron, and mass analysis of the dissociation products is determined 

by the transit time through a second flight tube.69,70  The instrumentation and methods for 

photodissociation are similar to those employed in our recent study of uranium oxide clusters.71  

Laser radiation for fixed-frequency photodissociation at 532 and 355 nm is produced by a 

Spectra Physics GCR-150 Nd:YAG laser.  Tunable infrared light for photodissociation is 

produced with a Nd:YAG-pumped infrared OPO/OPA (Laser Vision).  Infrared radiation is 

passed through the turning region of the reflectron and retro-reflected with a concave gold 

folding mirror to improve the photodissociation yield. 

Computational studies on uranium cation-nitrogen complexes were carried out with 

density functional theory and the B3LYP functional using the cc-pVTZ-PP basis set, which 

includes the Stuttgart/Köln fully relativistic 60 electron ECP for uranium,49,50 using the 

Gaussian16 program package.72  Structures containing the NUN+ core ion resulting from 

possible insertion chemistry were investigated for several of the smaller complexes.  The relative 

energies for all proposed isomers of U+(N2)n (n = 1–8) were investigated for doublet, quartet, and 

sextet spin states.  Isomers incorporating either side-on, or end-on bonds, or both in combination, 

were considered and optimized without structural constraints.  Vibrational frequency and natural 

bond orbital (NBO) analyses were conducted on all optimized structures.  A scaling factor of 

0.951 was determined by predicting the frequency of the N2 stretch at the same level of theory, 

and this was applied to all computed frequencies for comparison to the experimental spectra. 
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RESULTS AND DISCUSSION 

 The mass spectrum of cations produced by laser vaporization in a nitrogen expansion is 

shown in Figure 1.  The peak for U+ is off-scale and much larger than those for any complex or 

cluster ion observed, indicating a relatively inefficient clustering of molecular nitrogen with U+.  

There are small amounts of oxides and doubly charged ions, but the most prominent masses 

correspond to singly-charged ion-molecule complexes of the form U+(N2)n.  The mass 

coincidence between UN+ and (N2)9
+ leaves some confusion as to the identity of the small peaks 

between each of the numbered U+(N2)n peaks.  However, the occurrence of well-resolved (N2)n
+ 

peaks between U2+ and U+, where no UN+ is possible, suggests that most of these peaks are due 

to pure nitrogen cluster ions.  The small peak observed as a shoulder on the left side of UO+ is 

UN+ and/or (N2)9
+.  Complexes of U2+(N2)n were observed in the 100 to 200 m/z range; these 

peaks are less intense than the N2 cation clusters in this region.  The intensities of the U+(N2)n 

peaks are greatest in the range of n = 1–8, with a sharp decline after this.  The peaks for even 

values of n tend to be slightly more intense, and this is most noticeable for n = 8.  The sharp 

decline of intensity for n > 8 strongly suggests that eight ligands complete the coordination 

around the U+ ion.  We saw a similar coordination of eight ligands around U+ in our previous 

study of U+(CO)n ion complexes.66 

 Because the U+ ion is expected to have a dense manifold of excited electronic states, we 

expected that these U+(N2)n complexes would absorb at visible and ultraviolet wavelengths.  To 

investigate this, we employed fixed-frequency photodissociation measurements at the 532 and 

355 nm wavelengths available from Nd:YAG laser harmonics.  We found that all of these 

complexes absorbed and photodissociated efficiently at both wavelengths.  Photodissociation 

mass spectra were obtained by subtracting the spectrum for each ion observed with the 
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photodissociation laser off from that with it on.  In the resulting difference spectra, negative 

peaks indicate the loss of signal for the dissociated parent ion and the positive peaks indicate the 

resulting photofragment ions.  The photodissociation mass spectra observed for U+(N2)8 with 

different excitation wavelengths are shown in Figure 2.  As indicated, multiple N2 molecules are 

eliminated by photodissociation at each of these wavelengths.  The dependence of the fragment 

ion peak intensity on the photodissociation laser fluence shows that the formation of U+ responds 

non-linearly compared to the other fragment ions for both 532 and 355 nm photodissociation.  

For measurement with 355 nm, the n = 1, 2 and 3 fragments are observed with the same relative 

intensity regardless of laser power.  The same is true of the n = 3 and 4 fragments observed at 

532 nm.  These fragments are therefore likely formed as the result of a single photon process.  

The number of ligands eliminated at each photon energy provides the average bond dissociation 

energy (BDE) per ligand.  The elimination of 6–7 N2 from U+(N2)8 at 355 nm (28,170 cm-1; 

80.54 kcal/mol) indicates BDE values of 11.5–13.4 kcal/mol.  The elimination of 4–5 ligands at 

532 nm (18800 cm-1; 53.75 kcal/mol) likewise indicates an average BDE of 10.8–13.4 kcal/mol.  

These two results provide a consistent overall estimate of the N2 binding energy of about 12 

kcal/mol.   

If the average U+–N2 BDE is in the range of 12 kcal/mol (∼4200 cm-1), then single photon 

photodissociation should not be possible with infrared light in the region of the N−N stretch 

vibration (2330 cm-1 for the isolated molecule).  Nevertheless, as shown in the lower trace of 

Figure 2, we do detect photodissociation with infrared excitation in this region when the laser is 

tuned to a resonance in the spectrum (see below).  The lower trace of Figure 2 shows that 1−2 N2 

molecules can be eliminated efficiently in this way, with smaller peaks detected for the loss of 

3−4 molecules.  If this excitation is single photon, then the BDE must be less than about 1000 
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cm-1 (∼3 kcal/mol).  This infrared result therefore seems to be inconsistent with the results at 532 

and 355 nm.  However, the conditions of our infrared experiments suggest that the IR 

dissociation is a multiphoton process.  We were unable to detect efficient dissociation with an 

unfocused IR laser, and therefore focused the laser to detect this signal.  Laser fluence variations 

produced a non-linear response in fragmentation intensities for all ions studied.  The infrared 

signals are therefore likely the result of multiphoton absorption and this result is not inconsistent 

with the BDE values derived earlier.  If the BDE is about 12 kcal/mol, then two-photon 

absorption of infrared photons in this region would be sufficient to cause dissociation.  Two-

photon absorption is not at all unreasonable with a focused infrared laser and the strong infrared 

intensities for the N−N stretches, which are computed to be in the range of 1000−2000 km/mol 

(see below). 

These photodissociation experiments reveal information about the composition of these 

ionic complexes.  First of all, there is no evidence for the formation of any molecule containing 

an odd number of nitrogen atoms in the fragment ions.  All the fragmentation at all wavelengths 

leads only to the loss of one or more N2 molecules.  The small peaks between U+ and n = 1 in 

Figure 2 were determined to result from photodissociation to form U+ and U+(N2) by nearby 

masses not fully attenuated by the mass selector.  This suggests that there are no UN+(N2)n 

species present which might result from reactions of U+ with N2 under the energetic plasma 

conditions.  There also appear to be no ions of the form NUN+(N2)n which might result from 

insertion reactions.  This is evident because the photodissociation experiments at 532 and 355 

nm all terminate at the atomic U+ ion rather than NUN+.  Neutral NUN is isoelectronic to UO2
2+ 

and therefore expected to be strongly bound, and NUN+ should also have strong covalent 

bonding.  If NUN+ were present in these ion clusters, it would likely survive as a terminal ion, 
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but we do not see this.  Bowen and coworkers48 observed negative ions of the form NUN− and 

Andrews and coworkers43-45 detected similar neutral reaction products in matrix isolation 

experiments.  However, this insertion product is not seen in our dissociation experiments, and is 

apparently not formed in our source.  It is conceivable that NUN+ ions are formed, but that they 

do not absorb and dissociate at either of the 532 or 355 nm wavelengths.  We do not have any 

information about the excited states of NUN+, and cannot be sure that it would absorb at these 

wavelengths.  On the other hand, we have used high-power laser conditions that usually 

dissociate ions even if they do not absorb strongly.  Therefore, although we cannot absolutely 

prove that NUN+ ions are not present, the simplest interpretation of our fragmentation data is that 

these ions represent U+(N2)n atomic ion-molecular complexes. 

 As shown below, infrared excitation leads to photodissociation of these ions with 

resonances in the region near the N−N stretch of molecular nitrogen (2330 cm-1).  

Photodissociation mass spectra for U+(N2)n for n = 3–8 were obtained at the peak absorption 

found for each complex.  The n = 1 and 2 ions did not dissociate under these conditions, 

suggesting that they have relatively high dissociation energies.  Other ions dissociated by 

elimination of one or more N2 molecules, as shown in Figure 2 for the n = 8 species.  Figure S5 

in the Supporting Information file shows the fragmentation patterns for the n = 3–8 ions.  Those 

ions larger than n = 4 all dissociate via a sequence of N2 losses terminating at the n = 4 ion.  This 

suggests that the n = 4 complex possesses some additional stability beyond that of larger 

complexes.  This complex would possess a half-filled inner coordination if the fully coordinated 

complex is n = 8 as indicated by the mass spectrum in Figure 1. 

 The infrared photodissociation (IR-PD) spectra of U+(N2)n (n = 3–8) are shown in Figure 

3.  Because fragmentation was not detected with infrared for the n = 1 or 2 complexes, no spectra 
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were obtained for those ions.  We attempted to obtain spectra for these ions via rare gas tagging 

with argon, but were unable to produce sufficient quantities of the tagged ions.  As shown in the 

figure, the n = 3−8 ions all have resonances near that of the N−N stretch of the isolated N2 

molecule at 2330 cm-1, whose position is marked with the vertical dashed red line.  The n = 3 and 

4 complexes have three and two bands each, whereas all the larger complexes have a single 

resonance.  The resonances for the n = 5, 6, 7 complexes are broad, suggesting the possibility of 

overlapping bands for multiple isomers, whereas that for the n = 8 complex is particularly sharp.  

The most prominent bands for all of these complexes appear at frequencies about 100 cm-1 lower 

than the free-N2 stretch; weaker bands for the n = 3 and 4 complexes appear at frequencies 

higher than the N2 stretch.  The n = 8 complex is the largest ion produced in the mass 

spectrometer with sufficient intensity to allow a spectrum to be measured. 

 The shift of the N−N vibrations to lower frequency upon binding to a metal ion has been 

seen previously for transition metal ion-nitrogen complexes,19,20,23 and for neutral U(N2)n, 

UN(N2)n and NUN(N2)n complexes in matrix isolation experiments.44  This red shift is explained 

using the Dewar-Chatt-Duncanson model of metal-ligand charge transfer, and is analogous to the 

shifts seen for many metal-carbonyl complexes.73  In the case of metal carbonyls, there is a 

competition between ligand→metal σ-donation, which leads to higher frequencies, and 

metal→ligand π back-bonding, which leads to lower frequencies.  In the case of metal-nitrogen 

complexes, both effects tend to lower the N−N stretch frequency, as seen here.  These effects 

have been seen for transition metal ion-nitrogen complexes,19,20,23 and for the U+(CO)n 

complexes,66 but this is the first example of an actinide cation-nitrogen system, where the f 

orbitals are involved.  The specific values of these red shifts are expected to vary with the 

structure and electronic state of the complexes, as discussed below. 
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 Computational chemistry at the B3LYP/cc-pVTZ-PP level was used to predict the 

structures, electronic states, and vibrational frequencies of U+(N2)n for n = 1–8, and NUN+(N2)n–1 

for n = 1–7 for comparison to the IR-PD spectra.  Doublet, quartet, and sextet electronic states 

were investigated for different structural isomers of U+(N2)n.  A full account of this 

computational work is provided in the Supporting Information file.  The sextet electronic states 

are invariably the lowest in energy by about 9 kcal/mol, followed by the quartets and then the 

doublets, which are usually 12 to 20 kcal/mol higher in energy than the sextet.  It should be noted 

that DFT tends to over-stabilize high spin states, although this effect is unlikely to produce errors 

on the order of 9 kcal/mol.  We also recognize that spin is not a good quantum number for a 

heavy element such as uranium, but this provides a convenient framework for these 

computations.  In the case of the NUN+(N2)n–1 complexes, the doublets are lowest in energy.  

This is because of the closed-shell nature of NUN, which consists of U in the +6 oxidation state 

with triple bonding to two axial nitrogen atoms.  Formation of NUN+ in higher spin states would 

correspond to ionization of excited states of NUN, because a closed shell neutral can only 

produce a doublet upon ionization.  Ionization of this species requires the removal of an electron 

from a core orbital of uranium.  The ionization potential (IP) of NUN is predicted to be 8.87 eV, 

which is about 3 eV higher than that of uranium atom (6.19 eV).50  This IP difference outweighs 

the added stability of the covalent bond energy, and the NUN+ doublet is predicted to lie 11.9 

kcal/mol above the energy of U+(N2).  As indicated in Table 1, the structures of NUN+(N2)n–1 

complexes for n = 2 or 3 are also predicted to be less stable (+9.4 and +8.3 kcal/mol) than the 

non-inserted isomers, and the energy difference compared to U+(N2)n structures becomes even 

greater in the larger clusters. 
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The structures predicted for the U+(N2)1-8 complexes are shown in Figure 4.  The relative 

energies of different isomers and spin states are presented in Table 1.  The isomers shown here 

are those predicted to be most stable for each value of n, and they all have the nitrogen molecules 

bonded in end-on configurations.  Similar end-on ligand configurations were reported previously 

for neutral U(N2)n, UN(N2)n and NUN(N2)n complexes in matrix isolation experiments.43,44  

Structures with side-on or a mixture of end-on and side-on bonding were also investigated, as 

described in the Supporting Information.  The n = 4 and 5 complexes are predicted to have 

trigonal pyramidal and trigonal bipyramidal coordination, respectively.  The n = 6 and 7 

complexes have asymmetric coordination, with some ligands in positions resembling those in the 

cubic structure found for n = 8, but with vacancies in the coordination.  The n = 8 complex is 

predicted to have cubic symmetry in the Td point group.  The metal−N2 bonding distances vary 

in different structures, but are all close to 2.5 Å.  The end-on bonding in these structures results 

in a slight elongation of the N2 bonds compared to those in the isolated molecule.  This 

elongation varies with bonding structures and positions between 0.033 Å in the 1a sextet and 

0.008 Å in the 8a sextet. 

The binding energies of the nitrogen molecules in these structures are predicted to be in 

the range of 9−13 kcal/mol (Table 1); the average BDE over different cluster sizes is 11.8 ± 0.5 

kcal/mol.  As discussed previously for metal-nitrogen ions, this is the range expected for bonding 

that is primarily electrostatic (charge-quadrupole) in nature.19,20,23  These calculated bond 

energies are consistent with the average value of 12 kcal/mol estimated earlier from the 

photodissociation experiments.  The highest bond energy predicted is that for isomer 4a in its 

sextet state (14.0 kcal/mol).  Consistent with this, the n = 4 species also shows a tendency to 

survive more in the photodissociation experiments (Figure 2). 
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 The measured spectrum of U+(N2)3 is shown in Figure 5 together with the spectra 

predicted by theory for several possible isomers and spin states.  The complete details of the 

structures are provided in the Supporting Information.  As shown, no spectrum predicted for any 

single isomer or spin state matches the experiment.  The spectrum for the lowest energy isomer 

3a does not match the spectrum very well in terms of band positions, but it has the pattern of one 

strong band at lower frequency and another weaker one at higher frequency which is somewhat 

like that of the more intense bands in the experiment.  The structures of the 3a species in 

different spin states are similar, but the computed relative energies increase with lower spin 

states.  The spectra predicted for isomer 3a in its sextet, quartet, and doublet states have different 

patterns, but all of their bands appear at frequencies much lower than the bands in the 

experimental spectrum.  The 3b and 3c sextets both include one and two N2 ligands, respectively, 

binding side-on, with relative energies of +3.2 kcal/mol for 3b and +4.1 kcal/mol for 3c.  These 

structures both have bands predicted within 20 cm–1 of the main experimental peak at 2245 cm–1 

peak, but each also has bands predicted near 1880 cm–1 from the stretching of the side-on bound 

N2, where no signal is observed in the experiment.  Isomer 3d has an NUN+ core ion in its 

doublet state, which was investigated to see if there was an evidence for insertion chemistry.  

The nitride stretch vibrations from this core ion are predicted below 1000 cm-1, which is well 

below the dissociation energy and in a region where the available laser power is far too low for 

multiphoton dissociation.  However, the stretches of the additional N2 ligands for this possible 

isomer could be detected.  This structure is predicted to produce nearly no red shift of the N2 

stretch in the end-on ligands, with a band at 2326 cm–1, in nearly the same position as the free N2 

stretch at 2330 cm–1.  This is higher than the main experimental band, but lower than the broad 

high frequency band.  The formation of the NUN+ structure is expected to be energetically 
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unfavorable, decreasing the stability of the complex by 8.3 kcal/mol.  However, the vibration at 

2336 cm–1 predicted for isomer 3d is the closest of any band for any isomer to the experimental 

peak at 2394 cm–1.  This spectral evidence suggests that an NUN+ ion might be present at low 

concentration, but this contradicts our photodissociation patterns at 355 and 532 nm, which 

found no evidence for a surviving ion with this composition.  Because of these conflicting 

observations, it is not clear at all how to assign the U+(N2)3 spectrum.  It is most likely to arise 

from the presence of more than one structural isomer or spin state, but none of the spectra match 

the experiment very well.  We must therefore conclude that either the computed energies of 

different isomers and spin states, or the vibrational patterns predicted for them, are in error. 

 The experimental spectrum of U+(N2)4 is shown in Figure 6 together with simulated 

spectra of isomers 4a−d, which have various end-on and side-on structures with N2 ligands 

attached to a U+ core ion in its sextet spin state.  Isomer 4f is also included, which is the lowest 

energy structure containing an NUN+ core ion.  There are multiple ways to arrange the end-on N2 

ligands to produce isomers such as 4a and 4c, and side-on binding produces additional isomers.  

The 4a and 4c isomers are both predicted to have intense absorptions which might be attributed 

to the observed 2232 cm–1 peak.  Isomer 4c is only slightly distorted from a square-planar 

configuration, which would have only a single band corresponding to degenerate vibrations.  

However, as was the case with U+(N2)3, these vibrations are all predicted to be too far to the red 

of the measured absorption.  The peak predicted at 1978 cm–1 for isomer 4a is not evident in the 

experimental data, as only baseline is observed to the red of the 2232 cm–1 peak.  The 4d isomer 

predicts the N2 ligands with side-on binding to vibrate in the region of 1900 cm–1 where again 

there is no signal.  In the spectra for both U+(N2)3 and U+(N2)4 the N2 in an end-on bond is 

expected to have a resonance over 100 cm–1 to the red of the observed peak, and the side-on 
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binding N2 is expected to have this over 300 cm–1 to the red of the observed peak.  It may be that 

these calculations overestimate the effect of the uranium cation on the end-on nitrogen.  If this is 

the case, then it is plausible that isomer 4c is the structure present, and its two peaks are simply 

not resolved.  Furthermore, none of these spectra predict any vibration which could explain the 

peak at 2371 cm–1.  This could be a combination band of the N2 stretch with a low-frequency 

U+–N2 stretch, which is predicted in about the right frequency range, but whose IR activity in 

such a combination would not be predicted by the present harmonic theory.  Alternatively, this 

peak could originate from the presence of a small amount of NUN+(N2)3, as noted above for the 

n = 3 complex.  As described there, an NUN+(N2)2 structure is predicted to be less stable, but 

produces the highest frequency N2 stretch. 

 Figure 7 shows the infrared spectrum of U+(N2)6 compared to the spectra for different 

structural isomers.  The spectrum has a single relatively broad band at 2198 cm-1.  The trace of a 

higher frequency band seen in the smaller clusters (e.g., 2371 cm-1 for the n = 4 species) is no 

longer detected for this cluster size.  As we found for the smaller complexes, the spectra of 

sextet, quartet and doublet species having the same structures are very similar, and so we show 

only the spectra for the lowest energy sextet structures.  Structures 6a and 6b have a U+ core ion 

with all ligands bound in end-on configurations, in structures close to an octahedron.  As seen for 

the smaller clusters, the N−N stretches predicted for these structures are lower than the main 

band in the experiment.  However, the discrepancy is less than it was for the smaller clusters, and 

the predicted bands form a close multiplet that might not be resolved in the experiment.  The 

multiplet splittings result from the small displacements from the octahedral structure; if the 

structure were octahedral, the high symmetry would result in a degenerate vibration with a single 

band.  Structure 6d is the lowest in energy of several species having side-on bonding to N2 
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ligands.  As in the n = 3 and 4 species, such ligands are again predicted to have strong vibrations 

at low frequencies, where no signal is detected.  Finally, isomer 6g has the NUN+ core ion.  This 

species again has a single high frequency vibration for its N2 ligands, but its computed energy is 

even higher relative to other structures, and no signal is detected in this region for this cluster.  

 The experimental spectrum of U+(N2)8 is shown in Figure 8 with spectra predicted by 

theory for the three lowest energy isomers.  The most stable isomer 8a contains only end-on 

bonded ligands in a highly symmetric cubic structure, whereas isomers 8b and 8c each contain 

two N2 ligands with side-on bonding and are predicted to be considerably less stable.  Because of 

the filled coordination of these complexes, side-on binding introduces steric strain not evident in 

the smaller complexes.  Rotation of two ligands from the end-on configuration of isomer 8a to 

side-on configuration bonds results in increases in energy of 18.5 and 18.7 kcal/mol for isomers 

8b and 8c.  By comparison, rotation of two ligands in U+(N2)4 increased the energy by only 5.2 

kcal/mol (isomer 4d; Figure 6).  This effect is attributed entirely to the steric crowding of ligands 

about the uranium ion.  This crowding also results in a change in coordination geometry from the 

cubic structure of isomer 8a to the square antiprism configurations for isomers 8b and 8c.  A 

similar square antiprism structure was found previously for the coordination of U+(CO)8, 

although in that complex all the carbonyl ligands were predicted to bind in end-on U+–CO 

configurations.66  Unlike the patterns seen for the smaller clusters, the experimental and 

predicted spectra here seem to be in better agreement.  The peak predicted for isomer 8a at 2184 

cm–1 is only 28 cm–1 lower than the single sharp experimental band at 2212 cm-1.  No other 

isomer of this complex is predicted to produce a spectrum consisting of a single peak.  The 8a 

isomer optimized to cubic coordination without any symmetry constraints and is expected to 

represent the fully coordinated complex.  The spectra for other low energy isomers with ligands 
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in side-on configurations have additional structure both above and below the experimental band, 

and can be safely ruled out.  The U+(N2)8 complex can therefore be concluded to have the highly-

symmetric cubic structure.  According to the strong preference for this species in the mass 

spectrum, this can be concluded to be the filled coordination for nitrogen molecules around the 

U+ ion.  This cubic structure for U+(N2)8 contrasts to the square antiprism found previously for 

U+(CO)8,66 but the eight-fold coordination for both ligands makes sense.  In both cases, the 

number of valence electrons (5 on the U+ plus 16 from the ligands = 21) is close to the closed-

shell count of 22 expected for stable actinide complexes.1-4 

 As shown and discussed here, the overall agreement between theory and experiment for 

the vibrational patterns of these U+(N2)n complexes is disappointing.  Figures 5−8 here, and those 

for U+(N2)5 and U+(N2)7 in the Supporting Information (Figures S54−56, S77−78), show that the 

agreement is worse for the small clusters, which have partially filled coordination, and 

progressively better for the larger ones.  It is difficult for the small clusters to find any predicted 

vibrational pattern that matches the experiment, whereas the spectra predicted for U+(N2)7 and 

U+(N2)8 are in reasonable agreement with the experiment.  It is not clear what causes the 

deficiencies of theory, nor why it should be worse for the smaller complexes.  Any of the 

approximations that are used to make actinide theory computationally affordable may be the 

issue.  This includes the use of an ECP with the implicit neglect of core-valence correlation and 

relativistic effects on valence electrons.  The electronic states of U+ are likely better represented 

with multireference wavefunctions.  Strong field spin-orbit in uranium causes further coupling 

between states of different multiplicity.  Unfortunately, multireference calculations and 

appropriate treatment of spin-orbit coupling are not affordable in complexes containing more 

than two or three atoms in addition to uranium.  To further investigate this issue, and to validate 
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the level of theory used here, we have applied this method to the U+(CO)8 and UO2
+(CO)5 

complexes studied previously by our group.66  As shown in Figures S87 and S88 in the 

Supporting Information, the present level of theory performs significantly better than the 

DFT/PBE method with the SDD pseudopotential employed previously,66 and reproduces both the 

direction (relative to the CO stretch of the isolated molecule) and the magnitude of the shifts for 

carbonyl stretch frequencies of these complexes.  We find a similar result for the spectra 

measured previously for UO4
+ and UO6

+ ions,67 as shown in Figures S89 and S90.  However, 

these carbonyl and oxo ions are all fully coordinated like the U+(N2)8 complex here.  We are 

unable to investigate any other partially coordinated complexes because of the lack of suitable 

experimental data.  Future experiments will continue this line of work, examining under-

coordinated species of uranium and its oxide ions with a variety of small ligands. 

 Although the spectra predicted by theory are not definitive, the patterns produced are 

useful in identifying the most likely structures present in the experiment.  Except for the n = 3 

complex, the experimental spectra of all the cluster sizes are dominated by one main resonance.  

This implies that the structures have high symmetry.  If there are distortions from these 

structures, the vibrations that are degenerate at high symmetry begin to separate and split apart 

gradually.  The broader widths of the spectra for the n = 3, 5, 6, 7 complexes suggest that their 

structures may deviate slightly from high-symmetry, producing some width from un-resolved 

resonances.  The bands for the n = 4 and 8 complexes are sharper, suggesting higher-symmetry 

structures and/or fewer contributing isomers.  Except for the n = 3 complex, theory for each of 

the different cluster sizes has at least one isomer at low energy that has a high-symmetry 

structure, or one close to this, with either a single main band or a few closely-spaced bands.  For 

the n = 4 complex, isomer 4c has a structure near square-planar, with two closely-spaced bands.  
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Isomer 5a in its sextet and doublet states (Figure S54) has a structure near trigonal pyramidal, 

with two closely-space bands.  Isomer 6a and 6b has a structure close to octahedral in several 

spin states.  Isomer 7a (Figure S77) has a high-symmetry structure, with nearly a single band in 

each of its spin states, and isomer 8a is the cubic structure with a single predicted band, as noted 

earlier.  If we admit that theory might miss these exact frequencies, each of these high-symmetry 

structures is plausible and provides a reasonable assignment for our spectra.  It is clear, however, 

that we cannot make any firm conclusions about spin states.  There are really no examples where 

low-lying structures have a distinctive pattern for different spins that can be assigned to the 

experimental spectrum.  Except for the n = 5 species (Figure S54), the different spin states for 

each isomer have very similar band patterns.  Therefore, although the data for these uranium-

nitrogen ions are not definitive for the smaller clusters, our results suggests the most likely 

structures for these species, and it provide more clear conclusions about the structures of the 

larger clusters. 

 

CONCLUSIONS 

 Laser vaporization and supersonic expansions were used to produce small U+(N2)n 

complexes.  These complexes were mass selected and studied via fixed-frequency 

photodissociation at visible and UV wavelengths, and with tunable laser photodissociation 

spectroscopy in the infrared.  Fixed-frequency photodissociation shows that molecular nitrogen 

ligands bound to uranium ion are readily eliminated down to a terminal fragment of U+.  This 

indicates that no inserted NUN+ ions are present at the core of these clusters.  The ratio of photon 

energy to ligands eliminated across multiple complexes provides an estimate of the average U+–

N2 bond dissociation energy of 12 kcal/mol.  Infrared photodissociation spectra show that the 
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N−N stretch becomes IR-active and shifts 100 to 130 cm–1 to lower frequency because of the 

interaction with the uranium cation.  Computations at the B3LYP/cc–pVTZ–PP level are used to 

investigate the structures and infrared spectra of the U+(N2)n ions.  These computations find 

multiple isomers for the small clusters, with close energetics and similar spectra.  Bond 

dissociation energies are predicted to be in the range of 10−13 kcal/mol, in agreement with the 

experimental estimate.  The spectra predicted for the lower energy isomers contain bands that are 

shifted to lower frequencies than the isolated molecule vibration, with only small variations in 

patterns for different spin states.  However, the red shifts are consistently greater than those 

observed experimentally.  The deviation between predicted and observed frequencies decreases 

as cluster size increases, and the coordination becomes more complete, and the agreement 

between theory and experiment is eventually quite good for the U+(N2)7 and U+(N2)8 complexes.  

Theory predicts that the sextet U+(N2)8 is a fully coordinated ion with eight N2 ligands bound in 

end-on configurations with a cubic structure.  These actinide ion complexes provide ongoing 

challenges, with fundamental questions remaining about structures, spectra and spin states, but 

infrared spectroscopy experiments like these provide perhaps the most detailed experimental data 

addressing these issues. 
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Table 1.  Relative energies of isomers of U+(N2)n for n = 1–8 and bond dissociation energies 
(BDE) calculated for one N2 ligand or as an average over all N2 ligands.  All energies are listed 
in kcal/mol.  Only the lowest energy spin states of selected isomers are presented here.  Isomers 
indicated with an asterisk contain a NUN+ core ion. 
 
Isomer  Rel. Energy BDE last N2 Mean BDE per N2 
 
1a sextet +0.0  13.1  13.1 
1b doublet* +11.9  13.0  13.0 
1c sextet +14.2  –1.1  –1.1 
 
2a sextet +0.0  10.2  11.6 
2b sextet +0.3  9.8  11.5 
2c sextet +3.0  7.2  10.1 
2d doublet* +9.4  12.7  12.9 
 
3a sextet +0.0  10.8  11.4 
3b sextet +3.2  10.6  10.3 
3c sextet +4.1  9.7  10.0 
3d doublet* +8.3  11.9  12.5 
 
4a sextet +0.0  14.0  12.0 
4b sextet +1.6  12.4  11.6 
4c sextet +4.1  9.9  11.0 
4f doublet* +13.0  9.3  11.7 
 
5a sextet +0.0  13.1  12.2 
5b sextet +1.7  11.4  11.9 
5c sextet +8.0  10.3  10.6 
5f doublet* +16.6  9.5  11.3 
 
6a sextet +0.0  10.4  11.9 
6b sextet +0.1  10.3  11.9 
6c sextet +1.2  10.9  11.7 
6g doublet* +19.3  7.7  10.7 
 
7a sextet +0.0  10.4  11.7 
7b sextet +13.8  9.7  7.0 
7c sextet +20.0  4.9  8.9 
7d doublet* +30.1  -0.4  9.1 
 
8a sextet +0.0  8.7  11.3 
8b sextet +18.5  4.0  9.0 
8c sextet +18.7  3.7  9.0 
 
*contains NUN+  
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FIGURE CAPTIONS 

Figure 1.  Mass spectrum obtained using a pure N2 expansion and laser vaporization of a 

depleted uranium metal rod.  Complexes of U+(N2)n are found to be relatively intense only for n 

= 1–8.  A large decrease in intensity observed for n > 8 may indicate that U+(N2)8 is the fully 

coordinated complex. 

 

Figure 2.  Photodissociation of U+(N2)n for n = 8 measured with excitation at 355 and 532 nm 

(Nd:YAG harmonics) and infrared at 2212 cm–1.  The ratio of the photon energy to the number 

of N2 molecules eliminated is consistent at both 355 and 532 nm, indicating an average U+–N2 

bond energy of 12 kcal/mol.  Photodissociation at 2212 cm–1 is likely a multiphoton process. 

 

Figure 3.  Infrared photodissociation spectra of U+(N2)n for n = 3–8 in the N2 stretching region.  

The position of the normally infrared inactive N2 stretch is marked with the red dashed line. 

 

Figure 4.  The lowest energy structures of U+(N2)n for each value of n.  These structures are all in 

the sextet spin state which was found to be the lowest in energy for all U+(N2)n  isomers.  The n = 

4 and 5 structures have trigonal bipyramidal coordination, while the n = 6, 7, and 8 complexes 

successively build toward a square-prism structure. 

 

Figure 5.  The experimental spectrum of U+(N2)3 with simulated spectra for the lowest energy 

isomer, 3a, in its sextet, quartet and doublet states.  The lower traces display the simulated 

spectra for isomers 3b, 3c, and 3d in their sextet spin state.  Side-on bonding (isomer 3c) and 
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NUN+ formation (isomer 3d) are predicted to yield spectra closer to the bands observed, but 

these isomers are predicted to lie higher in energy than the 3a isomer. 

 

Figure 6.  The experimental spectrum of U+(N2)4 with simulated spectra of isomers 4a, 4b, and 

4c sextets, as well as those for isomers 4d (side-on bonding) and 4f (NUN+ core ion).  No 

predicted spectrum provides a satisfactory match with the experiment. 

 

Figure 7.  The experimental spectrum of U+(N2)6 compared to spectra simulated for different 

structural isomers and spin states. 

 

Figure 8.  The experimental spectrum of U+(N2)8 with simulated spectra for isomers 8a, 8b, and 

8c sextets.  The predicted band position for the cubic isomer 8a is close to the observed peak, 

while the less-symmetric isomers would be predicted to yield more complex spectra. 
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