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ABSTRACT: The gas-phase complex UO2(TMOGA)2
2+ (TMOGA = tetramethyl-

3-oxa-glutaramide) prepared by electrospray ionization was characterized by infrared
multiphoton dissociation (IRMPD) spectroscopy. The IRMPD spectrum from 700−
1800 cm−1 was interpreted using a computational study based on density functional
theory. The predicted vibrational frequencies are in good agreement with the
measured values, with an average deviation of only 8 cm−1 (<1%) and a maximum
deviation of 21 cm−1 (<2%). The only IR peak assigned to the linear uranyl moiety
was the asymmetric ν3 mode, which appeared at 965 cm−1 and was predicted by
DFT as 953 cm−1. This ν3 frequency is red-shifted relative to bare uranyl, UO2

2+, by
ca. 150 cm−1 due to electron donation from the TMOGA ligands. Based on the
degree of red-shifting, it is inferred that two TMOGA oxygen-donor ligands have a
greater effective gas basicity than the four monodentate acetone ligands in
UO2(acetone)4

2+. The uranyl ν3 frequency was also computed for uranyl coordinated
by two TMGA ligands, in which the central Oether of TMOGA has been replaced by
CH2. The computed ν3 for UO2(TMGA)2

2+, 950 cm−1, is essentially the same as that for UO2(TMOGA)2
2+, suggesting that

electron donation to uranyl from the Oether of TMOGA is minor. The computed ν3 asymmetric stretching frequencies for the
three actinyl complexes, UO2(TMOGA)2

2+, NpO2(TMOGA)2
2+ and PuO2(TMOGA)2

2+, are comparable. This similarity is
discussed in the context of the relationship between ν3 and intrinsic actinide-oxygen bond energies in actinyl complexes.

■ INTRODUCTION
The uranyl moiety, UO2

2+, is ubiquitous in uranium chemistry,
and its chemical and physical characteristics in both the
condensed and gas phases have been considered in detail by
using experiment and theory.1−15 The infrared (IR) active
asymmetric ν3 stretching mode of uranyl has been studied
extensively in both condensed and gas phases, with a focus on
the effect of ligation on the frequency. In aqueous solution, the
hydrated uranyl ν3 frequency is close to 963 cm−1.16−19 In
solutions comprising basic ligands, and in solid complexes, the
ν3 frequency is red-shifted into the range of ca. 850 to 950
cm−1,19−25 depending on the coordination environment. The
general conclusion is that more electron-donating ligands
generally have a greater red-shifting effect for this uranyl
frequency.17 Vallet et al. have concluded that the uranyl bond is
destabilized due to charge donation and that this effect is
primarily electrostatic, rather than due to a reduction in

covalent bonding.26 In addition to the computational complex-
ities in condensed phase, effective detailed interpretation of
uranyl frequency shifts in solution are hampered by
uncertainties in the actual solution coordination; Bühl et al.
have demonstrated that in solution uranyl is coordinated by
water rather than by the stronger base acetonitrile.27

As an alternative to complex condensed phase environments
that are difficult to accurately model, the properties of uranyl
complexes can be studied in cryogenic matrices or in the gas
phase. Andrews and co-workers reported ν3 values for neutral
UO2 of 776.0 and 914.8 cm−1 in solid argon and neon,
respectively,28−30 and ν3 values in the range of 980.1−929.0
cm−1 for cationic UO2

+ in xenon, krypton, argon, and neon
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matrices;31 however, they were unable to obtain a frequency for
uncoordinated UO2

2+.28 The first correlation of gas-phase
uranyl vibrational frequencies and ligation was performed by
Bray and Kramer.22 They obtained IR spectra for neutral uranyl
hexafluoroacetylacetonate (hfac) adducts with additional basic
ligands. The bare complex, which can simplistically be
formulated as UO2

2+(hfac−)2, exhibited a ν3 of 958 cm−1.
Addition of increasingly basic ligands red-shifted this value to
950 cm−1 for hexamethylphosphoramide, which has a very high
gas basicity (GB) of 929 kJ/mol.32 The rather small red-shift
upon addition of neutral basic ligands to UO2

2+(hfac−)2 reflects
that the uranyl moiety is effectively coordinated by the two hfac
anion ligands and is minimally perturbed by the addition of
secondary neutral ligands. More recently, IR spectra have been
acquired for several gas-phase anionic complexes of uranyl, such
as UO2(NO3)3

−.33−35 The ν3 frequencies of these complexes
are generally comparable to those of the same species in
solution, reflecting similarly strong and saturated coordination
of the uranyl cation by anion ligands in both media.
A central goal in the chemistry of uranyl is to ascertain and

understand the effects of ligation by Lewis base ligands on the
uranium−oxygen bonds. Infrared multiphoton dissociation
(IRMPD) spectroscopy of gas-phase UO2(L)n

2+ complexes,
where L is a neutral Lewis base ligand, is an effective approach
for probing perturbations to the bonding in uranyl; the ν3
asymmetric frequency can be used as a diagnostic of changes in
the U−O bonds. In contrast to solution species, mass-selected
gas-phase complexes have a definitive composition and
furthermore are not perturbed by secondary solvation effects,
which renders them amenable to accurate theoretical modeling.
Groenewold et al. have obtained the first IRMPD spectra for
UO2(L)n

2+,36 employing the ion cyclotron resonance mass
spectrometer at the high intensity Free Electron Laser for
Infrared eXperients (FELIX) facility.37 The measured ν3 were
red-shifted from the predicted value of ∼1100 cm−1 for bare
UO2

2+ to 1017, 1000, and 988 cm−1 for n = 2, 3, and 4,
respectively in UO2(acetone)n

2+. Charge donation from the
acetone ligands (GB = 782 kJ/mol32) results in red-shifting of
the asymmetric stretching frequency, which is interpreted as
reflecting a weakening of the U−O bonds.26,36,38 Less red-shifts
were observed for UO2(acetonitrile)n

2+ complexes, in accord
with the lower GB[acetonitrile] = 748 kJ/mol.32 UO2(water)n

2+

complexes could not be prepared by electrospray ionization
(ESI) under the ESI conditions at FELIX due to the low
GB[water] = 660 kJ/mol.32 The lowest measured ν3, 988 cm

−1

for UO2(acetone)4
2+, is substantially higher than ν3 for uranyl

anion complexes such as UO2(NO3)3
− (ν3 = 949 cm−1);33

neutral Lewis base ligands predictably do not perturb the uranyl
moiety to the degree that extremely basic anion ligands do.
The ability to perturb the UO2

2+ moiety by coordination of
neutral electron-donating Lewis base ligands can be further
explored by both experiment and complementary theory. Issues
include establishing a more complete relationship between the
GB of ligands and the degree of red-shifting of ν3, the degree to
which ν3 can be red-shifted by neutral Lewis base ligands, and
the underlying basis for these changes in frequencies. If the
interpretation that the degree of red-shifting is directly related
to the weakening of the uranium-oxo bonds in uranyl, then it
should be possible to probe this effect by reactivity, such as oxo-
exchange in which the U−O bonds must be activated.39

In this paper we report on an experimental and theoretical
study of the vibrational spectrum of a complex of uranyl with
tetramethyl-3-oxa-glutaramide (TMOGA), UO2(TMOGA)2

2+.

TMOGA is a model separations ligand,40−43 which has been
shown to also very effectively coordinate metal ions in the gas
phase.44,45 The structure of the TMOGA ligand is shown in
Figure 1, where the C−O bond cleavage that occurs in collision

induced dissociation is indicated.46 The previously reported
computed structure of UO2(TMOGA)2

2+ is shown in Figure
2.46 The formally tridentate TMOGA ligand strongly
coordinates cations and has been shown to produce tetra-
positive metal ion complexes, An(TMOGA)3

4+ by ESI (An =
Th, U, Np, Pu).44,45 Although the GB of TMOGA is not
known, it can be inferred that it must be very high to achieve
stabilization of tetrapositive metal ions from solution to gas. In
the present study, we report the observed and computationally
predicted IR spectra of UO2(TMOGA)2

2+, with a particular
emphasis on the extraordinary red-shift of the uranyl ν3 band in
this complex. Comparison is made among the computed ν3
frequencies for UO2(TMOGA)2

2+, NpO2(TMOGA)2
2+, and

PuO2(TMOGA)2
2+ to evaluate bonding trends across the

actinyl series with a focus on the intrinsic bond dissociation
energies.

■ EXPERIMENTAL METHODS
Using a stock solution of 10 mM uranyl perchlorate in water, a
solution of approximately 1 mM UO2

2+ and 4 mM TMOGA in
90% methanol/10% water was prepared for ESI in the IRMPD
experiments. Previously established methods for generation of
ions and the subsequent collection of IRMPD spectra were
used here.33−36,47−49 Briefly, ESI was performed using a
Micromass (now a component of Waters Corporation, Milford
MA) Z-Spray source. Dry nitrogen (∼80 °C) was used to assist
in the desolvation process. Ions were injected into a home-built
Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer described in detail elsewhere.37 Ions were
accumulated for the duration of the previous FT-ICR cycle
(6 s) in an external hexapole and injected into the ICR cell via a
quadrupole deflector and an octapole RF ion guide. Instrument
operating parameters, such as desolvation temperature, cone
voltage, and ion accumulation and transfer optics voltages, were
optimized to maximize formation of UO2(TMOGA)2

2+ ions
and transfer of the species to the ICR cell.
Infrared spectra were recorded by measuring the photo-

dissociation yield as a function of photon wavelength. Precursor
ions were irradiated using 25 FELIX macropulses (55 mJ per
macropulse, 5 μs pulse duration, fwhm bandwidth ∼0.5% of
central λ). In the IRMPD process, a photon is absorbed when
the laser frequency matches a vibrational mode of the gas-phase
ion and its energy is subsequently distributed over all
vibrational modes by intramolecular vibrational redistribution

Figure 1. Structure of TMOGA showing the C−O ether bond
cleavage that appears in the IRMPD spectrum.
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(IVR).50 The IVR process allows the energy of each photon to
be dissipated before the ion absorbs another, which leads to
promotion of ion internal energy toward the dissociation
threshold via multiple photon absorption.67 Infrared spectra
obtained using IRMPD are comparable to those collected using
linear absorption techniques.51,52 For these experiments, the
FEL wavelength was tuned between 5.6 (1800 cm−1) and 14
μm (700 cm−1) in 5 cm−1 increments. The intensities of
product and undissociated precursor ions were obtained from
an averaged mass spectrum measured using the excite/detect
sequence of the FT-ICR-MS after each IRMPD step. The
IRMPD yield was normalized to the total ion current and
linearly normalized for variations in the laser intensity.

■ COMPUTATIONAL DETAILS

The computational details have been provided previously46 and
are only summarized here. The theoretical calculations of the
UO 2 ( TMOGA ) 2

2 + , N p O 2 ( TMOGA ) 2
2 + , a n d

PuO2(TMOGA)2
2+ complexes were carried out using spin-

unrestricted Kohn−Sham density functional theory (DFT).53,54

The local density approach (LDA)55,56 and generalized gradient
approach with PBE exchange-correlation functional57 were used
as implemented in the Amsterdam Density Functional program
(ADF 2010.01).58−60 Scalar relativistic (SR) effects were taken
into account using the zero-order regular approximation
(ZORA).61 The frozen core approximation was applied to the
[1s2-5d10] cores of U, Np, and Pu, and [1s2] cores of C, N, and
O, with the rest of the electrons explicitly treated variationally.
The uncontracted Slater basis sets with quality of triple-ζ plus
two polarization functions (TZ2P) were used for the valence
electrons.62 All the geometries were fully optimized with
molecular symmetries and are shown to have all real vibrational
frequencies. The vibrational frequencies were computed
analytically, and zero-point energy (ZPE) corrections were
included in the calculations of relative energies.

■ RESULTS AND DISCUSSION
Measured and Computed IR Spectra for

UO2(TMOGA)2
2+. The experimental and computed IR spectra

for UO2(TMOGA)2
2+ are shown in Figure 3. The computed

peak intensities do not seem to correlate well with the observed
intensities, as is typical for DFT calculations with harmonic
approximations. However, the computed unscaled frequencies
are in good agreement with the measured frequencies. The
comparison between observed and predicted frequencies is
summarized in Table 1; the peak assignments are in Table 2. It

Figure 2. Computed structures of gas-phase AnO2(TMOGA)2
2+ complexes (from ref 46).

Figure 3. IRMPD spectrum of UO2(TMOGA)2
2+. The red lines

indicate the computed frequencies (not scaled) and relative intensities
(Table 2); the computed intensities of the modes at 1619 and 1626
cm−1 are off-scale, respectively 2.4 and 2.9 times greater than the
indicated full-scale intensities.

Table 1. Experimental and Computed IR Frequencies for
UO2(TMOGA)2

2+a

experimental computed Δb

965 953 12 [1.2]
1030 1024 5 [0.5]
1126 1119, 1125c 4 [0.4]
1246 1226 20 [1.6]
1329 1308 21 [1.6]
1412 1404 8 [0.6]
1430 1427, 1430c −2 [0.1]
1448 1446, 1449, 1450c 0 [0]
1493 1498 −5 [0.3]
1628 1619, 1626c 6 [0.4]

aOnly the experimentally observed frequencies (cm−1) are included.
Additional computed frequencies, along with their intensities and
assignments, are in Table 2. bΔ is the difference Experimental −
Computed (cm−1). The computed values have not been scaled. The
percent difference is given in brackets. cPeaks are too close to
experimentally resolve.

The Journal of Physical Chemistry A Article

DOI: 10.1021/jp512599e
J. Phys. Chem. A 2015, 119, 3366−3374

3368

http://dx.doi.org/10.1021/jp512599e


is seen from Table 1 that most of the predicted frequencies are
within less than 1% of the measured value, and the maximum
discrepancy is only 1.6%. It should be remarked that a “scaling
factor” correction of 0.95−0.98 is typically employed to obtain
good agreement between such experimental IR frequencies and
those computed at the DFT/B3LYP level of theory;
Groenewold et al. applied a scaling factor of 0.975 to the
computed frequencies for UO2(L)n

2+ complexes.36 The agree-
ment here between the experimental and unscaled computed
frequencies is unusually good, partly due to the use of PBE pure
functional of the generalized gradient approach.
IRMPD mass spectra of UO2(TMOGA)2

2+ acquired off
resonance at 1770 cm−1 and at the uranyl ν3 absorption
maximum at 965 cm−1 are shown in Figure 4. In the off-
resonance spectrum, only peaks corresponding to the intact
complex and instrumental electronic noise are apparent. The
on-resonance spectrum exhibits four dominant fragment ions:
UVO2(TMOGA)+ (loss of a positively charged ligand);
UVIO2(TMOGA)(TMOGA-C4H8NO)

+ (C−O bond cleavage
shown in Figure 1); UVO2

+ (loss of a neutral and a positively
charged ligand); and UVIO2(TMOGA)(NC2H6)

+ (N−C bond
cleavage). The assigned oxidation states of uranium are based
on whether the remaining ligands in the monopositive product
are saturated (UV) or radicals that bind to uranium to yield UVI.
The only positively charged TMOGA fragment was C4H8NO

+;
other fragments were evidently ejected from the ICR cell upon
dissociation. A minor IRMPD product corresponds to
UO2(TMOGA-C2H6)

+ (double N−C bond cleavage). Several
of the minor product peaks could not be definitively assigned,
reflecting the potential for diverse fragmentation channels for
the TMOGA ligand. The IRMPD mass spectrum of
UO2(TMOGA)2

2+ exhibits much more fragmentation than
the low-energy collision induced dissociation spectrum, where

UVIO2(TMOGA)(TMOGA-C4H8NO)
+ was overwhelmingly

dominant and only minuscule UVO2(TMOGA)+ was pro-
duced.46

The vibrational mode of particular interest here is the ν3
asymmetric stretching frequency of the formally [OUO]2+

moiety. As usual, the actual charge on uranyl in the complex is
reduced below 2+ due to charge donation from the TMOGA
ligands. Groenewold et al.36 previously established a correlation
between the ν3 frequency and the degree of electron donation
to the uranium metal center in uranyl coordination complexes.
Vallet et al.26 performed a computational study that reinforced
the correlation between the ν3 stretching frequency and the
weakening of the uranium−oxygen axial bond due to charge
donation. In the latter study the computed ν3 for bare UO2

2+

was 1136 cm−1 and that for UO2(H2O)5
2+ was 1028 cm−1. As

was found experimentally,33,34 anionic ligands had a much
greater effect on ν3, with a predicted extreme shift to 832 cm−1

for UO2(OH)4
−.26

We focus here only on dipositive uranyl complexes with
neutral donor ligands for comparison with the complex studied
in the present work. The largest ν3 red-shift reported by
Groenewold et al. for gas-phase dipositive uranyl complexes
was to 988 cm−1 for UO2(acetone)4

2+.36 The ν3 measured for
UO2(TMOGA)2

2+ of 965 cm−1 indicates substantially more

Table 2. Computed Vibrational Mode Assignments,
Frequencies and Intensities for UO2(TMOGA)2

2+a

mode assignment UO2L2
2+

H3C−N−CH3 symmetric str./ C−CH2−O symmetric
bend/UO4 (equatorial oxygen) sym. bend (au)

795.6 (50)

H3C−N−CH3 symmetrical str./ H2C−O−CH2 symmetric
str./ C−CH2−O antisymmetric str. (bu)

806.6 (23)

O−U−O asymmetric str. (bu) 953.2 (206)
H2C−O−CH2 symmetric str. (bu) 1024.7 (237)
H2C−O−CH2 asymmetric str. (au) 1118.5 (402)
H2C−O−CH2 asymmetric str./CH3 wag. (au) 1124.0 (54)
H3C−N−CH3 asymmetric str. (au) 1226.2 (200)
CH2 wag (au) 1308.2 (18)
CH3 symmetric bend (umbrella) (bu) 1386.4 (64)
CH3 symmetric bend (umbrella) (au) 1387.8 (20)
CH3/CH2 symmetric bend (au) 1403.9 (37)
CH3 asymmetric bend/CH2 scissor (bu) 1426.6 (114)
CH3 asymmetric bend (bu) 1430.4 (29)
CH3 asymmetric bend/CH2 scissor (au) 1430.4 (22)
CH3 asymmetric bend (au) 1445.7 (22)
CH3 asymmetric bend/CH2 scissor (bu) 1446.2 (32)
CH3 asymmetric bend/CH2 scissor (bu) 1448.5 (30)
CH3 asymmetric bend/CH2 scissor (bu) 1450.1 (84)
CH3 asymmetric bend/CH2 scissor (bu) 1497.7 (364)
O−C−N asymmetric str. (bu) 1618.8 (1498)
O−C−N asymmetric str. (au) 1625.8 (1869)
aFrequencies are cm−1. Intensities in parentheses are km/mol. The
modes in bold were experimentally observed. Only modes with a
computed intensity of ≥20 km/mol are included.

Figure 4. IRMPD mass spectra for UO2(L)2
2+ (L = TMOGA)

acquired off-resonance at 1770 cm−1 (top) and at the strong
absorption at 965 cm−1 (bottom). The asterisked peaks are electronic
noise. The dominant IRMPD fragments have been assigned; the peak
at m/z 428 likely corresponds to UO2(TMOGA-C2H6)

+.
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electron donation from two tridentate TMOGA ligands than
from four monodentate acetones, presumably due to the two
coordinating ether oxygens in addition to the four ketone
oxygens in TMOGA. The differences in ν3 are as follows:
Δ[UO2(acetone)2

2+ − UO2(acetone)3
2+] = 17 cm−1;

Δ[UO2(acetone)3
2+ − UO2(acetone)4

2+] = 12 cm−1;
Δ[UO2(acetone)2

2+ − UO2(acetone)4
2+] = 29 cm−1;

Δ[UO2(acetone)4
2+ − UO2(TMOGA)2

2+] = 23 cm−1. The
value of ν3 for UO2(TMOGA)2

2+ is essentially the same as that
for aqueous UO2

2+, in which the uranyl is coordinated by five
inner sphere water molecules,63−65 this inner sphere coordina-
tion being the same as in UO2(H2O)5

2+ for which the
computed ν3 is 1028 cm−1.26 The additional electron donation
due to the bulk water environment beyond the five inner sphere
water molecules in aqueous solution results in a substantial
(>50 cm−1) red-shift of the uranyl ν3 frequency.
The GB of TMOGA is not yet known. From the proposed

correlation between ν3 and GB,36 and the significantly greater
red-shift in ν3 for UO2(TMOGA)2

2+ versus UO2(acetone)4
2+, it

can be inferred that the effective GB of a single TMOGA ligand
is greater than that of two acetones. To further assess the
origins of the extreme ν3 red-shift for UO2(TMOGA)2

2+,
computa t ions were per formed for the complex
UO2(TMGA)2

2+ where TMGA is tetramethylglutamaride in
which the central ether oxygen atom in TMOGA has been
replaced by a CH2 group; the schematic structure of the
bidentate TMGA ligand and the computed structure of the
UO2(TMGA)2

2+ complex are shown in Figure 5. The

computed U−Oyl and U−Ocarbonyl distances in UO2(TMGA)2
2+

are similar (1.78 and 2.45 Å, respectively) to those in
UO2(TMOGA)2

2+ (1.78 and 2.38 Å). Most significantly, the
computed ν3 for UO2(TMGA)2

2+, 950 cm−1, is essentially the
same as that for UO2(TMOGA)2

2+, 953 cm−1. This result
implies that the ether oxygen atom in the TMOGA complex
does not appreciably coordinate and contribute charge to the
uranium metal center; in this regard the TMOGA complex can
be considered as bidentate with the ether oxygen atom not
significantly coordinating. In UO2(TMOGA)2

2+ the U−Oether
distance, 2.77 Å, is significantly longer than the U−Ocarbonyl
distance, 2.38 Å, such that the U−Oether interaction should be
relatively minor, as the similarity between the computed ν3
values for UO2(TMOGA)2

2+ and UO2(TMGA)2
2+ suggests. It

should be noted that the U−O bond distances reported here
are slightly longer than the previously optimized LDA
distances, as is usual.46 The TMOGA ligand can be considered
as two dimethylformamide (DMF) ligands connected by a

CH2−O−CH2 linkage. The GB of DMF, 857 kJ/mol, is
substantially greater than that of acetone, 782 kJ/mol;32 the
formamide moieties substantially enhance the Lewis acidity of
the carbonyl oxygen atoms. Having concluded that the effective
GB of TMOGA is greater than that of two acetones
(GB[TMOGA] > 1564 kJ/mol), it can further be postulated
that the GB of TMOGA is comparable to that of two DMFs,
GB[TMOGA] ≈ 1714 kJ/mol. It may in the future be possible
to test this hypothesis by measuring ν3 for UO2(DMF)4

2+,
which is predicted to exhibit a ν3 close to that of
UO2(TMOGA)2

2+. It would also be desirable to measure ν3
for UO2(TMGA)2

2+ to confirm the predicted frequency.
However, the excellent performance of theory in predicting
ν3 for UO2(TMOGA)2

2+ provides confidence in similar
predictive reliability for UO2(TMGA)2

2+.
Asymmet r i c S t r e t ch i ng F requenc i e s f o r

AnO2(TMOGA)2
2+ (An = U, Np, Pu). It was not practical to

obtain experimental IRMPD spectra at FELIX for
NpO2(TMOGA)2

2+ and PuO2(TMOGA)2
2+ due to the greater

radiological hazards associated with the available isotopes for
the synthetic elements Np and Pu. The IR spectra were,
however, computed for all three actinyl complexes such that
variations across the series can be made. The computed spectra
for the neptunyl and plutonyl complexes are similar to those for
the uranyl complex, with all three dominated by vibrational
modes assigned to the equatorial TMOGA ligands. Of special
interest are the comparative asymmetric actinyl ν3 asymmetric
stretching frequencies. The computed ν3 values are 953 cm−1,
959 and 955 cm−1 for UO2(TMOGA)2

2+, NpO2(TMOGA)2
2+

and PuO2(TMOGA)2
2+, respectively. These three similar values

essentially parallel the known ν3 for the actinyls in aqueous
solution: 965 cm−1, 969 and 962 cm−1 for UO2

2+(aq),
NpO2

2+(aq) and PuO2
2+(aq), respectively.16 For both the

TMOGA complexes and the aqueous ions, the three ν3 are
similar, with that for neptunyl being a few cm−1 higher than for
the other two. Jones and Penneman correlated ν3 for the three
actinyls with the An-O force constants, kAn‑O, obtaining values
of 0.775 Mdyn/cm, 0.781 Mdyn/cm and 0.771 Mdyn/cm for
uranyl, neptunyl and plutonyl, respectively.16 Jones subse-
quently further rationalized the direct correlation between
actinyl ν3 and kAn‑O,

66 a result in accord with a recent
theoretical assessment.26 Rabinowitch has provided an
evaluation of uranyl infrared spectroscopic properties in
which a direct relationship between ν3 and the U−O force
constant is established;67 this treatment is also applicable to
other actinyls.
The IR results can be employed to evaluate the actinide−

oxygen bond energies in actinyls. The bond dissociation
energies (BDEs) of the dipositive actinyls are as follows:
BDE[OU2+−O] = 529 ± 31 kJ/mol; BDE[ONp2+−O] = 504 ±
10 kJ/mol; BDE[OPu2+−O] = 403 ± 95 kJ/mol.12 The values
for uranyl and neptunyl are roughly similar, while the
uncertainty for the plutonyl BDE is too large to make a valid
comparison. Cremer and co-workers have discussed that the
BDE is not a direct measure of bond strength but rather that
the intrinsic bond dissociation energy (IBDE) needs to be
evaluated for this purpose.68,69 In the case of a molecule AB,
Kraka and Cremer define the IBDE as “the energy needed to
separate two atoms A and B directly connected by a bond
without changing their electronic features (degree of hybrid-
ization) and their bonds to other atoms, that is, apart from the
bond being broken, the electronic structure of the fragments
after bond breaking is the same as in the molecule.”70 The

Figure 5. (a) Schematic structure of tetramethylglutamaride (TMGA);
(b) Computed structure of UO2(TMGA)2

2+.
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concept and evaluation of intrinsic bond energy has been
discussed for small transition metal, lanthanide and actinide
molecules by Armentrout and others.71−74 The IBDE, which is
the indicator of the actual bonding between two atoms, cannot
be directly experimentally determined because relaxation of the
dissociated fragments, A and B, cannot be avoided. It is
furthermore impractical to compute IBDEs because in the
course of the computations, the fragments relax to low-energy
states, just as they do in experiments. In general, the IBDE will
be higher than the measured BDE due to stabilization
(relaxation) of the fragments A and B upon dissociation of
the A−B bond. Specifically, IBDE = BDE − relaxation energy,
where the relaxation energy corresponds to a decrease in the
energies of the dissociated fragments and is thus ≤0. In accord
with early work by Gordy,75 Kraka and Cremer70 concluded
that the harmonic stretching force constant is generally a
reliable indicator of the IBDE, and thus the actual inherent
bond strength. For the specific case of uranyl, this conclusion is
in accord with the experimental results of Groenewold et al.33,36

and the theoretical interpretations of Vallet et al.26

The inherent importance of IBDEs to the field of chemistry
was discussed by Pauling in 1945.76 Later, S. Siegel and B.
Siegel provided the following concise statement of the
importance of IBDE versus BDE (referred to by them as I
and E, respectively):77 “The discrepancy between models based
on E and I stems from the fact that E values are based on the
sum of internal energies of the isolated atoms and energy terms
characteristic of the bond itself. It is the latter energy terms
which determine the ground state bond properties of the
molecule and not the contribution to the atomic heat of
formation by the internal valence electrons of the isolated
atoms.” Armentrout et al.72 evaluated the IBDEs for transition
metal−carbon double bonds in M+−CH2, concluding that the
IBDE is nearly constant, ca. 420 kJ/mol, whereas a BDE as low
as 225 kJ/mol was measured for Cr+−CH2. These authors
further pointed out that it is the IBDE that is useful in
evaluating the maximum degree of bonding in condensed phase
and interfacial systems. It was similarly demonstrated that the
IBDEs of LnO molecules, where Ln is a lanthanide, are
essentially constant across the lanthanide series while the BDEs
vary from ca. 400 kJ/mol for YbO to ca. 1000 kJ/mol for LaO,
the latter being the approximate IBDE for all of the LnO.74

Despite the large variations in their BDEs, based on the nearly
constant IBDEs for the LnO molecules it is predicted that
condensed phase phenomena in which the Ln-O bonding is
retained should be similar across the series. For example, the
melting points of the lanthanide sesquioxides vary by only ca.
10% across the entire series and do not whatsoever correlate
with the BDEs of the LnO.78 With the exceptions of processes
that involve breaking Ln−O bonds, the experimental BDEs of
which vary substantially among the lanthanides, the condensed
phase chemistry across the lanthanide oxide series is nearly
invariant.
Both the experimental results for aqueous actinyl ions16 and

the present computational results for actinyl-TMOGA
complexes indicate that the ν3 frequencies vary little across
the actinyl series, by less than 1%. The inferred force constants,
which are proportional to ν3

2,67 thus vary by less than 2% (the
small difference in masses of U-238, Np-237 and Pu-239 can be
neglected). It can be assumed that the degree of electron
donation from the TMOGA ligands is similar for all three
AnO2(TMOGA)2

2+ such that all of the ν3 values are similarly
shifted relative to the bare AnO2

2+ ions. To the extent that the

force constants correlate with the IBDEs, we conclude that the
IBDEs are very similar for UO2

2+, NpO2
2+ and PuO2

2+. Based
on the BDEs cited above, the lowest BDE limits are
BDE[OU2+−O] ≥ 498 kJ/mol, BDE[ONp2+−O] ≥ 494 kJ/
mol and BDE[OPu2+−O] ≥ 308 kJ/mol. Considering the
similarities of their force constants, the IBDEs for the three
AnO2

2+ should be comparable and at least as large as the
highest BDE: IBDE ≥ BDE[OU2+−O] = 498 kJ/mol. We thus
assign a lower limit for the IBDEs of the three actinyls as ca. 500
kJ/mol; the actual IBDE may be significantly higher but, most
importantly, is considered to be essentially the same for all
three actinyls. A recent assessment of vibrational frequencies of
uranyl and plutonyl compounds found similar ν3 frequencies
for isostructural compounds.25 In that work, the small decreases
in ν3 from uranyl to plutonyl (neptunyl was not studied) were
correlated with the experimental bond energies. The small
(<3%) differences in ν3 frequencies for selected uranyl and
plutonyl compounds25 contrasts with the minuscule (<0.5%)
difference in ν3 between aqueous UO2

2+ and PuO2
2+.16 It

should be emphasized that a physical property measured absent
the breaking of a bond should not necessarily exhibit a
correlation with the BDE, but rather a correlation with the
(unknown) IBDE, which reflects the inherent nature of the
bonding, a property that remains essentially unaltered in such
processes as (moderate) vibrational excitation.
The conclusion here that the IBDEs of the actinyls are

essentially the same despite large differences in the BDEs is
consistent with experimental results that had previously been
considered “enigmatic”. For example, it is known that UO2

+

exhibits faster oxo-exchange in aqueous solution than does
PuO2

+,79 this in apparent conflict with the much lower
BDE[OPu+−O] versus BDE[OU+−O].12 This same “enig-
matic” result was recently demonstrated in the gas phase and
rationalized by computation of the potential energy profiles for
exchange, which exhibited a higher transition state barrier for
PuO2

+ versus UO2
+.39 The relatively small difference in the

transition state energies (as compared with the BDEs) was
rationalized based on different degrees of covlancy in the
actinide-oxygen bonds upon proceeding across the series. This
provides an illustration of the inability of BDEs to predict the
efficiency of processes such as oxo-exchange, in which there is
no net change in bonding between reactants and products. The
similarity of the IBDEs of the actinyls is crucial to under-
standing their condensed phase chemistry, in accord with the
considerations presented by Pauling and others.69,72,76,77

■ CONCLUSIONS
The IRMPD spectrum for the gas-phase UO2(TMOGA)2

2+

coordination complex was acquired. The computed IR
frequencies are in good agreement with the experimental
values, with a maximum deviation of 1.6% between the
observed and computed (unscaled) frequencies. All vibrational
modes were assigned to the equatorial TMOGA ligands, except
for the uranyl ν3 asymmetric stretch that is diagnostic of the
U−O bond strength, specifically the intrinsic bond dissociation
energy, which decreases with increasing donation of electron
charge from Lewis base equatorial ligands to uranium in
dipositive uranyl coordination complexes. The measured ν3 of
965 cm−1 for UO2(TMOGA)2

2+ is significantly below the
lowest previously measured value of 988 cm−1 for a gas-phase
uranyl coordination complex, UO2(acetone)4

2+, and is com-
parable to fully solvated UO2

2+ in aqueous solution. Given the
established correlation between equatorial ligand GB and the
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degree of red-shifting of the uranyl ν3 frequency, the present
results indicate that two tridentate TMOGA ligands have an
effective GB that is significantly greater than four monodentate
acetone ligands. These results suggest the opportunity to
acquire ν3 frequencies for additional UO2(L)n

2+ complexes,
where L are monodentate ligands with high gas-phase basicities,
to better establish a correlation between ν3 and ligand GBs. If a
sufficiently consistent correlation is established, then measured
ν3 for uranyl complexes could be employed to infer unknown
ligand GBs.
The good agreement between the experimental and

computed IR spectra for UO2(TMOGA)2
2+ provides con-

fidence in the accuracy of the computed spectra for
NpO2(TMOGA)2

2+ and PuO2(TMOGA)2
2+. The computed

ν3 frequencies for the neptunyl and plutonyl complexes are
similar, with the neptunyl value a few cm−1 higher than the
other two. This is the same ν3 relationship known for the
aqueous dipositive actinyl ions: the values for uranyl and
plutonyl are nearly the same, and a few cm−1 below that for
neptunyl. Vibrational stretching frequencies can be used to
derive force constants, which have been shown to correlate with
intrinsic bond dissociation energies, an intangible quantity that
represents the inherent bonding interactions in a molecule. The
distinction between experimental BDEs and intrinsic BDEs is a
crucial but often overlooked concept. The similarities among
the ν3 frequencies for uranyl, neptunyl, and plutonyl in
comparable environments are taken to indicate that the
intrinsic BDEs for OAn2+−O are similar, to within less than
5%, for An = U, Np. and Pu. This conclusion has no bearing on
the measured BDEs, which may exhibit substantially greater
deviations among the actinyls.
Computations were also performed for the UO2(TMGA)2

2+

complex, where TMGA is the ligand in which the central Oether
of TMOGA has been replaced by a CH2 moiety. The
unexpected result was that the predicted ν3 for
UO2(TMOGA)2

2+ and UO2(TMGA)2
2+ are essentially the

same to within a few cm−1. This result suggests that the
interaction of the Oether atom with uranium is minimal and that
the coordination in UO2(TMOGA)2

2+ is dominated by
interactions with the Ocarboxylate atoms. Based on this result, it
is predicted that the net electron donation, and thus ν3, should
be similar for uranyl coordinated by two TMOGA ligands or by
four dimethylformamide ligands.
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(8) Bühl, M.; Wipff, G. Insights into Uranyl Chemistry from
Molecular Dynamics Simulations. ChemPhysChem 2011, 12, 3095−
3105.
(9) Fortier, S.; Hayton, T. W. Oxo Ligand Functionalization in the
Uranyl Ion (UO2

2+). Coord. Chem. Rev. 2010, 254, 197−214.
(10) Jorgensen, C. K.; Reisfeld, R. Uranyl Photophysics. Struct.
Bonding (Berlin) 1982, 50, 121−171.
(11) Infante, I.; Kovacs, A.; La Macchia, G.; Shahi, A. R. M.; Gibson,
J. K.; Gagliardi, L. Ionization Energies for the Actinide Mono- and
Dioxides Series, from Th to Cm: Theory versus Experiment. J. Phys.
Chem. A 2010, 114, 6007−6015.
(12) Marca̧lo, J.; Gibson, J. K. Gas-Phase Energetics of Actinide
Oxides: An Assessment of Neutral and Cationic Monoxides and
Dioxides from Thorium to Curium. J. Phys. Chem. A 2009, 113,
12599−12606.
(13) Cornehl, H. H.; Heinemann, C.; Marca̧lo, J.; Pires de Matos, A.;
Schwarz, H. The “Bare” Uranyl2+ Ion, UO2

2+. Angew. Chem., Int. Ed.
1996, 35, 891−894.
(14) Shamov, G. A.; Schreckenbach, G. Theoretical Study of the
Oxygen Exchange in Uranyl Hydroxide. An Old Riddle Solved? J. Am.
Chem. Soc. 2008, 130, 13735−13744.
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