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Solvation of Yttrium with Ammonia Revisited. Di-amide Formation in the Reaction of
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The reactivity of yttrium atoms toward ammonia is revisited using expanded density functional theory
calculations. The new results reveal that absorption of N YNH is dissociative to form Y(NB..The
di-amide species can adsorb further NHolecules molecularly to form Y(NpPLNH;3; and Y (NH)2(NHs),.

The calculations aimed to reveal the detail of the potential energy curves between the imide and the di-amide
forms. The Y(NH)2(NH3)x species are more stable than those of YNH{NHy more than 20 kcal/mol.

Introduction that the mechanism of the reaction is the same, but to form
YNH* + H, there is an activation barrier of 11 kcal/mol. They

The reactivity of transition metalligand complexes is an established that the exothermicity of the formation of the

important research field. Many reports have focused on the M—NH- molecular complex is large enouah to overcome the
electronic structure and the reaction mechanism for these s molecu ompiexi 9 ug v
transcendental systerfist” Understanding the nature of the small activqtion barrier. _ ] _
bonding in transition metal compounds is a topic of great !N & previous papefthe results of the interaction of yttrium
interest, and remarkable progress has been made in the pasiioms with ammonia were reported. For this system, multipho-
yearsl® In general, the transition metaligand bond is well ton ic_)nization_and kineiic studie_s have siiowr_i t_hat the first
described with the scheme of ligand donation and transition f€&ction step is the rapid formation of yttrium imide (YNH).
metal back-donation. The dative bond (another name for a This occurs via the oxidative addition of the-# bond of
donor-acceptor bond) seems to be the best explanation for thesg2Mmonia and the removal of molecular hydrogen. In this paper,
reactions. Despite the progress made toward the understandind/€W density dunctional theory (DFT) results provide evidence
of the nature of the chemical bond of transition metajand hat absorption of Nkion YNH is dissociative to form Y(NbJ..
compounds, it is clear that much work remains to be done. In The di-amide species can adsorb molecularly furthers NH
this context, many authors are focusing in the study of molecules toform Y(NE)2NHs, Y(NH2)2(NHs)z, and Y(NH),-
solvation!~12 since it can be considered as the first interaction (NHa)s. This interpretation is fully supported by the detail of
that occurs between the transition metal and ligands. The the potential energy curves between the imide and the di-amide
rationale behind this approach is that the study of the solvation forms. In this paper, optimized structures, harmonic vibrational

can give some insights concerning the reactivity of these analysis, Mulliken atomic charges, and molecular orbital pictures
compounds. are discussed.

Solvation occurs each time a molecule becomes imbedded
into a solvent. It involves the formation of molecular complexes Computational Details
resulting from the binding of molecules to form a new species. . ) .
It is the first (close) approach between the reacting moieties,  All calculations were performed using Gaussiaf®ehd the
defining the molecular spatial positions before the actual Becke’s 1988 functional, that includes the Slater exchange and
reaction. There is a great interest in solvation of different metal the corrections involving the gradient of the density. The
centers such as clusters by small molecules, unsaturated metggradient-corrected correlation functional (BPW31jiue to
complexes and atoms. The understanding of the chemistry ofPerdew and Wang's 1991 was employed. The LANL2DZ
metal centers in solution benefits from these studiés. atomic orbital function® 22 were used. To locate different

Ammonia is a molecule that can be used to study the solvation Minima on the potential energy surface, starting from several
of metal centers, due to its different bonding behavior toward [nitial geometries, full geometry optimizations without symmetry
transition metal atoms and clustérd? The oxidative addition ~ constrains were performed. To find the most stable spin state,
of the N—H bond of ammonia onto second-row transition metal " aII. calculation_s different spin_ multiplicities (281) were:
atoms was studied theoretically by Blomberg et Atcording considered. '_I’q i‘ind the global minimum, several multipligities
to these results, the formation of the-WiHz molecular complex ar.id several .Inltlal structures for each adduct were con.sidered.
is the first step of the reaction, followed by the oxidative addition !tiS not possible to exclude the fact that the true global minimum
with no activation barrier. Adduct formation for Y, Nb, and zr  Was missed in the optimization procedure. However, the number
is exothermic, and no activation energy was reported for the _of diffe_re_nt mmal_ geometries and spin miJItiplicmes considered
oxidative addition of the NH bond. Ye et &lreported a is_s_uffimently high So as to feel confident that the global
theoretical investigation of the reactiort - NHz and showed ~ Minimum has been identified.
Optimized minima and transition states were confirmed with
* E-mail: martina@matilda.iimatercu.unam.mx. harmonic frequency analysis. To locate transition states, the
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-26.5 kcal/mol TABLE 1: Reaction Energies for the Interaction of YNH

reaction AE (kcal/mol)
YNH + NH; — YNH(NH3) —-215
e > YNH(NH3) — Y(NH). —26.5
2.48 YNH(NH3) + NH3z — YNH(NH3), —-20.8
Y(NH)2 + NHz — Y(NH)2(NH3) —-21.9
YNH(NH3)2_’ Y(NH)z(NHg) —26.0
YNH(NH3)2 + NHz; — YNH(NH3)3 -12.3
-26 kcal/mol Y(NH)2(NHz) + NHz — Y(NH)2(NHz), —-20.7
Y(NH)2(NHz)2 + NHz — Y(NH)2(NH3)3 -9.9

mechanism, followed by the sequential addition of three further
NHz molecules to YNH. Kinetic modeling and DFT calculations
(Figure 1A) on the stability of YNH(NH)imide complexes were
consistent with a mechanism involving the solvation of yttrium
imide by molecular NH* However, this interpretation is brought
into question by these new DFT results, that reveal evidence
that absorption of Nglon YNH is dissociative to form Y (Nb),

and that these di-amide species can adsorb molecularly ad-
ditional NH; molecules to form Y(NH)2NH3, Y(NH2)2(NH3)2,

and Y(NH,)2(NH3)s. The new structures for these compounds
are shown in Figure 1B. There are the di-amide species which
are more stable than the imide complexes for more than 25 kcal/
mol, as indicated in Figure 1. For both compounds, in going
from the complex with one ammonia to the four ammonia
subunits cluster, the ¥N bond distance increases. The-XNH

bond distance of the di-amide species is larger than thalM

bond length of the imide complexes, while the-MH3; bond
distance remains approximately the same. TheN¥ distance

is shorter than the ¥NH3; bond length for all the structures
displayed in Figure 1.

The vibrational analysis (see Supporting Information) indi-
cates that the structures are minima on the potential energy
surfaces. For two ground states (Y(NtH3) and YNH(NH)3)

i - and the transition state of Y(NENIH3, there is one imaginary
'(:,llg#:)j 1. Optimized structures of (A) YNH(Nb)x and (B) Y(NH) frequency that corresponds to the rotation of the;Rtélecules.
For the Li atom and for Na(NgJ, and Na(NH)s; complexes,

Svnchronous Transit-Guided Ouasi-Newton (STON) med where NH mo!equles could rotate almost freely around. the
hE)i/S been used Q (STQN) M—N bonds, similar results have been fol#§d® Therefore, it

There is no universally accepted method of calculating atomic can be assumed that the geometries presented here and their

charges, and no experimental technique is available to measur&Energies are quite similar to the minima and the transition state

them directly. In a previous work, de Oliveira et?aleported on thg potential energy surface. Ta!ole 1 reports the binding
an investigation testing the quality of Mulliken and Bader energies for the most important reactions of YNH and Y(biH)

charges. They found a good agreement between both method%ﬂ all cases, the products of the reaction are more stable than
for a qualitative description of the atomic charges. In some cases, (Iat reactants. tthat lier DFT studv. that calculated
the results of Mulliken population analysis are sensitive to the th |stnovtv appareg a ourt.ear |efr th Shl:] ?’ ? c?cNuHa €
basis set, and for this reason the Natural Bond Orbital (NBO) e structures and energetics of the Nhholecular

method is becoming more popular. This method is better than complext_as YNH(N.H)X (x =1 to 4), only pa_rtlally explore(_:i_
Mulliken’s since it is less susceptible to the basis28dto test the reaction potential, although all four species were identified

the quality of Mulliken and NBO charges for the present 2° be'nﬁ stable. \f(ﬁH-I;llzglppearsdr_]((i)t to contain aﬂl_\nghgrodqp, id
systems, the calculation of NBO for some examples was since the _most easible candidate structure Is the I-amide
performed using the same basis set. As reported in Supporting\:}('\"_|2)2'I F|gurr1e 2 presents thﬁ results of new DF:]-. calcula}tl_cln_ns
Information, for these compounds both methods produce the that explore the reaction pathways qpened by t 1S possibility.
same qualitative description of the atomic charges, namely, theThe flgure also summarizes our previous calculations on YNH
yttrium atom is positive while the N atoms are negative, with solvation. Y(NH) can be formed from the molecular complex

the yttrium becoming more positive as the ammonia molecule :.(NH(]!.\IHd3t)hb)t/ tsh'mg.le mtgrnfl hydrc;%eg Iirarl‘sr:%rl. DFT c;albclula-
dissociates. For this reason, in this paper the Mulliken atomic lons Tind that the di-amide form IS £6.5 kea more stable

charges are used to discuss the qualitative behavior of thethz’;\n thedYNF{(N%% |rtn!deb—a_1mmor?(|ja fﬁmplgg. ti qdition i
charge-transfer process. ccording to what is being said, the oxidative addition is

the first step of the reaction, followed by the addition of one
NHsz molecule to YNH. YNH(NH) can follow two paths: the
formation of Y(NH) or the absorption of another Ntholecule.
Figure 1A shows the optimized geometries for the most stable The data of Table 1 indicate that the binding energies are similar
structures that were considered and reported earlierthat (26.5 and 20.8 kcal/mol, respectively) and both can be present
study, the oxidative addition was considered as the reaction at the experimental conditions. According to these results and

Results and Discussion
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YNH |+ NH, +INH, |+ 3NH, (NH3) and Y(NH)(NH3)2. The ammonia binding energy is
i calculated to be 21.9 and 20.7 kcal mblrespectively. The
2'l1 . calculations also show that the imide complex YNH@Hlso

has a low (8.3 kcal maol) barrier to form Y(NH)(NHs), by
intramolecular hydrogen transfer via transition state TS2.
The reaction scheme must then be written:

k
Y + NH;—YNH (+H,) (1)
k,
YNH + NH;—~Y(NH.), )
ks
Y(NH,) + NH; 5=Y(NH,NH, 3)

K,
Y Y(NH,)NH; + NHZ—~Y(NH,)(NHy), 4
We previously fitted the experimental results to a similar
scheme but withk_3 set to zero. The rate constarksandk,
can still be obtained from analytical fits and remain unchanged

Figure 2. Pathways for the reaction of YNH with NHValues are at (1.1+£ 0.2) x 10 cm® st and (8.04 1.0) x 107 cm?
energy differences in kcal/mol. s71, respectively. The first three NHmolecules are absorbed
following the first route of the reaction, the solvation of YNH  dissociatively to form rapidly YNH, Y(NE)z, and Y(NH),-

is followed by the absorption of N&bn YNH. This absorption ~ NHs- The energy barrier is decreasing when one goes from
is dissociative and Y(NBJ is formed. This di-amide species ! (NH2)2 0 Y(NHz)oNHs. For Y(NH)(NHz)> and Y(NH)-
can adsorb further Ngtnolecules molecularly to form Y (Ngb- (NH3)3, the most probable reaction mechanism is the absorption

NHa, Y(NH2)2(NH3)z, and Y(NH)2(NH3)s. In Table 1, the of further NH; molecules by the di-amide species. More
values indicate that the association of the third ammonia €XPeriments aimed at a complete characterization of the reaction
molecule to form Y (NH)2(NHs)s is fairly weak (9.9 kcal/mol). kinetics are necessary. . .

A species with this stoichemistry was not observed in the The analysis of the net atomic charges from Mulliken
experiment, implying that the NHbinding is uncertain. population analyses (see Supporting Information) of YNH

Theoretical values agree with the experimental observation, Sincecompour}ds Wit;‘ ammonia shc;]ws that there is a charge-tranﬁfer
the reaction energy for the third ammonia molecule is more PrOC€ss from the Y atom to the _NH moiety. However, at the
than half of the other binding energies. beginning of the reaction there is a donation of the electron

Following the second path, YNH(Ng#absorbs another NH pairs from the ammonia molecule to the metal. For the donation
molecule to form YNH(NI-:;),Z. The binding energy of this of the electron pairs from the ligands, the vacant orbitals of the

process is 20.8 kcal/mol. This compound (YNH(§#l can also yttrium atom p]ay a fundamen.tal role. After th.is dative bonq i;
follow two reaction routes: the dissociative absorption of formed, there is a back-donation to the p orbitals of N. This is
ammonia, or the absorption of another Niolecule. In the the charge-transfer process from the Y atom to the NH moiety

first case, the formation of Y(NH{]NHS3) is found with a binding that promotes the dissoc_iatior_1 of the ammonia molecule. As
energy of 26.0 kcal/mol. The absorption of the third ammonia the ammonia molecule dissociates, the Y atom becomes more

molecule is weak (12.3 kcal/mol), and most probably it was POSitive. The positive charge of the yttrium atom of the di-
not observed in the experiment. amide complex is the largest in all cases. The reaction

The theoretical results show that the final YNH(Nroduct mechanism.invol\./es a charge-transfer process from t,he Y, to
does not contain an Nigroup, but YNH(NH), and YNH- the ammonia. This charge transfer is necessary to dissociate
(NH3); have at least one intact NHyroup. DFT calculations the ammonia z?\nd to form Y(N#b. The nitrogen atomlc_char_ges
indicate that YNH(NH) is less stable than Y(NHpy 26 kcal/ ~ ©f the ammonia molecules and the Ngtoups of the di-amide
mol. To have more information about the reaction mechanism, complexes is similar.

the transition state (TS1 in Figure 2) between the imide and _ 1€ general appearance of the molecular orbitals (see
the di-amide forms, where an H atom is moving from tHgHs Supporting Information) for all the other systems is quite similar.

group to the NH group, was obtained. This transition state lies A "onbonding 5s5p hybrid orbital of the Y atom is the highest
11.2 kcal mot?® below the energy of the separated YNH and occupled molepular orbital (HOMO). In .addl'[IOI’l, there is one
NHs reactants. The barrier to Y(N#$ formation from YNH- o bonding orbital and twor bondlng orbitals betwe_ren Y and _
(NH3) is 10.3 kcal motl. Because the transition state to N_Hz_. For all the systems, the energies of the_se orbitals are quite
dissociate absorption lies well below the energy of the starting Similar. Hence, the covalent “YNH, bond is not affected
reactants, the calculations predict that the reaction proceedss'gn'f'(""’mtIy by the presence of the ammonia molecules.
directly through to form Y(NH),. The molecular absorption
process will assist in the entrance channel. High buffer gas
pressures might temporarily trap some of the population in the  Although the four species reported before were identified as
molecular absorption well, but at room temperature or above being stable and we were able to interpret the experimental
the calculated energetics imply that such trapping is only results in a consistent and coherent form, it appears now that
transient. Following its formation, Y(Nk can react with NH our earlier DFT study only partially explored the potential
to successively form the di-amide ammonia complexes YhH energy surface.

Conclusion
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The DFT study presented here shows that the reaction of  (7) Laidig, K. E.; Speers, P.; Streitwieser, Boord. Chem. Re 200Q

; i ; ; i ami 197, 125.
yttrium with ammonia most likely proceeds via the di-amide ' . .
- - (8) Takasu, R.; Ito, H.; Nishikawa, K.; Hashimoto, K.; Okuda, R.; Fuke,
formation. These results revealed evidence thai¥Nappears 5 Ejectron Spectrosc. Relat. Phenc30Q 106, 127.

not to contain ar-NHs group. It became clear that the originally (9) Hannangbua, SChem. Phys. Lettl998 288 663.
reported structures are not the most feasible possibilities, but (10) Pavelka, M.; Burda, J. \Chem. Phys2005 312, 193.
instead those discussed here. (11) Ohashi, K.; Terabaru, K.; Inokuchi, Y.; Mune, Y.; Machinaga, H.;

. . . . . . Nishi, N.; Sekiya, HChem. Phys. Let2004 393 (1-3), 264.
The reaction of yttrium with ammonia can be explained in (12) Armunanto, R.; Schwenk, C. F.; Randolf, B. R.. Rode, BQWlem.

terms of donation and back-donation. Ammonia forms a dative phys. Lett2004 388 395.
bond with the transition metal at the beginning of the reaction  (13) Frenking, G.; Wichmann, K.; Fhtich, N.; Grobe, J.; Golla, W.;

followed by a back-donation to ¢hN p orbitals. The back- ~ Le Van, D. Krebs, B.; Lge, M. Organometallics2002 21, 2921.
(14) Lange, A.; Kubicki, M. M.; Wachter, J.; Zabel, Nhorg. Chem.
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