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The reactivity of the yttrium atom toward ammonia at room temperature has been investigated in a fast-flow
reactor. The first step in the reaction is the rapid formation of yttrium imide (YNH) through the oxidative
addition of the N-H bond of ammonia and the elimination of molecular hydrogen. The reaction continues
with the solvation of yttrium imide with up to three molecules of ammonia. An equilibrium is established
between the YNH(NBK), and YNH(NH); species. The binding energy of Nih the YNH(NHz); complex

is found to be 19.7 0.3 kcal/mol. Reaction rates have been determined for the solvation processes. Density
functional calculations indicate that up to four ammonia molecules can bind to YNH at 0 K. The calculated
D.is highest for the YNH-NH3; complex and decreases abruptly following the addition of the third ammonia
molecule. The calculated binding energy of the YNH@4-tomplex is 12 kcal/mol, in fair agreement with
experiment. The YNH(NB), complex is too weakly bound to be observed in our experiment. The structures
of the complexes have been determined through full geometry optimizations. A molecular orbital analysis
indicates that ammonia molecules are ligated to the positive end (Y) of the large dipole of YNH through
dipole—dipole interactions and dative bond formation. The singly occupied sp hybrid on Y forces the ammonia

molecules to bind side-on to Y.

I. Introduction empty d-orbital of the metal atom. A recent theoretical
o . investigation of the reaction ¥+ NH3 by Ye and Dai shows
Solvation involves the formation of molecular complexes ha; the reaction proceeds through the formation of the adduct
resulting from the binding of molecules on a species. It occurs ¢qowed by the oxidative addition of the NH bond? The
each time a molecule becomes imbedded into a solvent. exothermicity of the reaction ' + NHs — H—Y—NH," is
Solvation is in many respects the first intimate act between |56 enough to overcome the small activation barrier of 11 kcal/
reacting partners and defines the spatial position of molecules necessary to form YNH+ H, products. Presumably, this
before reacting, if reaction is going to occur. A simple way t0 5154 happens with neutral yttrium atoms, but this has never been
investigate solvation is to study isolated molecule/solvent oen experimentally. It is known that yttrium imide is formed
complexes in the gas phase. We are interested in solvation Ofreadily when ammonia is introduced in the plasma resulting
metal centers such as atoms, unsaturated metal complexes, anflom the laser vaporization of yttrium, but this may result from
clusters by small molecules. We believe that such studies g, excited states. or high-temperature chemistriiere, we
contribute to the development of a molecular understanding of gemonstrate that indeed neutral yttrium atoms thermalized at
physisorption and chemisorption on metal surfaces as well as3gq K react with ammonia to produce YNH. In addition, we
the chemlstry of metal center_s in solytlon. . ~show that further interactions with ammonia lead to the solvation
This paper focuses on the interaction of yttrium atoms with of YNH rather than additional oxidative addition. In particular,
ammonia. Transition metal atoms and clusters exhibit different yp to three ammonia molecules can be added to YNH at room
bonding behavior with ammonia. Siegbahn et al. investigated temperature. Why the solvation process stops at three molecules
theoretically the oxidative addition of the NH bond of is intriguing. Also, what are the structures and binding energies
ammonia onto second-row transition metal atdmshey of these systems, and what is the nature of the bonding? This
reported the formation of an MNHz molecular complex before  paper provides answers to these questions through density
the oxidative addition occurs. For Y, Zr, and Nb, the adduct functional calculations. These types of systems are held together
formation is exothermic and no activation barrier is found for py relatively weak bonds and hence offer benchmarks to
the oxidative addition of the NH bond. The adducts result  computational methods. Here, we demonstrate that density
from the donation of the ammonia lone pair electrons into the functional theory (DFT) performs relatively well on these
weakly bond systems and together with experimental data
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TABLE 1: Bond Angles (deg) and lonization Potentials (eV)

Y YNH(NH;),
(NHs); species bond angles exptl IP  calcd IP
YNH Y —NH =180 5.839 5.76
z YNH(NHs)  HN—-Y—NH;=93 <5.8 4.87
g i YNH(NH3), HN—Y—NHz= 92 <5.8 4.12
g YNH(NH;) H3sN—Y—NH; =173
o YNH(NH3); HN-Y—NH; =83, 96, 98 <5.8 3.20
2 YNH Yo HsN—Y—NH; =87, 128, 144
\ / YNH(NH3)s HN-Y—NH3; =98, 100, 102 a 2.68
ai" ) H3sN—Y—NH;3; = 88
———— T aNot observed.
80 100 120 140 160 180

Mass (au) adc%ition.of.ammonia rapid[y titratgs the yttrium atoms to produce
Figure 1. Reaction of yttrium atom with ammonia: time-of-flight yttr!um _Im_lde (YNH), _WhICh s itself _tltrated away to form_
spectra obtained respectively without ammonia (dash line) and with Y{trium imide-ammonia complexes with up to three ammonia
0.01% of ammonia in the reactor (solid line). molecules, YNH(NH)12.3 No higher complexes are observed.

Previous experiments have shown that only association com-

spectrometer (R-TOFMS). The experimental setup has beenplexes with binding energies larger than about 10 kcal/mol
described in detail previoushBriefly, the yttrium atoms were ~ survive in detectable quantities in our flow tube apparatus at
produced in a Smalley-type laser vaporization source. A pulsed room temperature (ref 5 and references therein). This provides
laser beam (XeCl excimer, 10 Hz, 30 mJ) was focused onto aa lower bound for the binding energies of the complexes
yttrium rod (99.9% pure from Alfa products). The atoms were observed. The absence of higher complexes is attributed to either
entrained by a continuous flow of helium. A mass flow small or negligible binding energies. As will shown below, our
controller (MKS, Canada) maintained this He flow to 15000 calculations predict that YNH(Ng is stable, but the binding
sccm (standard cubic centimeters per minute). Reagent gasenergy is close if not below the observation threshold of 10
(mixture of NHs (1%) and He (99%)) was added through an kcal/mol. Our calculations also predict that a fifth ammonia
inlet ring positioned 60 cm from the source and 70 cm upstream molecule cannot be added.

of the sampling point. The reagent flow was set in the range  The jonization energies of all the species are smaller than
0—200 sccm by using a mass flow controller. The temperature the photon energy of the ionization laser. This means that the
and the pressure in the reactor were regulated (2d1< 373 species are ionized by a one-photon transition and that the ion
K'and 0.4< P < 2 Tor). Variation of the pressure changes sjgnal intensity is proportional to the concentration of the

the velocities of the clusters and, thus, the contact time with corresponding species. However, the ionization cross sections

the reagent. A pulsed shutter was used to reduce the gas loagjiffer from species to species and become larger with successive
in the differentially pumped chamber between the flow tube aqgition of ammonia. This is reflected in the lowering of the

(0.4-2 Torr) and the RTOFMS (10—107° Torr), the bulk of  jonization potential with successive addition of ammonia.
the carrier gas being evacuated by a mechanical booster pUMPgyperimental and theoretical values for the ionization potentials
Reaction products were ionized by a pulsed ArF laser (193 nm, o given in Table 1. The yttrium content of the species
10 Hz) at low fluence (less than 5@J/pulse). lons were mass originates from the reaction of yttrium atoms with ammonia. If

selected and detected by microchannel plates. the species had the same cross sections, the sum of the signal

intensities of the products would be the same as the intensity

drop of the yttrium atomic ion signal. This is not the case.
All calculations were performed using Gaussian 94 and the However, it is possible to estimate relative ionization cross

Becke’s 1988 functional, which includes the Slater exchange sections through mass balance (see below). The depletion of

along with the corrections involving the gradient of the density, yttrium atom by ammonia followed by the subsequent growth

with Perdew and Wang's 1991 gradient-corrected correlation and decay of products is modeled here using the following

functional (BPW91f8 These calculations were carried out with  pseudo-first-order kinetic consecutive reaction scheme:

LANL2DZ atomic orbital basis function$:1! Full geometry

optimization without symmetry constraints has been performed, K

starting from several initial geometries to locate different minima Y +NH;— YNH + H, 1)

on the potential energy surface. Different spin multiplicitieS (2

+ 1) were considered in all calculations in order to find the Ky

most stable spin state. To find the global minimum, one must YNH + NH; — YNH(NH,) )

consider several multiplicities and several initial structures for

each adduct. The possibility that the true global minimum was K

missed in the optimization procedure cannot be excluded, but YNH(NHj) + NH; — YNH(NH,), 3

the number of different initial geometries and spin multiplicities

that were considered is sufficiently high to feel confident that K,
the global minimum has been identified. YNH(NH,), + NHs‘kT;YNH(NHa)s 4)

Ill. Computational Details

IV. Results and Analyses of Experimental Data Under pseudo-first-order conditions, these yield a series of

Figure 1 shows a time-of-flight mass spectrum in the mass linked differential equations, describing the growth and decay
range covering the yttrium atom and the yttrium dimer obtained of the reactants and products, which when solved give the
without (dashed line) and with 0.03% of ammonia (solid line) relative concentrations [Y]/[¥o, [YNH]/[Y] t=0, [YNH(NH3)l/
at room temperature and at a total pressure of 2 Torr. The [Y]i=o, [YNH(NH3)2)/[Y] t=0, and [YNH(NHg)3]/[Y] t=o.
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The results for the first three consecutive reactions are

[Y]

i exp(k,[NH]t) (5)
k
% - Flkl(exp(—kl[NHg]t) — exp(—k[NH]t)) (6)
[YNH(NH )] koK,
= [(ks — k
[Ylo (ky — Ky) (ks — ky) (ks — kz)t( s~ k)

exp(k[NH]t) — (ks — ky) exp(k,INH]t) +
(kz = ky) expks[NHSJ1)] (7)

By fitting the experimental data to eqs-3, it is possible to
determine successively the valueskgfky, andks (see Figure
2). To do such a fit, we have plotted the ratio [species}4y]
as a function of the product [Ndtr (wherer is the contact time
with ammonia). An absolute value of the rate constiptfor
the depletion of yttrium can be obtained readily by fitting the
[IONVII(Y)=0] = [YV[Y] o ratio to eq 5. Figure 2 shows this
fit for which a value ofk; = (1.14+ 0.2) x 102 cm®stis
obtained. This value can then be used in eq 6 to deterkaine
which in turn can be used in eq 7 to determkgeThe derived
rate constants afg = (8.0 £ 1.0) x 10 cn® st andk; =
(7.34+ 2.1) x 1071 cm3s™L. To arrive at these values, the data
had to be corrected for the different ionization cross sections
(vide supra). Relative ionization efficiencies were determined
by fitting the normalized sum of relative concentratip(l (x)/
I[Y]o), x=Y, YNH, YNH(NHs3), YNH(NHs),, and YNH(NH)s,
to unity at all points.

The measured kinetics of YNH(Nf$ and YNH(NH)3 are
not consistent with irreversible conversion of YNH(j)Eto
YNH(NH3)s. It is necessary to consider an equilibrium reaction
between YNH(NH), and YNH(NHs)s. This is indicated in
reaction 4. The resulting coupled differential equations lead to

[YNH(NH ),]
[Ydl
[YNH(NH,),]
[Yol

‘e —k
=0 d'(a)

— -at
= Q3,3 e

8)

41
= a,a,aK,[NH,] S —— e

=q (&)

9)

whereap = 0, a1 = ki[NHg], & = ko[NH3], as = ks[NHg3], a4

= (ka[NH3] + k-4), andq'(a)) = [j=i(a — &). Because and
[NH3] are independent variables, we have plotted the experi-
mental data only as a function of [NHfor three different
contact times{ = 9, 12, and 22 ms, corresponding to three
different pressures respectivdéty= 0.7, 1, and 2 Torr). These

plots are presented in Figure 3. Fitting these data to eqs 8 and p

9 permits the determination &f andk_,. The large uncertainty
on the individual values is large. However, the values are highly
correlated, and their ratity/k—4 (i.e., the equilibrium constant

J. Phys. Chem. A, Vol. 107, No. 43, 200&1.01
1.0 1
0.8 &
. [Y1/1Y],
=)
~ 0_6— =
3
©
% 0.4 -
o
0.2 1 .
R ; o e 2
[NH,].< . 10" (em”s) (a)
0.10 1
0.08 1
>\E 0.06 1
3
E 0.04 e
§ [YNH]/ [Y]0
0.02 .
0.00 1
2 » 2 4 & 8 10 12 14
INH_]z . 107 (em™s) (b)
0.10 1
0.08 ] 1
>\E 0.06 4
3
& 0.04 - -
K]
&
0.02 1
[YNH(N H3)] / [Y]o
0.00 1

T d T T T d T d T
0 5 10 15 20

[NH]x . 107 (cm™s)

(©)

Figure 2. Variation in the peak area (concentration) of Y (a), YNH
(b), and YNH(NH) (c) with the product of the ammonia concentration
and the contact time. The solid lines represent the fit of the experimental
data with eqs 57.

mechanics relationship (third-law method)

1 QYNH(NH3)3 T

K==
N QNH3QYNH(NH3)2

(10)

where Q is the partition function. These functions were
determined from the DFT calculated structures and vibrational

K), can be determined with reasonable uncertainty. We applied frequencies (Table 2), yielding a binding enery§sp = 19.7
the fitting procedure to the experimental data on the two speciest (.3 kcal mot™ for the YNH(NHs)3 complex. The quoted error

YNH(NH3), and YNH(NH); at three different pressures (see
Figure 3) and obtained a reliable valuekof= (1.4 + 0.6) x

is that arising from experimental error Ky, Errors associated

with the partition functions are expected to be small. The

107 atn* for the equilibrium (dissociation) constant at 300 K. partition function term is dominated by the loss of three
This measurement of the equilibrium constant at 300 K can translational degrees of freedom. The binding entropy is derived
be used to derive the binding energy using the statistical to be AS’300 = —34 cal mot! K1,
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Figure 3. Variation in the peak area (concentration) of YNH(H

(@) and YNH(NH); (b) with the ammonia concentration for three
different contact times (i.e., three different pressures in the re&ctor
= 0.7, 1, and 2 Torr). The solid lines represent the fit of these data

obtained with egs 8 and 9.
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1.03

YNH(NHs); |

YNH(NH,),

3 i T

YNH(NH3)4

Figure 4. Optimized structures of YNH(Nk).. The geometries were
obtained at GGA level (BPW9and LANDL2DZ 16

distance increases when one goes from the complex with one
ammonia molecule to the cluster with four ammonia subunits.
The Y—N distances are almost the same for three and four

figure, the Y=NH distance is shorter than the-X\H3 bond

ammonia molecule cases. For all the structures presented in the

TABLE 2: Calculated Harmonic Frequencies (in cnt?) of

the Comp

YNH
YNH(NH3)

YNH(NH3)

YNH(NH3)

YNH(NH3)

lexes
592
42 111
587 808
3441 3502
2 38i 23
301 405
568 773
1654 1655
3511 3542
3 36i 28
129 185
429 464
599 742
1623 1627
3268 3295
3503 3525
4 41 41
84 88
269 277
481 489
602 738
1614 1617
1643 1645
3405 3449
3504 3514

843
302
1132
3527
43
432
1041
3329
3546
70
257
487
1018
1631
3417
3565
59
94
279
496
1024
1627
3234
3454
3515

3461
465
1636

69
495
1054
3333

76
272
529

1057
1639
3458

71

111
349
506
1028
1631
3258
3472

547
1657

92

509
1633
3426

80
308
579
1063
1646
3463

76
117
359
549
1036
1635
3261
3478

V. Results and Analyses of Computational Data

length. The structures are minima on the potential energy
surfaces. For YNH(NK), and YNH(NHs)s, one imaginary
frequency was found (equal to 38i and 36i cinrespectively;
see Table 2). Similar results were reported by Mierzwicki et al.
for the Li atom and Hashimoto et al. for Na(NJ and Na-

so2 (NHa)s complexes, where NHmolecules could rotate almost
freely around the M-N bonds!213 The imaginary frequency
25737 of YNH(NH3); and YNH(NH)3 that we found also corresponds
1633 to the rotation of the Ngimolecule around the ¥NHz bond.
3509 Therefore, it is safe to assume that the geometries presented in
89 Table 4, and the energies of these structures are quite similar
352 to the minima on the potential energy surface.
582 Table 3 reports the net atomic charges from Mulliken
13%% population analyses. The analysis of the YNH compounds with
3490 ammonia shows that there is a charge-transfer process from the
80 Y atom to the NH moiety. There is also a charge transfer from
253 the NH; molecule to the Y atom, suggestive of a dative bond
370 formation. Thus, the Y atom becomes less positive with
o, increasing number of ammonia molecules. As can be seen in
1637 Table 3, the atomic charge on the ammonia molecules decreases
ggg‘ll as the number of ammonia molecule increases. The analysis of

the bond distances shows that the charge-transfer process from

NHs to Y weakens the ¥NH bond. As a consequence, the

Y —NH bond is shorter when no ammonia molecules are present.
The binding energies for the YNH(N§#—1 + NH3; — YNH-

Figure 4 shows the optimized geometries for the most stable (NH3), reaction are reported in Table 4. In all cases, the products
structures that were considered. For YNH, the-N bond
distance is 1.89 A. This bond distance becomes larger when(NHs), the binding energy is larger than the binding energy with
the ammonia molecules are involved. In general, theNy

of the reaction are more stable than the reactants. For YNH-

two, three, or four ammonia molecules. Clearly, it is more
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TABLE 3: Net Atomic Charges from Mulliken Population VI. Discussion
Analysis for YNH(NH 3), with n =0, 1, 2, 3, 4 ) ) ) ) o
Previous theoretical studies had given the following incom-
103 108 plete picture of the reaction between neutral yttrium atoms and
- i ammoniat!* The reaction begins with the formation of a
1.91 & ‘L . ___i;' Y —NHj3 adduct. This complexation is exothermic by about 20
548 262 252

kcal/mol. The adduct results from the donation of the ammonia
lone pair into the empty d orbitals of yttrium. However, the

Net atomic charges Net atomic charges Net atomic charges adduct is unstable, and as there is no activation barrier, the
Y=038 Y=026 1 | ¥=020 insertion occurs readily to form the-Hr —NH; intermediate,
NH =-0.38 NH =-0.43 NH =-0.49 i i i
kg N 1 HLoits a planar_ molecule. The calculffmons did not go beyond_ this
N of NH = -0.65 N of NH = -0.70 intermediate, but from the reaction™¥ NH; studied theoreti-
N of NHy = -0.91 N of NH, = -0.91 cally by Ye and Dai, it was believed that the exothermicity is

high enough to overcome any barriers, and this would lead to
a rapid -2 H; loss to form yttrium imide. This study proves
1.97 unequivocally that the primary product of the reaction between
g thermalized neutral yttrium atoms and ammonia is yttrium imide
Q‘{ , ‘%“ and supports the previous theoretical findings that there is no
S ass \f » 64 fg activation barrier for the insertion of yttrium into the-Wi bond.
Itis interesting to realize that the binding of the imide radical
onto the yttrium atom neutralizes the capacity of that yttrium

REAEE S T E—— atom to activaFe the P_dH bond of other ammonia molecules. _
I B Rather, the yttrium moiety prefers to be solvated by the ammonia
NJ:_%;L NLZ“_#_;Z molecules. The bonding, which is relatively weak, arises from
NH; = 0.14 NHz=0.11 two contributions. There is an electrostatic dipetipole
N of NH =-0.74 N of NH = -0.71 . . . . . .
N of NH; = -0.90 N of NHs = -0.89 contribution, which likely acts at long range to align the negative
end of the dipole of ammonia, the lone pair, to the positive end
TABLE 4: Reaction Energies (kcal/mol) for YNH(NH 3)—; + of the yttrium imide dipole. As the ammonia molecules get
NHz — YNH(NH 3), closer to the yttrium moiety, weak dative bonds, in which
reaction AE (kcal/mol) ammonia transfers electron density, are formed. This electron
YNH + NHs — YNH(NH3) 5153 donation from ammonia to empty hyb(ld orbitals of yttrium is
YNH(NH3) + NH3 — YNH(NHa), —20.79 the second contribution to the bonding. If the electrostatic
YNH(NH3); + NHz — YNH(NH3)3 —12.30 dipole—dipole interaction were the only contribution to the
YNH(NH3)s + NHz — YNH(NH3)4 —-10.73 bonding, ammonia would also solvate the hydrogen atom of

the NH moiety because, like Y, it is also positively charged.
favorable to add one ammonia molecule to YNH than to the The reason why this does not occur is because of the lack of
system that already has three ammonia molecules. It appear£€Mmpty accepting orbitals on H. The two contributions appear
that for YNH there is a relation between the atomic charge and t0 counteract each other. As electron density is given to the
the binding energy; namely, as the atomic charge of the Y atom Yttrium moiety, the positive charge on Y decreases, thus

increases, the binding energy also increases. This suggests th4€ducing the dipoledipole contribution. This is why the binding
there is a dipole-dipole contribution to the binding. energy decreases with the number of solvating ammonia

) molecules. The positive charge reduction on Y also weakens

The general appearance of the molecular orbitals (Se€the Y—NH bond, which gets longer with the number of solvating
Supporting Information) is quite similar for all of the systems. gmmonia molecules.
The highest occupied molecular orbital (HOMO) is a nonbond-  ope may wonder why ammonia is solvating yttrium from
ing 5s5p hybrid orbital of the Y atom. In addition, there are the side of YNH rather than end-on along the internuclear axis
two s bonding and one bonding orbitals between Y and NH.  of YNH. The answer is simple. The HOMO of YNH, the
The energies of these orbitals are quite similar for all the nonbonding 5s5p hybrid orbital projecting out of the-M—H
systems. Hence, the covalent-XH bond is not affected axis, is singly occupied. Stark experiments conducted in our
significantly by the presence of ammonia molecules. laboratory, which established the permanent dipole moment of
YNH as 3.33+ 0.07 D, indicate that the hybridization moment
of the 12 orbital is about 1.2 B> This is the moment resulting
from the charge separation between the positive Y atom and
the singly occupied 12 orbital1® Clearly, this is enough to
prevent any solvation from that end.

The solvation of ammonia around the yttrium atom of YNH
is made possible by availability of empty orbitals on Y. Two Y

__0'45 au and_two at0.27 au. With _three ammonia molecules, 4d orbitals are used to make the two bonds in YNH. This leaves
nine nonbonding NEimolecular orbitals are found-0.45and  hree empty 4d orbitals along with the 5s and 5p orbitals. All

—0.27 au) while for YNH(NH)4 12 nonbonding NEimolecular  f these orbitals are very close in energy. It is interesting to
orbitals result. The energies of the nonbondingsMblecular  note that the geometries of the complexes are very much like
orbitals are quite similar for the four systems. In all cases, we those one would have predicted from the simple valence shell
found three nonbonding molecular orbitals for each ammonia electron pair repulsion (VSEPR) model. The ammonia molecules
molecule. The character of the-YNH bond remains the same, lie essentially at 90from the YNH axis. The hIN—Y —NH;3
no matter how many ammonia molecules are added. angle is essentially 18012C°, and 90 in the YNH(NHz),,

There is no molecular orbital that can be associated with a
purely covalent bond between the ammonia molecules and
YNH. For YNH(NHg) it is possible to find three nonbonding
NHz molecular orbitals: two degenerate-af.48 au and one
at—0.30 au. The situation is quite similar for YNH(NH. Six
nonbonding NH molecular orbitals are found: four orbitals at
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YNH(NH3)3, and YNH(NH)4 complex, respectively (see Table molecules, which weakly bind to yttrium perpendicularly to the

1). Therefore, the corresponding overall geometries are T- YNH axis. The ammonia molecules align in a plane perpen-

shaped, trigonal pyramidal, and square pyramidal. Obviously, dicular to the YNH axis to minimize the electron repulsion in

the bonds are not all equivalent. The-XIH bond is much accord with the simple VSEPR model. The binding arises from

stronger. Thus, it is not appropriate to associate a particulartwo counteracting contributions: electrostatic dipetiépole

orbital hybridization for the whole system. The weakening of interaction and dative interaction.

the Y—N bond upon successive addition of ammonia may be

viewed as a tendency for the systems to equilibrate the bond Supporting Information Available: Molecular orbital

toward a unique hydridization. The strength of the bonds in pictures for YNH(NH), YNH(NH3)2, YNH(NH3)s, and YNH-

YNH prevents solvation by more than four ammonia molecules. (NH3)a. This material is available free of charge via the Internet

Adding a fifth ammonia molecule to produce a pentagonal at http:/pubs.acs.org.

bipyramid geometry would require too major a change in the

bonding structure of YNH for the system to be stable, and indeed References and Notes
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wonder whether the DFT method used leads to appropriatelggg)llsjjmlirgé B.; Jakubek, Z. J.; Niki, H.; Balfour, W.Jl.Chem. Phys.
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