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Abstract: We present in this paper an electronic structure and quantum nuclear dynamics study of a modeled
version oftrans[Os(H---H)Cl(dppe}]*, an elongated dihydrogen complex classified as being between the
fast and slow H spinning limits and whosd(H,D) coupling constant increases on increasing temperature.

We have found that the librational potential energy barrier for the motion of thani is quite low, in
agreement with the spinning regime of the it reported from experiment. Additionally, while the electronic
structure study does not manage to describe the experimentally reported geometry obtained through neutron
diffraction experiments, the quantum nuclear motion study reproduces the experimental findings very
satisfactorily. Finally it is seen that only when the librational motion of theuhit is taken into account in

an explicit way in the quantum nuclear motion calculations the temperature dependencel@,beH

NMR coupling constant is also correctly accounted

I. Introduction
Recently, the particular group of transition metal dihydrogen

complexes known as “elongated” dihydrogen complexes has

received increasing attention in the literature, both at experi-
mental—> and theoreticdl® levels. These complexes can be
found filling the gap between classical polyhydrides (with H

distances at or above 1.6 A) and nonclassical dihydrogen

complexes (which haveHH distances below 1.0 &).As more

and more cases of elongated dihydrogen complexes are dis

covered, it seems that there is an almost continuous gradatio
in the family of dihydrogen complexes, spanning the range of
H—H distances which goes from 0.8 to 1.4 A, which could even
be extended into dihydride complexes as well.

Several authors have tried to explain the existence of
elongated dihydrogen complexes and their properties with
respect to the temperature dependence ofltHeD) 'H NMR
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spectrum coupling constant. About the latter issue, empirical
relations exist that relate the values of th@l,D) coupling
constant with H-H distances in elongated dihydrogen com-
plexes10.11 |n these relations it can be seen that the magnitude
of the J(H,D) coupling constant evolves inversely with the-H
distance. As for theoretical works, these complexes are notori-
ous for the problems encountered at the theoretical level when
trying to reproduce the geometry of the elongated dihydrogen
ligand, even when sophisticated and costly electronic structure
ncalculations are performéd.

Recently we have published a theoretical work on the
elongated dihydrogen complex [Ru{H)(CsMes)(dppm)T,
which was modeled as [RugHH)(CsHs)(H,PCHPH,)] .8 This
was one of the few cases of stretched dihydrogen complexes
for which both a precise structure obtained by neutron diffraction
studies and the detailed temperature dependence d{ithB)
coupling constant data are availafte.In that paper we
demonstrated that there was no potential energy minimum that
could correspond to a stretched dihydrogen complex. Instead,
conventional electronic structure studies predicted the existence
of a normal dihydrogen ligand with an-HH distance of 0.89
A. However, the study of the potential energy profile for the
H—H stretch revealed that this profile was very anharmonic.
Solving the Schirdinger equation for the motion of nuclei on a
reduced potential energy surface (PES) of two dimensions,
corresponding to the HH and Ru-H, stretches, led to
expectation values for the +H distance in the ground
vibrational state of the RaH. unit of 1.02 A, sensibly closer
to the value reported experimentally (1.10(2) A). Moreover,
when a Boltzmann equilibrium distribution was used to compute
the population of the vibrational excited states of the-Rig
unit, the experimental decrease of tif{el,D) coupling constant
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with increasing temperature was very satisfactorily explained that the DFT methodology has been used with great success to
in terms of varying populations of excited states with longer study several organometallic systems, including dihydrogen and

H—H distance expectation values. This possibility had been polyhydride complexe.4.7:815.16 |n particular, in our previous

suggested previously by Klooster et‘al.

work with the ruthenium complex [Ru@tH)(CsHs)(H.PCH,-

Experimentally, that ruthenium complex has been described PH,)]*, the elongation of the dihydrogen unit in the potential

as a slow spinning dihydrogen complex. In effect, in our
previous work a rotational barrier of 4.23 kcal/mol was
calculated for the librational motion of the dihydrogen unit. This
relatively high value of the rotational barrier made it possible
to disregard the influence of the librational motion of the
dihydrogen ligand on the dynamics of the thit to explain its

energy minimum found by means of DFT was the same as that
predicted by coupled cluster calculations, much more expensive
in computational term$.

All calculations have been performed withi@, global
symmetry point group without imposing any other geometrical
constraints. All electronic structure calculations have been

properties. However, there is another elongated dihydrogen carried out with the GAUSSIAN 94 series of progratisnd
complex reported in the literature that has also been studied bythe DFT formalism was used throughout the entire set of
means of neutron diffraction experiments and whose dependencesalculations with the three-parameter hybrid functional of Becke

of the J(H,D) coupling constant with temperature has been

and the Lee, Yang, and Parr’s correlation functional, which is

determined, but that has not been characterized as slow spinningvidely known as Becke3LYm

dihydrogen complexes, but as an intermediate case.
elongated dihydrogen complextigins[Os(H--+H)Cl(dppe}] ™
(dppe= 1,2-bis(diphenylphosphino)ethane) which is reported
to have a long HH distance (1.22(3) Aj® Presumably, in
this complex the energy barrier for the librational motion will
be lower than that of the ruthenium complex, in such a way

This To reduce the cost of the computations an effective core

operator has been used to replace the inner electrons of the
osmium atont® For the 16 outer electrons of the osmium atom,
the basis set associated with the pseudopotential of Hay and
Wadt with a standard valence douldé-ANL2DZ contraction

was used’1® As for the remainder of atoms of the complex,

that in this case the degree of freedom describing the librational the standard split-valence 6-31G basis set was chf83ercept

motion of the dihydrogen unit will no longer be negligible and
hence should be taken into account in an explicit way.
Additionally, this osmium complex displaysd@H,D) coupling

for the chlorine and phosphorus atoms, for which the basis set
used was 6-31G(df? and for the hydrogen atoms directly
bound to the osmium atom, in which case the 6-31G(p) basis

constant that depends inversely on temperature when comparedet was used inste&ef-c

to the ruthenium complex. This same behavior has been

observed in the completxans[Os(H:--H)H(depe)] ©.13

The stationary points were located using the Schlegel gradient
optimization algorithm within a redundant internal coordinate

The purpose of this paper is to check if the same physical system!”-2! Forcing the approximate second derivative matrix
basis that gives rise to a slowly rotating stretched dihydrogen to contain zero or one single negative eigenvalue, the optimiza-
ligand holds behind the existence of the elongated complex tion converges to a minimum or a transition state, respectively.

trans[Os(H---H)Cl(dppe}] *, which has been classified as being
between the fast and slow-H spinning limits. To this aim,
the librational motion of the KHunit will have to be taken into
account explicitly. In this way we will try to theoretically
explain the experimentally reported geometry of this complex,
as well as trying to find a plausible explanation for the
anomalous temperature dependence of J(té,D) coupling
constant in the corresponding monodeuterated isotopomer.

Il. Calculational Details

As happened in our previous work, two different types of

guantum calculations have been performed. Electronic structure
calculations have been carried out to locate the stationary points

B. Nuclear Motion Calculations. A significant part of this
work needs the nuclear motion levels and wave functions to be
calculated. To obtain these, the Sdfirger equation for the
motion of nuclei must be solved:

|:|T'ILICIIII'IIJC = [-,I\-

nuc

T UR)Whye=EW e )
Similar quantum-dynamical studies of other dihydrogen and
polyhydride complexes have appeared recently in the litera-

ture®22 In eq 1,U is the electronic potential energy surface
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A. Electronic Structure Calculations. Some modeling has

been made on the experimental complex by changing the four
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electronic Schirdinger equation, the density-functional theory
(DFT) methodology has been us¥dThis methodology meets

the requirements of high accuracy and reasonable cost needed
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Scheme 1

including the internuclear repulsion energy, obtained within the
Born—Oppenheimer approximation from electronic structure
calculations.Ris a N — 6 component vector that describes a

Gelabert et al.

in the calculation is considerable, we have opted for using a
discrete variable representation (D\VfRapproach instead of a
more traditional variational basis representation (VBR) ap-
proach. To be concrete, the generic DVR proposed by Colbert
and Miller has been used he¥®. In particular, to get rid of
the first derivative term of the radial part of the Hamiltonian, a
new operational wave functiop has been defined ag2y.23d
Once the grid-point matrix representation of the Hamiltonian
in (eq 1) has been built up, the energy levels and wave functions
are obtained through diagonalization of this matrix. To be

given nuclear arrangement of the molecule. Because of the yrecise, the nuclear motion wave function is obtained as a linear

number of components oR, U(R) cannot be evaluated
completely except for very simple systems. As in our previous
work.8 we will build a reduced PES by considering only a small
set of variables fotJ. As will be seen later, we have performed

two different sets of nuclear motion calculations, one based on
a two-dimensional and the other on a three-dimensional version

of U.
For the two-dimensional calculation the choice of the

combination of associated basis functions. Within the DVR
we have used, the wave functiop; associated with the
eigenvector¥); is expressed as

Np

]Z Cj &;

@ = 4)

variables was the same as the one made in our previous workwhere N, is the total number of points in the grid. In our
that is, one variable corresponded to the interatomic distanceconcrete three-dimensional cagghas the following form:

between the two hydrogens of the Hnit of the complex ),

and the other variable to the distance between the osmium atom
and the point halfway between both hydrogens of the dihydrogen

ligand (R). When three-dimensional calculations were needed,
the third variable was the phase of the librational motion of the
dihydrogen ligand{). The schematic version of the choice of
variables is presented in Scheme 1.

In both the two- and three-dimensional versions of the nuclear

motion calculations all the variables considered tbbehave

. (ﬂ(f - fk)) . (H(R— RO)
SNTAr < P AR | &

¢j(rvR!9) =
a(r =1y 7(R—R)
1 sin(@ — 6,) x (N+ 7))
21 _ (9 — 0m) ©)
SIn, 2

as orthogonal coordinates. The two-dimensional calculations wherery, R, andfm are the coordinates of the point of the grid

presented in this paper are in all ways analogous to those

presented in our previous woflgnd for the sake of conciseness

associated with basis functiog, and Ar and AR are the
spacings in the andR directions of the grid.N is related to

the corresponding methodological detail_s will be omittt_ed here. ihe total number of points spawned in the angular coordinate,
Nevertheless we present here the details corresponding to they by

three-dimensional calculations, which are novel to this work.
The Hamiltonian of the system when the three chosen
variables are considered is the following one:

H,{rRO) = 2o
r

B i 1&] _h_la_] _
ror 2ur|aR?
R | &
THH’@TOZ] +V(r,R0) (2)

which is essentially the expression of a Hamiltonian operator
in cylindrical coordinates.lyy is the inertia momentum of the
dihydrogen ligand, ang;, andug refer to the reduced masses
for the motion along the andR coordinates respectively, which
are calculated as follows:

1_ 1 1
“o My My
(3)
1_1 1

“Ur My, MosciHPCHCH,PH,),

Note thatV(r,R,0) is the three-dimensional version of the

N’=2N+1 (6)

The wave function is not necessarily normalized because the
basis set given in eq 5 is a nonnormalized orthogonal basis set.
Hence the wave function should be normalized prior to any
further calculation involving it.

IIl. Results and Discussion

In this section we present first the results that are derived
from pure electronic structure calculations, such as localization
of stationary points and characterization of the potential energy
barriers. Later we will present the results obtained through
guantum nuclei motion calculations.

A. Electronic Structure Results. The first task to fulfill
has been the localization of the minimum of the PES corre-
sponding to the elongated dihydrogen structure of complex
trans-[Os(H:+-H)CI(H,PCH,CH,PH,),] *. Along with this, the
transition state structure corresponding to the rotational motion
of the dihydrogen ligand has also been sought. Both structures
are depicted in Figures 1 and 2, and a selected set of geometrical
parameters of these structures is shown in Table 1, along with
the corresponding parameters as determined by means of neutron

complete potential energy hypersurface of the complex under yitfraction studies for complettans[Os(H-+-H)Cl(dppe}] *.4
study. An identical Hamiltonian has been used before to study  Ag can be seen in Table 1, there is good agreement between

the quantum exchange coupling in polyhydride transition metal
complexeg2b

After the Hamiltonian has been defined, eq 1 needs to be
solved to determine eigenvalues and eigenfunctions of the

the structure of the minimum we have found and the geometry

(23) (a) Light, J. C.; Hamilton, I. P; Lill, J. VJ. Chem. Physl985 82,
1400. (b) Colbert, D. T.; Miller, W. HJ. Chem. Phys1992 96, 1982. (c)
Groenenboom, G. C.; Colbert, D. 7. Chem. Phys1993 99, 9681. (d)

system. Due to the fact that the number of dimensions involved Miller, W. H. Personal communication.
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Figure 1. Minimum energy structure of complarans[Os(H---H)CI(H,PCH,CH,PH,),]* (1) For the sake of clarity the structure is shown from
two different perspectives.

Figure 2. Transition state structure of the rotational motion of the dihydrogen unit in contyale[Os(H:+-H)CI(H.PCH.CH,PH,),]* (2) For the
sake of clarity the structure is shown from two different perspectives.

Table 1. Geometrical Parameters for Complex 6
trans[Os(H-+-H)CI(H,PCH.CH,PH;,);]* (Distances are in A and
angles in deg)
neutron librational 3
diffraction minimum transition state 1
daté 1) structure ) 4 -
Os—X(H2)? not givers 1.567 1.625
H—H 1.22(3Y 1.071 0.950 =
Os—Hd 1.58 1.656 1.693 g 37
Os—P¢ 2.38 2.387 2.383 E
Os—ClI 2.44(1) 2.498 2.486 = 5 ]
0Cl-Os—P¢ 89.6 84.8 84.7 w
OP—Os—FP* (bite angles)  80.0 82.3 83.5
OP—Os—P# (outer angles) 100.0 96.8 95.5 14
OP-Os—P 178.4 169.6 169.4
(between opposite
phosphorus atoms) 0
aData for complestrans[Os(H-+-H)Cl(dppe)] ™ from ref 4b.? X(H>)
stands for the point halfway between both hydrogen atoms in the H -1 —_— 1
unit. ¢ Even though this distance could be calculated from the data in 06 08 1,0 1,2 1.4 16 1,8
this table, only the correction for the-+H distance is known and not .
the correction for the OsH ones, which would lead to an erroneous r(A)
value.d This value has been corrected to take into account the librational _, . . .
motion of the H unit. ¢ Averaged values. Figure 3. Energy profiles corresponding to the stretching of thetH

bond: solid line, complexrans[Os(H:--H)CI(H,PCH.CH,PH,)2] *;
reported from experiment, at least referring to the parts of the dashed line, complex [Ru¢+HH)(CsHs)(H.PCHPH,)] * (data from ref
complex other than the dihydrogen ligand. It is worth remem- 8).
bering that the actual complex has bulky groups in the chelating
ligands, which could somewhat affect the geometry of the with a H—H distance of 1.071 A, whereas the structure reported
complex. The dihydrogen ligand in the minimum is staggered experimentally has a quite long-HH distance of 1.22(3) A.
with respect to the linearPOs—P axes, bisecting the FOs—P To verify that the “correct” minimum has been found, the
angles of about 95instead of the bite angles of the ligand, of next step has been to construct the relaxed potential energy
about 80. This same orientation was found by Maltby et al. profile corresponding to the lengthening of the-H bond in
in the neutron diffraction study of the compl&x. Also in complextrans-[Os(H-++H)CI(H,PCHCH,PH,),] ", in which the
agreement with experiment is the fact that all four phosphorus whole range of H-H distances has been considered. At each
atoms are almost in the same plane. However, as happened impoint, the geometry of the complex has been optimized except
our previous study of the complex [Ru{+H)(CsHs)(H,PCH,- for the H—H distance. This profile has been constructed at the
PH)]*, the geometry of the dihydrogen ligand obtained through same computational level than the localization of the minimum
electronic structure calculations is in very poor agreement with and the rotational transition state structure. The potential energy
the experimental data. In fact, electronic structure calculations profile obtained in this way is depicted in Figure 3. For the
predict that the minimum is an elongated dihydrogen complex sake of comparison, the corresponding potential energy profile
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for complex [Ru(H-+H)(CsHs)(H.PCH,PH,)] ™, taken from ref of the Os-H, unit of the complex, we need at the very least to
8, has also been plotted in Figure 3. include two geometrical parameters, which are theHHand

The monodimensional potential energy profile for the H the Os-H, stretches (henceforth; and R, respectively).
stretch, displayed in Figure 3, is extremely flat. In contrast with However, in this case, conversely to what happened in the
what was found in the case of the ruthenium complex, in this ruthenium complex, the degree of freedom corresponding to
case the degree of anharmonicity is even more important. the librational motion of the Hunit (6) has a low potential
Concretely, according to this graph, the stretch of this bond canenergy barrier (2.03 kcal/mol), so that it must be taken into
go from the minimum to a distance of approximately 0.85 A, account in an explicit way.
or from the minimum to a distance of about 1.60 A with a cost ~ What should be done now is to carry out a series of electronic
of merely 1 kcal/mol. As a side note, it is certainly shocking structure calculations on a set of molecular geometries covering
to realize that a bond so strong as theltione can be weakened  all the available configurations of these geometrical parameters
in such a way as to be lengthened by 0.8 A without a significant (r,R.6). However, if a total oN points are needed in order to
rise in energy. The possibility that elongated dihydrogen correctly describe one of these degrees of freedom, building
complexes could be described as shallow minima in the potential the reduced three-dimensional versiorlbimplies the calcula-
energy surface had already been suggested by some afithorstion of N® points, each corresponding to an electronic structure
The common feature encountered in the potential energy profilescalculation. It is easy to see that this option would prove to be
corresponding to the HH stretch in complexerans[Os(H: exceedingly costly in computational terms. To reduce the cost
-H)CI(H.PCH.CH,PH,),]* and [Ru(H--H)(CsHs)(H2PCH- of the computation, the effects of the librational degree of
PH,)] T, that is, the high degree of anharmonicity of both profiles, freedom @) will be introduced in an approximate way. Given
seems to indicate that such profiles could be the norm ratherthat the librational barrier is very small, the changes that it can
than the exception of the so-called elongated dihydrogen undergo as a result of the lengthening of thelfdistance can
complexes. be very important in relative terms. Due to this fact, and given

On a different subject, the rotational potential energy barrier that we are interested in measuring both the value of théiH
of the dihydrogen unit has been found to be 2.03 kcal/mol. This distance and its dependence with temperature, our approximate
value is considerably smaller than the value of the same barrierpotential energy surface must be flexible enough as to give
we determined for complex [Ru¢HH)(CsHs)(H.PCHPH,)] ™ different librational potential energy barriers for differentH
(4.23 kcal/mol). The difference in magnitude of both rotational distances. Due to this, a maybe crude but appropriate descrip-
barriers is in agreement with the experimental behavior dis- tion of this approximate potential energy surface could be
played by both complexes. Hence, the low value of the
rotational barrier in the osmium complex is consistent with the V(r,R.0) = Vyrered:R) + Vipration(€i1) (7)
complex being between the fast and slow spinning limits,

whereas the ruthenium complex, having a higher rotational yhereVecncorresponds to the potential energy of the complex
barrier, is in fact a slow spinning dihydrogen complex. The \yhen the phase of the librational motion is the same as in the
value of the bar.rler is comparable to the values found by inelastic minimum (Figure 1), an¥iiraton describes the potential energy
neutron scattering (INS) in complexes Mo(C@)H2)(dppe),*2 profile along the librational motion of the dihydrogen ligand
[FeH@*H2)(dppe}] " > and T**?Rh(y*Hz)Hz *°whichwas  for a given set of H-H (r) and Os-H, (R) distances.
in all cases below 2.5 kcal/mol. As a final note, the energy of T evaluaté/seich a Series of electronic structure calculations
dissociation of H from the rest of the complex has been has been performed by fixing the phase of the librational motion
COI’I‘eSpondIng Value fOI‘ the I’uthenium Comp|eX (227 kca|/ﬁ10|), Complex to relax |tS structure for each given pair O.f_H and
unit is more strongly bound to the osmium complex, and that 9 6 to 2.2 A, while the OsH, distance went from 1.0 to 2.2
one. while 7 where allocated in thR one, for a grand total of 56
B. Nuclear Motion Results. The main result of the  optimizations. The resulting mesh of points was fitted into a
preceding part has been the realization of the fact that thelH  two-dimensional cubic splines functional form, which is a
stretch is even more anharmonic than it was in the case of thesmooth and continuous functidh. A contour plot 0fVsyetchis
ruthenium complex we studied befdte.In the case of the  shown in Figure 4. This plot bears some similarities with the
ruthenium complex, with an anharmonicity much smaller, corresponding one for complex [Ru{H)(CsHs)(H-PCH-
nuclear motion calculations were the key to understanding the pH,)|* 8 Concretely, it can be seen that the extension of the
complex’s properties. The same is likely to happen here, evenpotential energy valley is similar. Also similar is the fact that
though applying the same procedure will meet with novel there is extensive mixing of the-+HH and Os-H, stretchings,
difficulties in this case. In this section we will evaluate the which can be visualized in the oblique shape of the potential

vibrational energy levels and wave functions of the-®is unit energy valley in Figure 4. The fact that the-H stretch cannot

in complextrans[Os(H:++H)CI(H.PCHCH:PH,),] *. be viewed as an isolated normal mode in transition metal
The first mandatory step is the evaluation OfR), the dihydrogen complexes has been pointed out in a recent work

potential energy hypersurface of the complex. As stated in the by Bender et a#® This potential energy valley presents an exit

Calculational Details section, the evaluation of the wha(E) atr ~ 0.80 A, which leads to the complex emitting.HThe

is unfeasible. Accordingly, only a reduced PES will be asymptotic value of this exit has been determined, as explained
calculated here. Given that we are interested in the dynamicsin Section IIl.A, to be of 34.9 kcal/mol.

(24) (a) Kubas, G. J.; Burns, C. J.; Eckert, J.; Johnson, S. W.; Larson,  (25) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
A. C.; Vergamini, P. J.; Unkefer, C. J.; Khalser, G. R. K.; Jackson, S. A.; Numerical Recipes in FORTRARNd ed.; Cambridge University Press:
Eisenstein, OJ. Am. Chem. S0d.993 115 569. (b) Eckert, J.; Blank, H.; 1992.

Bautista, M. T.; Morris, R. HInorg. Chem.199Q 29, 747. (c) Eckert, J.; (26) Bender, B. R.; Kubas, G. J.; Jones, L. H.; Swanson, B. I.; Eckert,
Albinati, A.; Bucher, U. E.; Venanzi, L. Minorg. Chem.1996 35, 1292. J.; Capps, K. B.; Hoff, C. DJ. Am. Chem. S0d.997, 119, 9179.
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Figure 5. Dependence of the librational potential energy barrier on
the elongation of the HH bond.

. into a simple cubic splines functional form to ease the ensuing
rA) calculationg® A graphical representation of the functivf(r)
Figure 4. Contour plot 0fVsyercr,R) for complextrans[Os(H:++H)CI(Hz- is depicted in Figure 5.
PCHCH,PH,);] *. Potential energy contours appear every 2.5 kcal/mol.  As expected, increasing the-HH distance makes it more
The arrows indicate the position of the minimum energy structure ( gifficult to rotate the dihydrogen ligand (which at the rightmost
= 1071 AR = 1567 A) part of the plot is more accurately described as a dihydride).
The potential energy barrier for rotating the dihydrogen ligand
reaches values of almost 4.5 kcal/mol when theHHdistance
is of about 1.6 A. It is worth mentioning that the librational
potential energy barrier we determined in subsection A is not
strictly a point in this plot. The reason for this is that, in this
Vipraton(031) = W(@)V*(r) 8) plot, each point corregpono_ls to_ the difference in_poter_nial Energy
between a structure in whigh= 0 and another in which =

whereW(d) is a cutoff function that takes on the value of unity /2, in which all the geometrical parameters of the complex
when the value of the librationab) reaches the librational ~ Parringr andR have been allowed to relax. On the other hand,

transition state structure, and the value of zero when the phasd the case of the librational potential energy barrier we deter-
of such motion corresponds to that of the minimum. If we Mined in Section IIL.A (2.03 kcal/mol)all the parameters,

assignd = 0 to a librational phase such as that depicted in includingr andR, have been allowed to vary when optimiz-
Figure 1 (that is, the minimum), then it is easy to see that there '"9- _ _ _

is a librational transition state & = s/2 (which corresponds Itis now possible to perform the three-dimensional quantum
to Figure 2). Due to symmetry reasons, a new identical nuclear motion calculations. Prior to that, it is worth remember-
minimum appears whefi = x, and a further transition state ing some things. First, the lowest value along the borders of

structure exists wheft = 37/2. We have chosen the following ~ the Plot of Vsyenin Figure 4 is of about 16 kcal/mol, which
simple functional form for functio(), which fulfills these ~ Means that only energy levels below this value can be reliably
simple requirements: determined. However, the approximations involved in eg9 7

when introducing the librational degree of freedom in an explicit
W(6) = sir? 6 (9) way will affect the results of these calculations, so that the

guantitative validity of these results may be affected. The
Parenthetically, we note that a similar functional form has been concrete details of the nuclear motion calculations are as
previously used foNjipration by several authors when studying follows: the number of points spawned in theR, and6 axes
the librational dynamics of the Hunit in dihydrogen com- were, respectively, 22, 22, and 19. This would have led to a
plexes?*¢27 Finally, to determine the dependence of the total of 9196 points, and hence, to a Hamiltonian matrix 9196
librational potential energy barrier on the-# stretch,V¥(r), x 9196 in size, far too big to work with. Accordingly, we have
we have opted for determining the energy barriers along the truncated the grid by discarding the grid points whose potential
minimum energy path that leads from the minimum (an energy exceeds a given cutoff value, because the value of the
elongated dihydrogen) to the area of the PES corresponding towave function at these points will be nonnegligible only in
the dihydride, and also from the minimum to the area in which highly excited states similar in energy to the point's own
the H unit dissociates from the complex. This has been done potential energy. This strategy has been used previously with
by optimizing the structure of the complex for different values succes$3 By imposing the cutoff value to be the value of the
of r, and then determining the librational potential energy barrier lowest energy along the perimeter §ewchin Figure 4, the
for each of them, keeping fixed the geometry of the-Gis number of points was reduced to 1313, far less than before and
unit but making the phase of the librational motion to/bg, substantially easier to work with. It was checked that an
and allowing the rest of the geometrical parameters of the increase in the number of points did not in a significant way
complex to vary in the optimization. The corresponding energy alter the position of the energy levels. A summary of the results
difference is directly*. The resulting values of* were fitted of this calculation is shown in Table 2.

As for Vipraionn What has been done is, essentially, to
determine the dependence of the potential energy barrier of the
librational motion of the Hunit on the elongation of the HH
bond §). To this end, a possibility is to Writ®€jipration @S

(27) (a) Eckert, J.; Kubas, G. J.; Dianoux, A.JJ.Chem. Phys1988§ (28) Burden, R. L.; Faires, J. D.; Reynolds, A. Qumerical Analysis
88, 466. (b) Eckert, J.; Kubas, G. J. Phys. Chem1993 97, 2378. 2nd ed.; PWS: Boston, 1981.
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Table 2. Vibrational Energy Levels for the G, Unit in Complextrans[Os(H:++H)CI(H,PCHCH:PH,),] ™

energy level E (kcal/mol} B(A) RA) energy level E (kcal/molp B(A) ROA)
0 3.97 1.234 1.529 6 5.93 1.326 1.510
1 3.97 1.235 1.529 7 5.93 1.208 1.542
2 4.79 1.231 1.531 8 5.94 1.328 1.509
3 4.80 1.233 1.530 9 6.08 1.256 1.525
4 5.43 1.235 1.532 10 6.33 1.215 1.540
5 5.46 1.247 1.528

aEnergies are relative to the minimum in the PESThese levels appear as degenerate only due to the fact that only two decimal figures are
shown for energies.

Table 3. Ground State Expectation Values fori (r) and M—H> (R) Distances

complex
trans[Os(H-+-H)CI(H:PCHCH:PH,);] [Ru(H-+-H)(CsHs)(H.PCHPH,)] "2
isotopic composition Eo (kcal/mol) mA) R(A) Eo (kcal/mol) mA) RA)
H—H 3.97 1.234 1.529 4.58 1.024 1.605
H-D 3.25 1.224 1.528 3.92 0.994 1.615
D-D 2.66 1.206 1.531 3.28 0.958 1.631

aTaken from ref 8.

In Table 2 only the first few vibrational energy levels are of the complex have been calculated for a few isotopic variants
shown. In the second column of Table 2, the energies of the of the complex, and are summarized in Table 3 along with the
vibrational energy levels are shown, relative to the minimum expectation values af andR in each case. For the sake of
of the PES. It can be seen that the-®% unit contributes comparison the previous results corresponding to the ruthenium
substantially to the zero-point vibrational energy (ZPE) of the complex are also shown in Table 3.

complex (3.97 kcal/mol). Once the nuclear eigenfunctién As could be expected, dependence of the geometrical
for a given vibrational level is known, it is straightforward to parameters on isotopic composition of the-®% unit is
determine the expectation value for a given observablg predicted, in such a way that the-#t distance is shortened
means of when heavier isotopes are used. However, compared to the
N magnitude of the effect in the ruthenium complex it can be seen
o _ WilaWil (10) that the corresponding change is sensibly smaller. The explana-
W, |w.0 tion of this could be that in the case of the ruthenium complex

and due to the particular shape of its PES (best envisaged by

wherea is the quantum mechanical operator associated with 100king at the monodimensional+H stretch in Figure 3), a
observable. If ais a geometrical parameter, thais directly decrease in the ZPE leads to an important localization of the
the corresponding variable. In this way the expectation values nuclear wave function in the neighborhood of the PES minima.
for r andR have been calculated for the first vibrational levels, Conversely, in the case of the osmium complex the almost
and are shown also in columns three and four of Table 2. In totally flat potential energy profile for the HH stretch in the
all cases, the expectation value of the librational parameter, zone where nuclear motion energy levels have been calculated
is 0, that is, the Klunit is aligned exactly as it is in the minimum. ~ indicates that lowering the value of the ZPE should not, and

Yet another time, the most Striking result comes from the indeed does not, localize the nuclear wave function to the same
expectation value of the HH dihydrogen distancer) for the extent. The consequence of this is that in the case of the osmium
ground vibrational state of completxans[Os(H--H)CI(H,- complex, there is much less sensitivity of the-H distance
PCH,CH,PH,),]*. It can be seen in Table 2 that in the Withisotopic substitution, which changes only by 0.028 A when
vibrational ground state we predict a value of 1.234 A, in going from the H-H isotopomer to the BD one. In contrast,
amazingly good agreement with the experimental results (1.22- in the ruthenium complex this same isotopic change provokes
(3) A).% "However, this agreement must not be given more a decrease of 0.07 A.
significance than it deserves. It is time to remember, for  An interesting experimental datum that remains unexplained
instance, that the PES used to reach this value has an inherenis the temperature dependence of dftd,D) coupling constant
approximation in it, contained in eq 7, which can affect the in this complex. Experimentally, the value of th#éH,D)
numerical accuracy of the final results. What is really important coupling constant has been observed to vary from 13.6 Hz at
and significant is that, similar to what happened with the 253 K to 14.2 Hz at 308 K when the solvent is &I, that is,
ruthenium complex [Ru(H+H)(CsHs)(H.PCHPH,)] .8 nuclear an overall increase of 0.6 Hz in an interval of temperature of
wave function calculations predict a substantial deviation of the 55 K#° According to the empirical correlations that have been
expectation value af from the position of the minimum in the  determined, there seems to be a linear relationship between
PES, and that these calculations manage to describe thisH—H distance and the value of th&H,D) coupling con-
deviation almost quantitatively in both cases. stant*10.11 The complex under study displays increasitig, D)

Given that vibrational energy levels are dependent on the masscoupling constant values with increasing temperature, which
of the atoms of the complex, it is predicted that isotopically according to these empirical correlations seems to indicate that
substituting the dihydrogen ligand in the complex will alter the the H—H distance becomes shorter when temperature increases.
Os—Hj, vibrational levels somewhat, and hence, this will cause In other words, it seems that vibrationally excited states of the
changes in the expectation values of the geometrical parameter©s—H, unit ought to have shortét[values. This last statement
r and R as long as the nuclear wave function is modified can readily be checked by examining Table 2. In fact, the first
accordingly. The vibrational ground levels for the-©4;, unit feature of the set of nuclear motion energy levels that draws
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3.0 Table 4. Vibrational Energy Levels for the @3, Unit of
B Complextrans[Os(H,)CI(H,PCH.CH;PH,),]*, Obtained When
2.5 1 Disregarding the Librational Degree of Freedém
o 204 A energy level E (kcal/molp BA) ROA)
< 151 0 3.52 1.202 1.536
e 1 5.36 1.264 1531
g 1.0 2 7.54 1.281 1.535
¢ 3 9.42 1.256 1.541
o % 4 10.08 1.282 1.549
Y00 l\/ aEnergies are given relative to the minimum in the PES.
-0.5 1
10 dimensional potential energy surface used in this paper and

described in eqs 7 and 8, which even though it is approximate,
it is good enough as to explain the experimentally reported
behavior. The experimentally observed effect is subtle enough
so that the use of approximations in the theoretical model makes
y-axis magnitude depicted corresponds to the deviation from the value it unable to reproduice the experimental evidence in a quantitative
of the H-H distance aff = 0 K, which is also the horizontal line. ~ W&" L
Line A shows results derived from using a three-dimensional version "€ main difference between the treatment of the mdtal
of the PES Y(r,R.0)); B, results derived from a bidimensional version ~ Unit that has been used here and the one used in the case of the
of the PES Y(r,R)). ruthenium complex is the explicit consideration of the librational
motion of the dihydrogen unit of the complex, because in this
attention is the fact that there are many energy levels denselycase the librational motion has a potential energy barrier much
packed. This means that, even at low temperatures, manylower than in the case of the ruthenium complex. One could
vibrational levels are likely to have nonnegligible populations wonder what would happen in this case if a similar approach
and will, hence, contribute substantially to the averaged thermal were used to treat the motion of nuclei in the osmium complex,
value of the H-H distance. Moreover, it can be seen that there that is, what would happen if the librational degree of freedom
is not a monotonic trend relating the averagehtdistance in were not included explicitly. To do this, we have performed
a vibrational state with the energy of the state, which is to say again the quantum nuclear motion calculations, but this time
that an excited vibrational state not always has a longer only considering the HH and Os-H, stretches as variables
expectation H-H distance than the vibrational state immediately for U. In other words, the reduced PES for the motion of the
below. This could mean that on increasing temperature, thesedihydrogen unit is now preciseNsercr,R). As was mentioned
excited vibrational states with short expectationtHdistances previously in Section I, the corresponding two-dimensional
could become populated enough as to provoke a global decreas¢2D) calculation is in all ways analogous to the one we presented
of the mean thermal HH distance. To check this fact, we in our previous work on the complex [Ru{tHH)(CsMes)-
have calculated mean thermal—i distances for the H (dppm)]~.8 The corresponding vibrational energy levels ob-
isotopomer of the osmium complex under study for a given tained in this 2D calculation are shown in Table 4, along with
range of temperatures by assuming a Boltzmann equilibrium the expectation values for the-HH and Os-H, distances.
distribution considering only vibrational states within 5 kcal/ Some aspects are worth commenting. It can be seen that the
mol of the vibrational ground state, so that the population of ground vibrational state is found only 0.45 kcal/mol below its
the most excited states considered was almost zero. The resultposition in the complete 3D calculation. The increase in the
are graphically displayed in Figure 6. value of the zero-point energy level in the 3D calculation is
First of all, it is worth highlighting the fact that there is an due to the introduction of the librational degree of freed®m
interval of temperatures~50—130 K) for which we predict and should have been zero (that is, both energies should match)
that the mean thermal +HH distances will actuallydecrease if we had considered the dihydrogen unit to be a rigid rotor.
with increasing temperature (hendé,D) values will increase  Apart from that, the vibrational energy levels are sparser in the
in this interval), in this wayqualitatively reproducing the 2D calculation than in the 3D one, also due to the introduction
experimentally observed behavior. This is due to the increasing of the librational degree of freedom in the latter case.
contribution to the mean thermal+H distance coming from It can be seen that even with a 2D calculation the expectation
excited vibrational states with shorterHl distances. However,  value for the H-H distance (1.202 A) is in very good agreement
we fail to reproducejuantitatively the interval of temperatures  with the experimentally reported value (1.22(3) A), so that it
in which the decrease of +HH distances takes place. In fact, seems that after all maybe a complex 3D calculation was not
experimentally the only behavior observed, to our knowledge, necessary. However, a cursory inspection of the expectation
has been the decrease of-H distances along with increasing values for the H-H distance for each energy level will reveal
temperature for the range of temperatures between 253 and 30&hat contrary to what happened in the 3D case, now there is a
K. In addition to that, the magnitude of the decrease predicted clear trend toward lengthening theH distance in the higher
by our calculations is smaller than it ought to be. We think vibrational states. Only one energy level has an expectation
that this lack of ability to reproduce both the experimental value for the H-H distance shorter than the one of the energy
behavior in a broader interval of temperatures and the magnitudelevel immediately below (level 4), and even in this case the
of the shortening of the HH distance has its roots in the expectation value for the HH distance is sensibly longer than
approximations used to construct the potential energy surface.the one of the ground vibrational energy level. As a conse-
Be it as it may, we think that it is highly significant that by quence, a monotonic increase of averaged thermaHH
introducing the librational motion explicitly in this case, an distances with temperature would be expected if a mere two-
interval of actual H-H distance decrease with increasing dimensional quantum nuclear motion calculation had been
temperature is predicted. This fact alone validates the three-performed. In effect, the predicted temperature dependence of

0 50 100 150 200 250
T(K)

Figure 6. Temperature dependence of the thermal averagéiH
distance in complextrans[Os(H:+-H)CI(H,PCHCH:PH,),]". The
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the H—H distance when the librational degree of freedom is account explicitly the librational degree of freedom of the H
not considered is displayed in Figure 6, along with the predicted unit of the complex. It has been observed that the value of the
temperature dependence of the same magnitude when thdibrational potential energy barrier depends on the elongation
librational degree of freedom is taken into account. As can be of the H-H distance, becoming higher the longer the-H
seen, there is a clear difference between them, for only whendistance becomes. The effects of this behavior are that the
the librational degree of freedom is considered explicitly is an potential energy valley becomes wider in the areas of the PES

actual decrease of the-HH distance predicted. in which the H-H distance is small, and narrower in these zones
) of the PES in which the HH distance is longer. Accordingly,

IV. Conclusions there could be (and actually, there are) certain low-energy

In this paper we have studied the compleans-[Os(H:++H)- vibrational states whose nuclear wave function is able to

CI(H2PCH,CH:PH),]*, taken as a realistic theoretical model ~SPread” toward these wide potential energy valleys, which are
of trans[Os(H-+-H)Cl(dppe}]*. This complex has been clas- found in short H-H distance zones of the PES, in this way
sified as being between the fast and slow spinning regimes, with 1€ading to short expectation values for the-H distances.

regard to the rotational dynamics of the tthit of the complext? In conclusion, we think that our methodology is able to justify
The most significant conclusions of this work are the following almost quantitatively the existence of the elongated dihydrogen
ones: complexes. As for the temperature dependence oftHeD)

Electronic structure analysis has proved to be unable to coupling constant, be it “normal” (ruthenium comptevef 8)
explain the geometry observed by means of neutron diffraction OF ‘inverse” (osmium complexthis work), we believe that we
of the Os-H, unit of the complex, even though the rest of the have identified the physical causes behind the phenomenon,
complex is described properly. Concretely, electronic structure @lthough no quantitative description is possible yet, due to the
calculations predict a much shorterHi distance, as happened high cost of thg computations involved |f a more realistic model
with our previous study of complex [Ru¢HH)(CsHs)(H2PCH- for the potential energy was to be devised.
PH,)]*.8 However, a quantum study of the motion of the light
nuclei predicts almost quantitatively the right geometry for the
Os—H, unit of the complex. Given that this is the second
elongated dihydrogen complex that has been satisfactorily
explained in this way, it seems likely that this feature is common
to the so-called elongated dihydrogen complexes.

Qualitative success has been achieved when trying to explain
the experimentally reported temperature dependence dfthe
NMR J(H,D) coupling constant, but only when taking into JA980009P
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