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Abstract

The M(N,)," (M =Y, La, Ce; n = 7-8) complexes have been studied by infrared
photodissociation (IRPD) spectroscopy and density functional theory (DFT)
calculations. The experimental results indicate that the N-N stretching vibrational
frequencies are red-shifted from the gas-phase N, value. The © back-donation is found
to be a main contributor in these systems. IRPD spectra and DFT calculations reveal
the coexistence of two isomers in the seven-coordinate M(N,);" and eight-coordinate
M(Ny)s" complexes, respectively. The present studies on these metal-nitrogen
complexes shed light on the interactions and coordinations toward N, with the

transition and lanthanide metals.
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1. Introduction

Metal ion complexes provide important models of the chemical bonding
interactions in inorganic and coordination chemistry."™ The coordination number of
these complexes is a topic of interest. Especially, the seven-coordinate (7C) and
eight-coordinate (8C) complexes have gained a significant attention. A systematic
molecular orbital analysis of IF;, V(CN);*, Mo(CN);” and the high-resolution
powder neutron diffraction of ReF; have revealed the 7C structure.”® Theoretical
studies have predicted that M(CO); (M=Ti, Zr, Hf) would form the 18-electron dloszp6
noble gas configuration with a stable 7C structure.’” Gas-phase infrared
photodissociation spectroscopy (IRPD) study has revealed a 7C structure for the
Nb(CO);" and Ta(CO);" species but not for V(CO);".* Recent experimental and
theoretical studies of Sc(CO);" and Y(CO);" have also confirmed the existence of 7C
structure.”'® However, the six-coordinate/one-external CO (6C+1) structure has been
found to be favorable in the M(CO);" (M=V, Ti, Zr, Hf) complexes from the IRPD
measurements.' > The 8C structures has been confirmed in the M(CO)s™ (M=Y, La,
Ce, U) species.”'™ " However, Sc(CO)s" was found to consist of the
seven-coordinate/one-external CO (7C+1) structure. M(CO)s" (M= Ti, Zr, Hf) was
revealed to have the six-coordinate/two-external CO (6C+2) geometry.'® '
Additionally, structural information is not available in the IRPD measurements of
M(CO);" (M=Si, Mn, Co, Cu) and M(CO)s" (M= Mn, Co, Cu).'*"’

N is an isoelectronic species compared with CO but binds more weakly to the

metals, which may result in different coordination behavior. The structures and

chemical bonding of metal-nitrogen complexes are of considerable interest.*>** The
2
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experimental and theoretical studies have demonstrated that N, binds to the metals in
either the “end-on” or “side-on” conﬁgurations.zs'29 Chemical reactivity of N, toward
the metals has also been examined.’*** The N-N stretching vibration in the free
nitrogen molecule is an IR inactive, whereas it becomes active in the metal-nitrogen
ion complexes because of its dipole moment. For instance, IRPD spectra have been
measured for the M(N,),” (M =V, Nb; n = 7-8) complexes.”>>* So far, much less has
been done on the IRPD spectroscopy of other metal-nitrogen ion complexes as
compared to the extensive metal carbonyls.

In this study, we report that the transition and lanthanide metal-nitrogen ion
complexes of the form M(N,)," (M =Y, La, Ce; n=7-8) are produced in a laser
vaporization supersonic cluster source. IRPD spectra of these complexes are
measured in the N-N stretch region. Density functional theory (DFT) calculations are
carried out to aid the assignment and address the energetics and bonding mechanism.
The experimental results indicate that the N-N stretch vibrations of the complexes are
red-shifted compared with the free N, frequency value. Two isomers are confirmed to
coexist in the seven-coordinate M(N,); and eight-coordinate M(N,)s" complexes,
respectively, providing molecular understanding of the bonding of N, to the early
lanthanide metals.

2. Experimental method

IRPD experiments were carried out using a home-made apparatus that included a

laser vaporization supersonic cluster source and a tandem time-of-flight (TOF) mass

spectrometer. The experimental setup has been previously described in detail."
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Briefly, a 532 nm laser beam from the Nd: YAG laser was focused to vaporize the
rotating metal targets. Purities of the targets were higher than 99.9%. The M(N,),"
complexes were produced by the reactions of the vaporized species with pure N;. The
N, purity was higher than 99.9%. The stagnation pressure of N, was approximately
7-10 atm. N, was introduced into the vacuum region using a pulsed valve. After the
free expansion, all products were skimmed into the acceleration region and the
cationic complexes were analyzed using the first stage of the TOF system. Then, the
cations of interest were mass selected and decelerated into the extraction region of a
vertical second stage of the TOF system. There, the selected cations were dissociated
by a tunable pulsed infrared photodissociation laser. The dissociation fragments and
the remaining parent cations were analyzed using the vertical second stage of the TOF
mass spectrometer. The infrared spectra were obtained by recording the yield of the
fragment cations as a function of the IR laser wavelength. Typical spectra were
recorded by scanning the infrared laser with a 2 cm™ step. Additionally,
approximately 300 laser shots were averaged for each wavelength.

The tunable infrared laser beam was generated using a KTP/KTA optical
parametric oscillator/amplifier system (OPO/OPA, Laser Vision) that was pumped by
a Continuum Surelite Nd:YAG laser. This system was tunable from 2000 to 5000 cm™
with a line width of approximately 1 cm™. The infrared laser beam was loosely
focused using a CaF, convex lens before entering the infrared photodissociation
region. The wavelength of the OPO laser output was calibrated using a commercial

wavelength meter (Bristol, 821 Pulse Laser Wavelength Meter).
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3. Computational methods

The DFT calculations were performed to study the structures and bonding of
M(Ny)," (M=Y, La, Ce; n=7-8). Their lowest or the second lowest spin states were
considered. The structures were optimized using the B3LYP method with the
LANL2DZ basis sets for all elements.>>° The optimizations for each species started
from several geometries that covered all reasonable chemically bonded structures. The
obtained minima were further optimized using the B3LYP and BP86 methods,”” in
which the 6-311+G (3df) basis sets was used for N and the SDD (SC-RECP, MWB28)
basis set for Y, La and Ce.”® The frequency analysis was applied to make sure that all
of the obtained structures were the real minima. The harmonic vibrational frequencies
were calculated with the analytic second derivatives that were based on the results
from the B3LYP/6-311G (3df) & SDD levels and were scaled by a factor of 0.972,
which was determined by computing the average value that was needed to make the
calculated and experimental vibrational frequencies match for the M(Nz)n+ cluster
cations. IR stick spectra were convoluted by a Gaussian line shape function with a full
width at half-maximum (FWHM) of 10 cm™. All calculations were performed using a
Gaussian 09 program.39
4. Results and discussion

Laser vaporization of the metal rods in pure N, produces the metal complexes of
MN,)," (M=Y, La, Ce; n=7-8). Pure N, molecules react very fast with the metal
species, thus, preventing them from generating large metal cationic clusters under our

experimental conditions. The complexes containing larger coordination number could
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hardly be detected due to the hot cluster source in the experiments. These metal
species of interest are mass-selected and reach the infrared photodissociation region.
The selected cations can absorb the photons and produce fragmentation by losing Nj(s)
when the IR-active vibration of the cation is resonant with the tunable infrared laser
frequency.

4.1 Experimental IRPD spectra of M(N,)," (M=Y, La, Ce; n=7-8)

Fig. 1 shows the experimental IRPD spectra of M(N,)s" (M =Y, La, Ce) in the
N-N stretching region. The dissociation experimental results of these cationic species
indicate that they have a single band. The N-N stretching vibrational frequencies of
these cations for Y, La and Ce are observed at 2226, 2260, and 2260 cm™, respectively,
which are red-shifted from the free N, frequency value (2330 cm™). Y(N,)s" exhibits a
larger red-shift than the La(Nz)g+ and CG(N2)8+ species. These M(Nz)g+ species
dissociate by losing one N, molecule with a high efficiency under the focused infrared
laser beam. The Y(N)s' can be depleted by approximately 27% when the infrared
laser energy is approximately 10 mJ/pulse/cm”. The spatial overlap of the focused
laser with the ion beam in the experiments is 3 millimeters. The La(N,)s" and
Ce(Ny)s" can be depleted approximately 11% and 16% with the same laser energy of
the Y(N)s cation, respectively. The observed infrared photodissociation spectra of
the M(N,)s™ (M=Y, La, Ce) are more than 70 cm™ red-shifted from the position of the
free N, molecule. Each of the spectra has only one clear band, and this observation is
similar to the previously reported spectra of the M(CO)s" (M=Y, La, Ce, U)

10, 14-15
complexes.
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The experimental IRPD spectra of M(N,); (M=Y, La, Ce) in the N-N stretching
region are displayed in Fig. 2. Their experimental results show two broad bands. They
also have the N-N stretching vibrations that are red-shifted from the free N, frequency
value. These M(N2)7+ complexes are observed to dissociate by losing one N, molecule
with a low efficiency under the focused infrared laser beam. The higher peaks of these
M(N,);" complexes can be depleted by approximately 3% when the infrared laser
energy is approximately 10 mJ/pulse/cmz. The intensity ratios of the two peaks are
approximately 1:6, 1:4 and 1:3, respectively. The observed IRPD of the M(N,);" (M=Y,
La, Ce) also have more than a 70 cm’! red-shift from the position of the free N,
molecule.

4.2 Optimized structures

Optimized structures of the low-lying isomers of M(N,)," (M=Y, La, Ce; n=7-8)
are shown in Fig. 3. Their geometries and electronic states are also indicated. Table 1
displays relative energies of M(N,);s" (M = Y, La, Ce) and the lowest binding
energies for the loss of one Nyin M(Ny)s" (M =Y, La, Ce).

The lowest energy structures (labeled iso A in Fig. 3) for M(Ny)s (M =Y, La) are
predicted to have an O, geometry with the 3 A\, state, in which eight N ligands are
equally bound to the central Y or La atom. Next energetically higher isomer (iso B)
consists of the Dy, structure with the 1Al state. These findings are reminiscent of the
Oy and Dy structures for M(CO)s™ (M =Y, La, U) complexes.”'*'* For Ce(N,)s", the
lowest energy structure is calculated to have a quartet state (*A,,) and a Dy, geometry,

slightly distorted from the O, geometry. Iso B has the C; structure with the ’A state,
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which lies slightly higher in energy than iso A (Table 1 and Fig. 3).

For M(N 2)7+ (M =Y, La), the C;, geometry with the 3 A state is the lowest energy
structure (iso A), which could be viewed as a capped octahedron. Analogous Cj,
structures have been predicted for the M(CO);” (M = Nb, Ta, Sc, Y, La) species.S'10
The lowest energy structure for Ce(N,);" consists of the C; geometry with the *A' state
(iso A), which is slightly distorted from the Cj, structure that is predicted for M(Ny);"
(M =Y, La). Note that theoretical calculations for these two structures always contain
some spin contaminations. For instance, the eigenvalue of the S* operator in the
calculation of the doublet Ce(N,);" is approximately 1.75, which is much higher than
the expected 0.75 value for the doublet species. Such deviation indicates a significant
state mixing with the higher spin states. Additionally, the theoretical relative energy
and the bond energy for the doublet state are always higher in energy than the quartet
state (Table 1).

4.3 Comparisons of the experimental IRPD spectra with simulated ones

The analysis of the dissociation ratio for M(N,)s" reveals that it is always greater

than 11%. Therefore, this indicates the high dissociation probabilities in these systems.

However, the low dissociation probabilities of M(N2)7+ are observed in the
experiments. At the B3LYP/6-311G (3df) & SDD level, the lowest binding energies
for the loss of one Ny in M(N,)s" (M =Y, La, Ce) (Table 1) indicate that assuming
internally cold complexes, the absorption of one photon around 2300 cm™ is required
to overcome the dissociation limit, except for iso B of Ce(Ny)s".

Comparison of the experimental to simulated infrared spectra of the M(N,)," (M
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=Y, La, Ce; n=7-8) complexes is shown in Figs. 4 and 5. Table 2 displays the
representative frequencies of these cations calculated from the B3LYP method. For
Y(Nz){, the simulated N-N stretching vibrational frequencies in the isomers A and B
are located at 2251 and 2245 cm™, respectively, which agree with the experimental
values. Calculated band positions for La(N,)s and Ce(N)s" also reproduce the
experiments. As illustrated in Figs. S1-S3 (see ESI), the simulated N-N stretching
vibrational frequencies in the (6C+2) and (7C+1) structures of M(Ny)s" (M =Y, La)
and (7C+1) structure of Ce(N,)s™ are obviously different from the experiments. Note
that the optimization of (6C+2) structure for Ce(N,)s" is very hard to be converged
because of the extremely flat potential surface. These comparisons between
theoretical and experimental results lead to the conclusion that the eight-coordinate
(8C) structures dominate for the M(N,)s" (M=Y, La, Ce) in gas phase, and the
corresponding two configurations with the triplet O, geometry and the singlet Dy,
geometry are not distinguishable under the current experimental conditions.

For Ce(N,);", one peak of N-N stretching vibrational mode is observed at 2250
cm™ in the most stable structure of iso A, whereas two peaks at 2222 and 2261 cm™
with the intensity ratio of approximate 1:1 in isomer B (Fig. 5). Experimentally, the
ratio of two peaks at 2228 and 2252 cm™ is about 1:3, implying the coexistence of
isomers A and B and the population of iso A should be higher than iso B. Similar
results have been obtained for Y(N,); and La(N,);" (Fig. 5), respectively.

The experimental N-N stretching vibrational frequencies in M(N,)," (M=Y, La,

Ce; n=7-8) show red-shifted features from that of free Nj. This is similar to the
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M(CO)s" (M=Y, La, Ce) recently reported.lo’ 13 Experimental C-O/N-N stretching
vibrational frequencies of the M(CO)s" and M(N,)s' (M =Y, La, Ce) cations and their
shifts with respect to free CO/N; molecules are compared in Table S1. According to
the Dewar-Chatt-Duncanson model, this red-shifted phenomenon is attributed to the
n-type back-donation." '* The red-shifts of C-O stretching vibrational frequencies in
M(CO)s" (M=Y, La, Ce) are 56, 33, and 35 cm” with respect to the free carbon
monoxide (2143 cm'l) (Table Sl),lo’ !5 which are smaller than those of N-N stretching
vibrational frequencies in M(Ny)s" (M=Y, La, Ce) are 104, 70, and 70 cm” with
respect to the free N, (2330 cm™). This suggests that the M(N,)s™ complexes have
more contributions from the © back-donation in these cations than the corresponding
carbonyl cations. The calculated C-O/N-N bond lengths in the metal complexes are
elongated as compared to the free CO/N, molecules. As given in Table S1, the
deviations of fuzzy bond order of the CO moieties in M(CO)s" (M =Y, La, Ce) are
calculated to be about -0.16, -0.14 and -0.14, respectively, which are smaller than
those for the N, moieties in M(N,)s" (-0.37 for Y, -0.31 for La and -0.24 for Ce),
consequently, resulting in less activation of CO by these metals. This supports the
experimental observations of the red-shifts of C-O/N-N stretching vibrational
frequencies. In the previous studies, the Y(CO)s' was predicted to be an
eight-coordination (8C) structure and it was rationalized using the 18-electron d'’s”p°
configuration. In this work, the Y(N,)s" is also a similar 18-electron rule complex.
The La(Ny)s and Ce(N,)s" complexes cannot be rationalized via the 18-electron rules,
even if their f'orbital is not taken into consideration.

10
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Until recently, the eight-coordination (8C) structure has been identified in the
metal carbonyls M(CO)s" (M=Y, La, Ce, U) cations,”'" ' as well as
seven-coordination (7C) structure in the M(CO); (M=Ti, Zr, Hf) and M(CO);" (M=Nb,
Ta, Sc, Y, La) systems.”'* ' In the present studies of the metal-nitrogen complexes,
the 8C and 7C structures have been fortunately confirmed in the M(N,)s" and M(N,);"
(M=Y, La, Ce; n=7-8) complexes, respectively, implying that the formation of the
metal-nitrogen and carbonyl complexes with such high coordination number could be
a common feature for Y, La and Ce.

5. Conclusions

The M(N,)," (M=Y, La, Ce; n=7-8) complexes have been produced and analyzed
using a laser vaporization supersonic cluster source and a tandem time-of-flight (TOF)
mass spectrometer. These cluster cations have been studied via the infrared
photodissociation spectroscopy and theoretical calculations in the N-N stretching
region. The experimental results indicate that the N-N stretching vibrational
frequencies of the complexes are red-shifted with respect to the free N, which are
larger than the red-shifts of C-O stretching vibrational frequencies in the
corresponding carbonyls M(CO)s". This indicates that the N, molecules gain more
activation by these metals than CO, which is supported by the calculated fuzzy bond
order of the CO/N, moieties. IRPD spectra and DFT calculations reveal the
coexistence of two isomers in the seven-coordinate M(N,);" and eight-coordinate
M(N,)s" complexes, respectively, implying that the formation of the metal-nitrogen
and carbonyl complexes with such high coordination number could be a common

11
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feature for Y, La and Ce.

Supporting Information

B3LYP simulated C-O/N-N bond lengths, fuzzy bond order of the CO/N, moieties,
and experimental C-O/N-N stretching vibrational frequencies of the M(CO)s" and
M(N,)s" (M = La, Ce) cations and their shifts with respect to free CO/N, molecules
(Table S1), Comparison of experimental IRPD spectrum with B3LYP simulated ones
of (6C+2) and (7C+1) structures of M(Ny)s (M=Y, La) and (7C+1) structure of
Ce(Ny)s" (Figs. S1-S3). This material is available free of charge via the Internet at
http://pubs.rsc.org.
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Table 1. Relative energies (kcal/mol) of M(Ny)7;5" (M =Y, La, Ce) and the lowest

binding energies (kcal/mol) for the loss of one Nyin M(N,)s" (M =Y, La, Ce)

. Relative Energy Binding Energy
Complex Spin State
B3LYP BP86 B3LYP BP86
Y(N,)s" Singlet 4.2 3.8 5.6 7.1
Triplet 0.0 0.0 3.9 4.9
Y(N,);" Singlet 6.0 6.0
Triplet 0.0 0.0
La(N,)s" Singlet 6.0 6.1 6.2 7.0
Triplet 0.0 0.0 6.3 7.2
La(N,);" Singlet 6.0 5.8
Triplet 0.0 0.0
Ce(N,)s" Doublet 2.2 23 8.4 5.6
Quartet 0.0 0.0 52 5.0
Ce(N,)," Doublet 5.4 2.8
Quartet 0.0 0.0
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Table 2. Scaled N-N stretching vibrational frequencies (cm™) and their intensities in

Physical Chemistry Chemical Physics

Y(N2)7,g+, La(N2)7,g+ and Ce(N 2)7,g+ calculated from the B3LYP method.

Complex Spin freq (intensities)
Y(N,)s" Singlet 2245(1310), 2245(1310), 2246(1217)
Triplet 2252(1245), 2252(1245), 2252(1245)
Y(N,)," Singlet 2203(290),2207(329),2225(181),2232(1388),
2238(914),2241(709),2298(14)
Triplet 2218(112),2218(112),2221(319),
2229(1348),2229(1348),2242(920)
La(N,)s" Singlet 2254(1327),2254(1327),2257(1306)
Triplet 2262(1281), 2262(1281), 2262(1281)
La(N,);" Singlet 2221(339),2223(327),2233(329),2240(1358),
2248(988),2251(590),2296(28)
Triplet 2240(56),2240(56),2240(8),
2247(1113),2249(1353),2249(1353)
Ce(N)s" Doublet 2259(1311),2259(1313),2262(1130)
Quartet 2258(1423),2258(1423),2264(1133)
Ce(N,)," Doublet 2217(322),2219(833),2230(851),
2253(108),2260(766),2264(1032)
Quartet 2236(94),2240(379),2241(372),

2246(921),2252(1181),2253(1017)
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2226  Free N, (2330 cm )
| o OY(N),

1g. 1. Experimental infrared photodissociation spectra o 2)8 =%, La, Ce) m
Fig. 1. Experi 1 infrared photodissociati f M(N>)s" (M =Y, La, Ce) i

the N-N stretching region.
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2235 Free N_ (2330 e¢m™)

A Yy,

—
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(]
Illllll‘

1g. 2. Experimental infrared photodissociation spectra o 2)7 =Y, La, Ce) 1n
Fig. 2. Experi 1 infrared photodissociati f M(N,);" (M =Y, La, Ce) i

the N-N stretching region.
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Y(N,)s* i {

isoA [8C]
0.0(0y, %A,)

La(N,)g" &\ '

isoA [8C]
0.0 (Ohl 3A1g)

OO\/’

oa et

/4\5%
isoB [8C]

+4.2 (D, A))

%

isoB [8C]
+6.0 (D, A,)
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Y(N,)* ::ti;::o .aff‘o

isoA [7C] isoB [7C]
0.0(C,y, 3A)) +6.0 (G, *A")

La(N,),* /;. 00 o&;&

iSOA [7C] |soB [7C]
0.0(Cy, 3A;)  +6.0(C,,'A")

9
Ce(Nz)s"%\ &\ Ce(N,),* &T“ “—%
A

isoA [8C]
0.0(Dy, %A,,)

isoB [8C]
+2.2(Cy, %A)

isoA [7C] isoB [7C]
0.0(Cs, *A") +5.4(C.,%A)

Fig. 3. Optimized structures of the low-energy isomers of M(N,),” (M =Y, La, Ce;

n=7-8). The pattern with coordination number is given inside square brackets. B3LYP

relative energies are listed in kcal/mol and the symmetries and electronic states are

indicated inside the parenthesis.
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Fig. 4. Experimental (in blue) and B3LYP simulated (in black) infrared

photodissociation spectra of M(Ny)s" (M =Y, La, Ce).
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Fig. 5. Experimental (in blue) and B3LYP simulated (in black) infrared

photodissociation spectra of M(N,);" (M =Y, La, Ce).
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