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The formation of Zt (H,), clusters § = 1—7) has been studied both experimentally and theoretically. Binding
energies were determined via temperature-dependent equilibrium measurements;-gitigflg= 14.5 +

0.3,10.7£ 0.2, 10.14+ 0.3, 9.1+ 0.5, 9.2+ 0.5, 8.9+ 0.6, and 8.5+ 0.8 kcal/mol fom = 1—-7, respectively.

Both DFT(B3LYP) and MP2 calculations gave binding energies in excellent agreement with experiment. Zr
appears to insert into the first;Ho form the dihydride as predicted by theory. The rate of insertion was
observed to have a negative temperature dependence and a positive pressure dependence, suggesting a cluster
assisted insertion mechanism. Interestingly, both DFT and MP2 calculations suggest that the dihydride may
“uninsert” to form a pure dihydrogen cluster withbetween 5 and 7.

Introduction contradiction to this, we found experimentally that the reaction
did occur at thermal energies under multiple-collision conditions.

Different aspe_cts of th? Interaction _OfZHN'th transition Even more surprising, the reaction rate displayed a negative
metals have received considerable attention over the past decad‘?emperature dependence, a result inconsistent with a large

Many mvetstlllgatlons havz centere?hond'coordlnateflyl Satul.ratzdreaction barrier. We explained this unusual behavior with a

organlomea 'th‘?”.‘p"”” 'StSIIICc?h g |sco;_/eryotl) ‘ong- lve t cluster-assisted activation process in which ligation by H

fome (Txes_ ccip ﬁ";'r.]g ?nTlhn act diny rogzn igand (in con r?s effectively lowers the insertion barrier to form the dihydrfde.

0 a ‘classical’ nydridey. Tneseé compounds are précursors 10 -\ye i see below that theory can provide some surprises of

oxidative addition, an extremely important step in the catalytic its own

reactions of hydrocarbons at transition-metal centers. In fact, N -

many of these “nonclassical” dihydrogen-containing compounds . N this paper we present results on the binding of up to seven

exist in a form intermediate between one with bbund as an hydrogen molecules to the second-row transition-metal zirco-

intact dihydrogen ligand and that of a fully activated dihydfde. ~ nium ion, Zr". This is an interesting system for several reasons.
First, now that we have results for the entire first-row transition-

While this is clearly an important class of compounds for study, ion< 13t is i X
there are difficulties in obtaining data due to the limited number Metal ions;™*itis interesting to see how the general concepts

of dihydrogen-containing compounds that can be synthesized learned from first-row transition-metal ion systems will transfer
and their unstable nature. 'to the second-row metal ions. The second-row transition-metal

In this laboratory, we have examined the interaction ef H ions differ from the first-row ions in several important ways:
with a variety of 'Eransition-metal catiohs® using mass- First, the second-row ions are larger, they have lowedd

spectrometric methods. We have also investigated closed-shellexchange energy, and the size difference between the 5s and

alkali-metal ions for comparisof,along with the interaction 4d _Orb'ztfzf is smaller thar_l _that betW.‘?e“ the 4.S and 3d
of H, with main-group cation&1¢ By measuring successive orbitals2#-2>Further, the reactivity of transition metals is known

M*+(H2)W/M*(H2)n_1 equilibria in a high-pressure, variable- to increase in moving from the first row to the second and third
n— ’

temperature drift/reaction cell, we have been able to accuratelyrowsmﬁoieé?_'mple’ u_nderﬁ |nglel-cor:l|S|onbcond|t|ons,_ all flrsltl-
determine the successive enthalpies and entropies of binding(rjOW ined t‘)‘ reagtlor? cngg:gne N | ave been exp;]errl]me?nta y
of up to seven bimolecules to a transition-metal ion. These detérmined to be endotherntfta result consistent with theo?.

measurements have revealed surprising dependenci&blbf In the second row, only Zris obsgrved to_d_ehydrogenate
and AS’ on the number of kiligands coordinated to a given methane at thermal energy under single-collision conditi®ns,
metal center. These variations have stimulated the applicationWh"e oligomerization is observed for third-row transition-metal

of ab initio'”22 and density-functional techniques to these ions reacting with metharf.

species, generating information as to their structures and Activation of the H-H bond is thought to be easier than that
energetics, which ultimately leads to a much greater understand-of the C—H bond of CH due to the more directional $ponding

ing of the most important aspects of the interactions between in methané? and we might expect Zrto be capable of reacting
different transition-metal ions and dihydrogen. This synergism With Hz to form the dihydride. One of the goals of this study is
between experiment and theory provides surprises and insightd0 determine whether Zrdoes in fact insert into the HH bond,

for both. For instance, both theory and experiment suggestedand, if so, determine the rate and temperature dependence of
that the insertion of Stinto H, to form the dihydride was the insertion to elucidate the mechanismoelhond activation
exothermic. No reaction was seen experimentally under single-in this system.

collision conditions howeve® a result explained by theory, In addition to experimental results, we present results of
which predicted a large barrier to reaction. In apparent density functional (B3LYP) and MP2 calculations of the
energies and possible structures of @&),. These results help

T Part of the special issue “Aron Kuppermann Festschrift”. one to understand the experimentally observed trends and aid
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in the data analysis. We considered clusters where all of the H the data in this way is functionally equivalent to the more
ligands remain noninserted dihydrogen as well as clusters incommon van’'t Hoff plot, but is more convenient for our data

which the Zr has inserted into one Ho form a dihydride. analysis (described below).

Insertion into two or more Kligands is very unlikely as Zr Analysis of the equilibrium data involves extracting the value

contains only three valence electrons. of AH¢®, the binding energy at 0 K, which is a more fundamental
quantity than AH:°. We do this by calculatingAG® vs

Experimental Method temperature using statistical mechanics and then matching the

experimental and theoretical plots. While this procedure requires
a variety of parameters (rotational constants, vibrational fre-
guencies, etc.), these parameters are usually known with
sufficient accuracy to makaHy°® the only significant variable

and thus give a very well determined value foy°. In other
words, the data analysis is not sensitive to reasonable errors in
the calculated rotational constants and vibrational frequencies.
These input parameters are varied over a wide range, and the

by heating a small sample of solid ZHR a small oven attached r_es_ulting variation inAHg® is included in the reported error

to the ion source. In the equilibrium measurements, ions formed IMItS: _ . .

in the source were accelerated to 5 keV. mass selected with a VW€ must also consider the effect of excited states in the data
double-focusing, reverse geometry mass spectrometer, deceler@@lysis. In both the Zrand Zr'(Hz), ions, there may be several
ated to about 5 eV, and injected into a reaction cell containing tNérmally accessible excited states due to the variety of
H at a concentration of aboutsi 107 molecules/cr (3 Torr electronic configurations available to the metal, as well as the
at 300 K). More recent kinetic measurements were performed variety of available binding sites in the unsaturated clusters.

using a similar instrument that utilizes a quadrupole for the initial While the reported\Ho® values reported here refer to ground-
mass selection. Within the reaction cell, ions are quickly State products and reactants, the experimentally obserid

thermalized via collisions with i and traverse the reaction cell and.A:rf" maydincludi Contrri]butiohns from gxcited”stat%s. It isd

(4 cm in length) under the influence of a small, uniform electric Straightforward to show that the experimentally observe

field. The electric field is kept small enough that the ion thermal 2Gebsd” is related to the trudG* (for ground-state reactants

energy is not significantly perturbed. The idressure in the going to ground-state products) by eq 3,

reaction cell is monitored directly using a capacitance mano-

meter. The cell temperature is varied using a flow of heated or 1+ zieXp(_éGRi/RD
1+ zjexp(—éGpj/RT)

The instruments®! as well as the equilibriufd and kinetic
experimentshave been described previously. Sources of error
have also been discussed extensi¥eMn overview is given
here with an emphasis on the differences between these
experiments and those previously reported.

Instruments. Zr" ions were formed via surface ionization
of ZrF, on a hot filament (both tungsten wire and 0.0015 in.
rhenium ribbon were used,2500K). Zrk vapor was produced

AGO = AGObSdo - RTIn

®3)

cooled N or with electric heaters, and measured using both a
thin-film platinum resistor suspended in the bath gas and

multiple thermocouples attached to the cell. lons exiting the Where the termdGr, (3Gr) refers to the free energy difference

cell are accelerated shghtly (to about 5 ev), qugdrupole Mass p etween the ground state of the product (reactant) cluster and
analyzed, and collected using standard ion-counting techniques.

ith (jth i
The quadrupole is computer scanned over the mass range o*tsj (i) excited state.

interest, and the baseline-resolved peaks are integrated to giv% aijcgse%ihrgtbastgxg;j c%ﬁittzrntes qu\llliltt))rr;:irgﬁ;r?rgejértzizreg%ﬂ
the relative ion intensities. ’ d ’

A ; excited-state free energies are used to try to fit the experimental
Equilibrium Experiment . After the temperature and >H R .
. . . . AG° vsT curves. Often, the calculated and experimental slopes,
pressure in the reaction cell have stabilized, product/parent ion

ratios are measured as a function of reaction tinfgdrift field). gg;efggrr:%'zg :T?;Asge’ %?JenO,:f?;gi;ﬁ?gg%mﬁgggno?nthtehe
As the reaction time is increased, product/parent ion ratios 9 may : . o
L L quadrupole which results in an error in the obsen&#° equal
become constant, indicating that equilibrium has been reached. SR AT
. o . to R x In(mass discrimination). An apparent mass discrimination
While as long as 500s (roughly 85 000 collisions) was required term, “MD”, can thus be calculated and added to the calculation
for the first cluster to reach equilibrium (that is, for the 2t ’ ’

ooy f AG° to match experiment. Ultimately, the calculated
Zr* ratio to become constant), all subsequent clusters reache . oo . -
S - . . rotational constants and vibrational frequencies are varied over
equilibrium on a time scale too short to measure in this

experiment €100 us). For selected experiments, the pressure mgee;ag?i?:émgllleIglle%aesrsegﬁgﬁmgﬁ'on IISH ?c:éus;i(l:g”match
of H, was varied by a factor of 2 with no significant change P pot. ng rang 0159 y
: P less than 0.3 kcal/mol. Errors in temperature measurement
observed in the equilibrium constant. . L ; . N
X . I propagate in a similar fashion, giving much larger errorA 8
Product/parent ion ratios are converted to equilibrium con- than in AHe®. In these experiments. we observed clusterin
stants using eq 1, wherBy,° is the hydrogen pressure in 0 P ’ 9

A - entropies that were on average about 2 cai@) more
atmospheres. The free energy of reaction is then given by eq 2’negative than our calculations showed. This is a larger than
o [Zr+(H2)n] 1

expected deviation, and may indicate a small systematic error
= (1) in temperature measurement.

[Zr"(H,),_4] Pre’ Kinetics. As mentioned above, equilibrium was reached very
rapidly for the formation of all clusters after the first; the initial
whereR s the gas constant arkis the temperature. Over the ~ Zr* + Hz — ZrH," reaction required a much longer time. This
one observation is sufficient to show that this first reaction is
AG® = —RT In(K;°) (2) not a simple clustering of Zrand an intact 1 molecule. To
help determine what actually occurs in this first addition, we
experimental temperature range, a plotAgs° vs temperature investigated the temperature and pressure dependencies of the
is essentially linear with a slope equalta\S®° and intercept forward and reverse reaction rate coefficients. As in our previous
of AHt® (T is the average experimental temperature). Plotting work on Sc¢(Hz),,® the slow approach to equilibrium was

P
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modeled assuming a simple bimolecular association mechanismeffective core potential (ECP) of Hay and Wédvas used,
as in eq 4. From this mechanism, the product/parent ion ratio which replaces the inner 1s, 2s, 3s, 2p, 3p, and 3d electrons,
and incorporates the masselocity and Darwin relativistic

zZrt + H, é, ZrH2+ (4) effects. The basis set used for the valence electrons is a modified
K contraction of their valence bassThe s basis is constructed
is given by eq 5, wher& is the ratio of Zri+ to Zr* at time from the first three primitive Gaussians making up the 4s orbital,
t, Reqis the final equilibrium ratio, and = ky, + kiH2], where leaving the fourth and fifth primitive Gaussians uncontracted.

[H] is the number density of H Both the equilibrium ratio ~ The p and d bases are treated similarly, leading to a (5s5p4d)/
[3s3p2d] contraction scheme, to which we added one additional

_Rfl—e® diffuse d function with an exponent of 0.01. For hydrogen, the
- A+R, qe—qt) ®) scaled (4s)/[2s] basis set of Dunnfigvas used, to which was
added a diffuse s (0.071) and two p (1.2 and 0.40) functions.
and the concentration of +are known. The backward rakg Geometry optimizations were performed using density func-

can be determined usirlg and the equilibrium constant using  tional theory (DFT), specifically the Becke3LYP hybrid func-
Keq = kilko. There are several corrections to the kinetic data tional. A variety of geometries and electronic configurations
that must be addressed in this analysis: penetration of nascen{yere considered, and all minima were confirmed by frequency
Zr* ions into the reaction cell before becoming thermalized, ana|yses_ The B3LYP functional has proven to work well for
reducing the reaction time, collision-induced dissociation (CID) M+(H,), clusters for first-row transition metafg;12.13.192qyt
of cluster ions between the reaction cell and the detector, and,the lowest energy Z'(HZ)n minima were subsequenﬂy reopti-
finally, formation of higher order clusters. The last two effects mized using MP2 theory to gauge the performance of B3LYP.
both reduce the apparent amount of reaction. The binding energy of the first H#imolecule to Zt was
When reaction rates are measured within the reaction cell, calculated relative to the lowest energy electronic configuration
the amount of time that ions spend in the cell (the reaction time) found for zr" using that method“E(4cf) with B3LYP and
is varied by changing the electric drift potential. The absolute 44541 with MP2). Also, in the present calculations we have
times are then calculated using the measured ion mobility. considered cluster states in which ali hiolecules are bound
Measurement of mobilities is described elsewt#rm these intact (as dihydrogens) as well as forms in which" Zras
experiments, the absolute mobility was measured as a functioninserted into one bi (dihydrides). Calculating the relative
of pressure at several temperatures, and was observed to increaggergies of inserted and noninserted forms is challenging, and
slightly at lower pressures (about 7% at the lowest pressures).is js yseful to compare results of DFT with more conventional
This is due to ions penetrating into the reaction cell a significant echniques such as MP2. For the noninserted geometries, we
distance before becoming fully thermalized. Fortunately, the 5150 examined both doublet and quartet states (inserted forms
effect is small, and simply accounted for by scaling the time gyt only in doublets within the valence manifold). Although
axis during the data analysis. _ , _ geometries varied very little between the B3LYP and MP2
A more important problem in measuring reaction rates is due results, frequency calculations were repeated for the MP2

to CID effects. When measuring equilibrium constants (10 minima to ensure that true local minima were found. While there
determineAG®), we can test for CID by repeating the measure- g g foolproof method for ensuring thgtobal minima were
ment at different pressures. In cases where CID is observed 0, 04 care was taken to try all reasonable possibilities, taking

be an important effect, it tends to scale linearly with pressure. i, consideration possible electronic configurations as well as
Thus, the true equilibrium constant is taken as the extrapolated"gand arrangements. In this respect, previous calculations on

value at zero pressure. The earlier equilibrium measurements.1-i+(|_|2)n proved useful in formulating a reasonable set of
were performed on a different instrument than that used in the possible structure

pressure-dependent kinetic studies, and little or no CID was
observed at that time. However, CID appeared significant in ) )
the more recent kinetic studies. If the true (zero pressure) Results and Discussion
equilibrium constant is known, it can be used to simply scale

the observed equilibrium constant to account for CID. In fact,

our present low-pressure data agree well with the previous
experiments, and we have used the true equilibrium value to
correct for CID in our kinetic data.

One further potential error in our rate determinations is
sequential clustering beyond the first addition. These higher
clusters are products of the reaction of interest and must be
included. As all the observed clusters beyond the first were
observed to be in equilibrium at the shortest times in these

experiments, we can account for this clustering by summing ¢ N .
the first and second clusters (and higher, if present) together to2Verage experimental temperature. The fitting of these data with

give a “kinetic” product/parent ratio equal to (ZrH+ ZrH,*)/ curves from statistical mechanical caI(_:uIations gives the binding
Zr+. This is a very small correction except at the lowest €Nergies BO K (AHo®; see the Experimental Method). These
temperatures and highest pressures. The small relative amounfiu@ntities are listed in Table 1. The data are quite linear over
of the second cluster also means that ignoring CID of the secondthe témperature range of the experiment as expected. There is

The results of the equilibrium experiments will be presented
first, followed by the theoretical results. Last, the kinetic results
will be presented along with a discussion of their implications
for the insertion mechanism of Ziinto Ho.

Experimental Results The experimentally determinesiG®
vs temperature plots for the sequential clustering reactions of
Zrt with up to seven Hligands are shown in Figure 1. The
lines through the data points are linear least-squares fits with
slopes equal to clustering entropies (actuathAS®) and
intercepts equal to clustering enthalpiedi;°), whereT is the

cluster should not lead to significant error. slightly more deviation in the first cluster data, possibly due to
] the fact that equilibrium was reached only at long cell drift times,
Theoretical Method leading to much lower signal intensities at equilibrium. The first

All calculations were performed using the GAUSSIAN®94  H, is also more strongly bound than subsequent ligands, which
and GAUSSIAN 98° program suites. For zirconium, the show a smooth, monotonic decrease in binding energy as
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2 TABLE 2: Confirmed DFT(B3LYP) Minima: Zr *(Hy),
///// n sym state [ D¢
i -
0 e 6 n=d e 12 Cav 2B, 16.33 16.62
& Cov A 16.13 16.47
2 Cov 20, 12.63 13.22
= 1P Cov A, 13.62 12.00
£ Cov A 13.57 11.94
T - Cov B, 11.95 10.44
£ 2 Cov 2B, 11.57 8.41
. Cov 2B, 13.27 8.46
9 &4 et Cs 27" 13.41 10.57
20 Cs apr 10.83 6.42
3 Cs A 11.09 7.88
8 Cs 27" 11.87 7.87
Cs 2 12.53 7.62
3 Cav 47 10.73 6.03
10, : : : | Cav A 10.62 6.05
200 300 400 500 600 42 gs ;ﬁ” l‘ié(i %%]é
Temperature (K) 4 Cav 2A, 13.72 7.64
Figure 1. AG° vs temperature for the reactionZHz)n-1 + H2 S Cs AA" 9.40 6.35
ZI’+(H2)H n=1-7. 52 Coyv 2, 5.47 5.47
’ X G °A 6.47 5.68
TABLE 1: Summary of Experimental Binding Entropies > gz" 4ﬁ.2, g%g gg;
and Enthalpies: Zr*(Hy)n-1 + H, — Zr *(Hy), 62 C. §A 6.96 4.59
o, of o CZ Bl 526 272
n ASr® AHr® AHo™ & o 2B, 11.04 6.62
1 20.2+0.2 16.7+ 0.1 14.5+ 0.3 Cs A" 8.40 7.50
2 21.54+0.1 11.8+0.1 10.7+ 0.2 ® C. 2A 2.18 0.24
3 23.8+0.1 11.5+0.1 10.1+ 0.3 7™ Cav 2B, 8.98 4.99
4 25.0+0.1 11.0+ 0.1 9.1+ 0.5 Lo :
5 26.7+ 0.2 10.6+ 0.1 9.2+ 0.5 anserted (dihydride) clusteP.Noninserted clustef.kcal/mol.
6 29.0+0.2 10.3+0.1 8.6+ 0.6 ] o
7 30.4+ 0.4 9.9+ 0.1 8.5+ 0.8 TABLE 3: Confirmed MP2 Zr *(H,), Minima
2 cal/(K-mol). ® kcal/mol. n sym state [ Do°
12 Cov °By 13.75 13.91
subsequent ligands are added. There is an equally smooth gZV zﬁl 18-2% 13-853
decrease in entropy (increase #M\Sr°) with an increase in 1b C;V, 4A§ 353 178
cluster size. Cay 4Ax 3.43 1.64
These binding energies show a trend nearly identical to that Sar B 489 5L
. g g|es sSnow a ren. neal’.y laentica -0 a 2a Coy 2B, 13.24 7.90
of TiT(Hy)1—s, with two important exceptions. First, for the first- Cs ;A 12.69 9.48
row congener Ti, the first H was found to be bound by 2.2 Eh 85 A ig-gg 98%8
kcal/mol less than the second,Hnd this was attributed to the c 2p 12.07 9.00
cost of promotion from the 48c? ground state to the lowest 21: 82v zﬁz ﬁg% g-g‘l‘r
energy 3d state 2.5 kcal/mol higher in energy. Even single g o ™ 1156 809
occupation of the large 4s orbital leads to long-range Pauli . C ;A 10.90 7.31
repulsion with the filled ground state of the incoming ligand. % %V o’ 1085 288
For Zr", the comparable 4dstate is 7.2 kcal/mol above the Cov 2B, 9.16 451
5st4cP ground state, and yet the firsblis bound about 4 kcal/ 6° Cov ‘Z‘E?' 1411 6.9
mol more strongly than _the second.H’ﬂote also that _equilibriu_m 7a G 2p 7'36 6.23
in the first Ti* + H, addition was achieved very quickly, unlike . Cav ;Bl 7.46 4.46
the Zr case. The second difference is that binds seven ki 7 Cs A 11.96 8.88
ligands within the first solvation shell, while Tionly binds a|nserted (dihydrogen) clustetNoninserted clustef. kcal/mol.

six. This latter difference may not be too surprising since the
second-row transition metals are larger than the first-row ourselves to consideration of inserted vs noninserted doublets
transition metals, and are known to form higher coordinated for the most part. A plot of the binding energies of the lowest
species than the first-row transition metéls. energy inserted and noninserted doublets calculated using DFT,
Theoretical Results A summary of low-energy Zi(Ha), together with the experimental values, is shown as a function
cluster states examined using DFT and found to be local minima of ligand number in Figure 2. Figure 3 shows the same binding
(having all real vibrational modes) is given in Table 2. Likewise, energies calculated using MP2. The excellent agreement for both
the results of MP2 calculations are given in Table 3. (A more methods is striking. Interestingly, both methods predict that a
complete listing of all local minima found using DFT is given noninserted seventh cluster is favored energetically, although
as Supporting Information, including absolute energies, Carte- this effect is more pronounced with the DFT calculations, which
sian coordinates, and frequencies.) No local minima were foundfind the Zr*(H,)s—7 clusters to all be noninserted, with an
at either level of theory for noninserted doublet ZfHThat is, especially large difference for the seventh. Both MP2 and DFT
all attempts at optimizing a noninserted structure for the first methods overestimate the binding energy of the first cluster,
cluster spontaneously inserted on the doublet surfaces. Althoughbut follow the experimental trend in binding energy for the
guartet minima for uninserted Z{H,), clusters were calculated  subsequent clusters almost exactly. This is probably due to the
for all but the last (seventh) cluster with DFT, the reliability of difficulty of accurately calculating intra-atomic electronic
comparing doublet and quartet states is questionable, as can béteractions. Progressive saturation of a transition-metal center
seen by comparing the DFT and MP2 results, which differ tends to “sort out” or distinguish between very nearly degenerate
significantly for the first cluster. Consequently we will restrict electronic states of the isolated atom. After only a few ligands



2220 J. Phys. Chem. A, Vol. 105, No. 11, 2001 Bushnell et al.

20

X Inserted

15— \ O Noninserted 2 1.804 A : .
\ —e— Experiment B1 : CS! 2AII 1.805 A
\ - - Best Theory

1116° i 110°

Binding Energy (kcal/mol)
7

Dy = 16.62 keal/mol | Dy = 10.57 keal/mol

T T T T 1
0 2 4 6 8

n

Figure 2. Comparison of experimental binding energies with binding
energies calculated using DFT(B3LYP). “Best Theory” refers to the
lowest energy doublet state for cluster @y),.

20 —

= X Inserted
Bl 3 3 Sy
© \ - - Best Theory
2
B>
ECS 107 Dy = 7.88 keal/mol
L; X Figure 4. Geometries of the lowest energy doublets found using DFT
% X for Zr+(H2)173.
& ° o
o TABLE 4: NBO Populations for Zr *(Hj); » from DFT
o Zr+(H2)1 2Bl Zr+(H2)2 27!
o T . T ] 5s 0.302 5s 0.347
0 2 4 8 8 4d,, 0.996 44, 0.929
n 4d,, 0.693 4g, 0.715
Figure 3. Comparison of experimental binding energies with binding 4de-y2 0.321 Agp-p 0.426
energies calculated using MP2. “Best Theory” refers to the lowest ~ H(1S) 1.346 hydride( 1s) 1.346
hydroge n(1s) 0.997

energy doublet state for clusterZHy)n.

are added, orbitals tend to become more localized, if only by receive back-donation into the ld* orbital. The H-Zr—H bond
symmetry, and metalligand interactions become more domi- angle, Zr-H bond length, and orbital occupation are not
nant. It is interesting to note the different dependencies that the significantly altered by addition of the Higand. Insertion into
DFT and MP2 calculations predict for the change in the relative the first H, leaves only one valence electron remaining oh, Zr
stabilities of the noninserted clusters with cluster size.nAs  resulting in a rather unrestrained, flexible bonding environment
increases, the noninserted binding energies rise much morefor subsequent Kligands. B ligands are also able to bind at
rapidly with MP2 than with DFT (Figures 2 and 3), possibly several possible sites in the earlier unsaturated™Hat,),
due to a larger basis set superposition error (BSSE) for MP2. clusters, and theory reflects this in several low-lying states found
The greater dependence on basis set completeness for MP2or the second and third clusters (Tables 2 and 3).
relative to DFT is well-knowr#? and BSSE is a byproduct of The lowest energy third cluster is shown in Figure 4 and is
using finite basis sets. formed by adding a second dihydrogen to H&(H,) at a right
The DFT geometries of the lowest energy states for HZr angle to the first. The zirconium dihydride foundation is still
(H2)12 are shown in Figure 4. We focus our attention on the only very slightly perturbed from that of HZH. There seems
density functional structures because of space constraints, ando be a greater interaction between znd the H ligand closer
because the MP2 results are in very good agreement with theto the hydrides as evidenced by its shorter-Bp and longer
results of DFT/B3LYP. The first cluster is predicted to be H—H bond lengths. Both DFT and MP2 predict three nearly
inserted. Two hydrogen atoms are bound to & &nter that is degenerate structures for inserted HHA(H-),, suggesting that
sd hybridized. The largely hydridic nature of these directly there is probably an equilibrium mixture of different structures
bound hydrogens is evident from the large negative chargein our experiment. We cannot experimentally distinguish
density given by a natural bonding orbital (NBO) analysis (see between these structures, but they have been included in the
Table 4). MP2 gives 8A; ground state rather than’B; state data analysis described in the Experimental Method.
for the HZr"H system; however, the two states differ only in Figure 5 shows the DFT geometries for the lowest energy

which nonbonding d orbital on Zris singly occupied: @ inserted HZrH(Hy): and noninserted Z(H,)4 clusters. The
(%A1) or dy, (°By). Neither orbital interacts strongly with the H  inserted geometry shows a slight increase in metgtride
atoms. bond length, and decreased metdihydrogen bond lengths.

In the second cluster, the dihydrogen approaches the non-The noninserted structure for the fourth cluster is especially
bonding singly occupied orbital with the correct symmetry to favorable, with all four H ligands able to align perfectly for
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18154 Ce, 2A"
114.0°
1.821A
780A
Inserted

Dy = 8.02 kcal/mol

779A
o710

2.016A

Noninserted

v OO
* Dy = 7.64 keal/mol

Figure 5. Geometries of the lowest energy inserted and noninserted
doublets of Zt(H,)4 using DFT(B3LYP).

back-donation from the doubly occupieg drbital (Zr" having
a dy?d2* occupation for the lowest noninserted doublet). Back-
donation from doubly occupied,@rbitals has been seen to be
a large factor in determining relative bond strengths for first-
row transition-metal/dihydrogen systems, contributing an esti-
mated 6 kcal/mol in bonding to each ligand in such a
configuration!” The lower relative energy of the fourth nonin-
serted doublet to the third is evident in Figures 2 and 3.
However, both DFT and MP2 still predict the ground state of
Zrt(Hy)4 to be inserted. Both methods also show a bending out
of plane from the idedD4, configuration. This could be caused
by a repulsive interaction with the singly occupied arbital,
though the origin of this distortion is not fully understood.
Geometries for the lowest energy structures of HZ(H,)4
and Zr"(H,)s are given in Figure 6. The ground state for the

inserted cluster has now lost all symmetry, and the exact shape

(and interaction with dihydrogen ligands) of the unpaired metal
electron is difficult to describe. The metdhydride bonds again
increase very slightly in the inserted form. On the other hand,
the noninserted ground state is well suited to receive back-
donation from the doubly occupieg,@rbital. The third valence
electron is in the g orbital, which can further interact with the
two ligands above and below tlgeplane. Although the metal

H, bond distances are slightly longer in this cluster thannfor
= 4, the H-H bond distances are all larger, indicating increased
back-donation from the ,dorbitals of Zr*. The noninserted
geometry is in fact now favored in the DFT calculations. Since
only one electron is formally available to interact with all the
intact H, ligands in the inserted clusters, it is not surprising
that the noninserted form ultimately binds more strongly than
the inserted form as ligation increases.

Figure 7 shows the HZH(H,)s and Zr"(H,)s ground-state
doublets. The noninserted cluster now has foumtblecules
well aligned for back-donation from the doubly occupieg d
orbital, and two H molecules are midway between this orbital
and the singly occupied gl which also has the correct symmetry
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Figure 6. Geometries of the lowest energy inserted and noninserted
doublets of Zf(H,)s using DFT(B3LYP).
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Figure 7. Geometries of the lowest energy inserted and noninserted
doublets of Zf(H,)s using DFT(B3LYP).
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interesting conformation with one ;Higand almost exactly
between the two hydrides. The dihydrogens align themselves

for back-donation. The inserted cluster has now adopted anwith the negatively charged hydrides in several of the calculated
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Figure 9. Ratio ZrH,"/Zr* vs time at 396 K in 3 Torr of K The line
corresponds to a fit using eq 5 wikh= 3.61 x 10713 cm?/s.
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inserted HZFH(Hy), cluster structures, perhaps due to the T ' ' I ' '
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attractive chargequadrupole attraction, since;Hs slightly
negatively charged at the dihydrogen bond, and more positively
charged on the ends.

Though we have not been considering the quartet clusters,
Zrt(Hy)s offers the ideal bonding situation for a quartet Zit
is possible to arrange six ;Hmolecules around Zrin a
pseudooctahedral configuration (actualBs,) in which all
dihydrogens approach empty d orbital lobes and are perfectly
aligned to received back-donation, albeit from singly occupied
d orbitals, which is less favorable due te-d exchange loss.
This Zr* state corresponds to the first excittfe state of Zr,
which mixes with the ground state (alséFastate). These factors
combine to give a quartet as the ground state 6{H5)s at the
DFT/B3LYP level. However, this state is less than 1 kcal/mol
below the doublet, and MP2 predicts it to be higher in energy
than the doublet. Thus, the spin of the true ground state is
unclear. . - . . - .

Figure 8 shows the lowest energy DFT calculated structures‘t‘hat zirconium cations can insert into dihydrogen and then

for HZrtH(H2)s and Zr(H,). The inserted structure has the uninsert” after the addition of six fairly weakly bound ligands
largest H-Zr—H bond angle of any of the inserted HZfH demonstrates the delicate balance between different types of

(Ho)n clusters in the series, and the-Z4 bond lengths are bonding in tran_sition-metal systems. Theory certainly su_ggests
elongated still further. At this point, six dihydrogens must share that the strong interaction present between @nd two hydride
a single unpaired d electron for any covalent interaction, and 1192nds can be offset by a weaker yet significant interaction
the binding energy has dropped significantly from the sixth SPread out over many dihydrogen ligands.
cluster. The noninserted structure, however, is still able to have  Kinetic Results. Rates were determined as outlined in the
four H, molecules in a favorable position for back-donation from Experimental Method. A representative fit of kinetic data using
the doubly occupied 4 orbital, while two others are able to  ed 5 is shown in Figure 9. Forward rate coefficierig ere
interact weakly with both thegorbital and the singly occupied ~ derived from similar fits of kinetic data taken at approximately
dy, orbital. The seventh His aligned with the ¢ orbital. The constant number density over a wide range of temperatures
H—H bond lengths are seen to decrease in exactly this order,(350-580 K). The results are shown in Figure 10. The rate
corresponding to their interaction with the'Zralence orbitals. constant shows a steady negative temperature dependence over
We are not able to distinguish between inserted and nonin- the entire temperature range. This dependence is obviously
serted structures experimentally, but the agreement betweerinconsistent with a simple energetic barrier in a bimolecular

Temperature (K)

Figure 10. Bimolecular rate constant for formation of ZfHvs
temperature.

experimental and theoretical binding energies at least suggests
that a transition from inserted to uninserted occurs at some point
between the fourth and seventh clusters. We see no evidence
of a slow reaction leading from inserted to noninserted forms
of Zr*/H; clusters, but this is perhaps not surprising given the
flexibility of these clusters and the huge phase space present in
the larger clusters. In agreement with the DFT calculations, MP2
calculations also predict a noninserted ground state for Zr
(H2)7, although the energy difference is smaller and less
compelling. There is probably no simple procedure to determine
the presence or absence of inserted clusters. Certainly this type
of experimental apparatus is unsuitable. However, the possibility
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Figure 11. Bimolecular rate constant for formation of ZsHvs the Figure 12. A schematic potential energy surface showing the pertinent
number density of K The line represents a linear least-squares fit of quantities for a cluster-assisted reaction mechanism in the reaction of
the data. Zr™ with Ho.
reaction pathway. On the other hand, a barrier must be present.
Otherwise the reaction would proceed at a rate near the collision |
rate (about 10 000 times faster than we observe). Further, Das __
and Balasubramani&hhave published a theoretical PES for = 04
the insertion of Zr into H, that shows a barrier of about 12.5 E
kcal/mol for the’F ground state. Unfortunately, their assignment £ 67
of the 2P state of Zt to the insertion asymptote at infinite 3% s
separation is in error. The state with the correct symmetry to § '
insert adiabatically into bis the?D state (analogous with the = .o
insertion reaction of Stinto H,).>4! This state lies 4.5 kcal/ -
mol below the?P state!? giving an estimated barrier to insertion 12+ . *
from the ground state of about 8 kcal/mol. Again, the observed .

negative temperature dependence is inconsistent with a simple ™ 1 v 1 1 T 1
bimolecular reaction with a barrier this high. o0 oo oo oo oomd 000

We found a similar paradox in our studies of the insertion 1T (K)
reaction of S¢ and B into H,.>1%In these systems much higher  Figure 13. In(slope ofk vs N/V) vs 1IT from the pressure dependence
barriers of about 20 and 77 kcal/mol were predicfett,and measurements. The slope is equaH@\H:® + E.)/R (see the text).
we proposed a cluster-assisted mechanism to explain the
anomalous temperature dependencies. In tHec8se, we were  participation of the larger clusters, however.) If we assume that
unable to experimentally verify this mechanism, although a this cluster is the actual reactant in the insertion ingorither
qualitative analysis of the available excited states, possible than the bare Zrcation, then the apparent rate of insertion from
surface crossings, and known cluster binding energies showedeq 4, k;, is described by eq 7,
that it was certainly reasonable. In the" B- H; insertion
reaction, an intense theoretical effort was made to examine the
insertion barriers in the larger clusters. The results showed that
the barrier to insertion decreased from 77 kcal/mol for the bare
B* ion to ~1 kcal/mol in B(H)s".2* where E;* is the barrier of reaction for the first noninserted

In an attempt to experimentally examine this process more cluster. Thus, the observed rate is proportional to the pressure
thoroughly, we measured the pressure dependence of theof H, in the reaction cell, and the temperature dependence is
insertion rate coefficient at selected temperatures. The rategiven by the product of exponentials. The reaction will have a
coefficient will exhibit a different dependence on pressure  negative temperature dependence if the barrier for noninserted
depending on which of the actual 4Hy), uninserted clusters — zy+(H,) reacting with b is smaller than the binding energy of
is the actual reactant in the insertion process. Results at 500 Kponinserted Z(H,). This is shown schematically in Figure 12.
are shown in Figure 11. There is an approximately I!near This energy difference can be determined by plotting/ii{])
dependence of the rate constant on pressure. Now, in ourys 1, giving a slope of—(AH:° + Eif)/R. The results are
experiment, noninserted clusters reach equilibrium on a time g0 in Figure 13, and give a value fofAH:° + Ef) of 4.9

scale shorter than we can °b§‘?f"e- The ratio of cluster to paren cy/mq|. if we assume that the first electrostatic cluster is bound
lonis given by eq 6 (wher&G,” is the free energy of formation by about 10 kcal/mol (we are unable to measure this in our

experiment, but it is a reasonable binding energy in analogy to
[Hz]efAGf/RT (6) the measured association ener_gies for ¥i|—_|2 and_ the_higher
order Zr"(Hy), clusters), the estimated barrier height is about 5
kcal/mol for the insertion of Zr(H,) into H,. While this energy
of thenoninsertectluster). The linear dependencekpbn Py, is approximate, it is reasonable and consistent with a cluster-
thus argues that the first cluster is the most important cluster in assisted mechanism that has both a negative temperature
the insertion. (The data probably do not rule out some dependence and a linear pressure dependence.

kf 0 [H 2] efAH1°/RTe7E1¢/RT (7)

[2r ()] _
2r]
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Conclusions

We have accurately determined association energies for Zr

binding with up to seven FHmolecules. The first Kis bound

more strongly, despite the fact that there is a 7.2 kcal/mol

promotional cost to reach the first excitée(4c®) state from
the more repulsivéF(584P) ground staté? This result, together
with the relatively slow approach to equilibrium observed for

Bushnell et al.
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the first cluster, subsequent binding energies are observed to
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solvation sphere appears to fill. Both DFT(B3LYP) and MP2
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ate interactions spread among all of the ligands, specifically

back-donation from a doubly occupied arbital to H, ligands.
The calculations show a variety of low-lying structures forZr

(H2)n clusters due to the flexible three-electron valence shell of

Zr*, similar to that found for Ti(Hy)n.
Finally, the reaction kinetics of the first cluster formation were

(22) (a) Niu, J.; Rao, B. K.; Khanna, S. N.; Jena@hem. Phys. Lett.
1994 230, 299. (b) Kemper, P. R.; Bushnell, J. E.; Ntay P.; Bowers, M.
T. Chem. Phys. Lettl995 242 244.

(23) Elkind, J. L.; Sunderlin, L. S.; Armentrout, P. B. Phys. Chem.
1989 93, 3151.

(24) Bauschlicher, C. W.; Langhoff, S. R.; Partridge, HQrganome-
tallic lon Chemistry Freiser, B. S., Ed.; Kluwar Academic Publishers:
Dordrecht, The Netherlands, 1996; Chapter 2.

(25) Ohanessian, G.; Goddard, W. A., IAcc. Chem. Re<l99Q 23,

investigated, revealing a negative temperature dependence andse.
a positive pressure dependence of the apparent bimolecular rate (26) Armentrout, P. BGas Phase Inorganic Chemistrigussel, D. H.,

constant. Possible explanations for these observations were®

d.; Plenum Press: New York, 1989.
(27) Bauschlicher, C. W.; Partridge, H.; Sheehy, J. A.; Langhoff, S. R;

discussed, and it was sh_o_wn that both a negative temperaturey g, J. Phys. Chemil992 96, 6969.
dependence and a positive pressure dependence support a (2g) Ranasinghe, Y. A.; MacMahon, T. J.; Freiser, BJhys. Chem.

cluster-assisted insertion mechanism wherein noninserted Zr

(Hy) is the actual reactant that forms the dihydride. These results
indicate that further investigation into the pressure dependence

of Sc* reacting with H may shed light on the mechanism of
these fundamentat bond activation processes.

Acknowledgment. J.E.B. thanks P. M&e for helpful

discussions regarding the theoretical calculations performed in
this work. The support of the National Science Foundation under

1991 95, 7721.
(29) Irikura, K. K.; Beauchamp, J. L1. Phys. Chem1991, 95, 8344.
(30) Perry, J. K. Ph.D. Thesis, California Institute of Technology,
Pasadena, CA, 1994, p 78.
(31) Kemper, P. R.; Bowers, M. T. Am. Soc. Mass Spectro®9Q
1, 197.
(32) Kemper, P. R.; Hsu, M. T.; Bowers, M. J. Phys. Chem1991
95, 10600.
(33) Kemper, P. R.; Bowers, M. T. Phys. Chem1991, 95, 5134.
(34) Gaussian 94, Revision C.2: M. J. Frisch, G. W. Trucks, H. B.
Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T.

Grant CHE-9729146 is gratefully acknowledged. M.T.B. also Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-
thanks Aron for his continued inspiration over the past 37 years, Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B.

starting with his instruction in M.T.B.’s first graduate quantum

mechanics class at the University of Illinois. Do you still teach

without notes, A.K.?

Supporting Information Available: A listing of all local

minima found using DFT(B3LYP) including absolute energies,

B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala,
W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L.
Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M.
Head-Gordon, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Pittsburgh,
PA, 1995.

(35) Gaussian 98, Revision A.7: M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.

geometries, and frequencies. This material is available free of Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,

charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. I|.; Vergamini, P. J,;
Wasserman, H. . Am. Chem. S0d.984 106, 451.

(2) Kubas, G. J.; Unkefer, C. J.; Swanson, B. |.; Fukushimd, Bm.
Chem. Soc1986 108, 7000.

(3) Chinn, M. S.; Heinekey, D. Ml. Am. Chem. S04987, 109, 5865.

(4) Gelabert, R.; Moreno, M.; Lluch, J. M.; LIédpA. J. Am. Chem.
So0c.1998 120 8168.

(5) Bushnell, J. E.; Kemper, P. R.; Maa, P.; Bowers, M. TJ. Am.
Chem. Soc1994 116, 9710.

(6) Bushnell, J. E.; Mdre, P.; Kemper, P. R.; Bowers, M. J. Chem.
Phys.1997 106, 10153.

(7) Kemper, P. R.; Weis, P.; Bowers, M. Tht. J. Mass Spectrom.
lon Processed997 160, 17.

(8) Kemper, P. R.; Bushnell, J.; von Helden, G.; Bowers, MJT.
Phys. Chem1993 97, 52.

V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S.
Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres,
C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. Pople, Gaussian,
Inc., Pittsburgh, PA, 1998.

(36) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299.

(37) Dunning, T. HJ. Chem. Physl97Q 53, 2823.

(38) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry2nd
ed.; Wiley: New York, 1966; Chapter 30.

(39) Dargel, T. K.; Hertwig, R. H.; Koch, W.; Horn, H. Chem. Phys.
1998 108 3876.

(40) Das, K. K.; Balasubramanian, K. Chem. Phys1989 91, 2433.

(41) RappeA. K.; Upton, T. H.J. Chem. Phys1986 85, 4400.

(42) (a) Moore, C. EAtomic Energy Leels U.S. National Bureau of
Standards: Washington, DC, 1952; Vol. Circ. 467. (b) Sugar, J.; Corliss,
C. J. Phys. Chem. Ref. Datt978 7, 1194.



