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A selectivelyη2-D2 labeled isotopomer of the complex W(PCy3)2 (CO)3) (η2-D2) has been synthesized and
the 2H NMR spectra and spin lattice relaxation rates of this complex have been measured in the temperature
regime of 50 K to 300 K. The spectra have been analyzed employing a model of a combination of homonuclear
dipolar D-D interaction and deuterium quadrupolar interaction and a D-D distance of 0.89( 0.1 Å. The
line width of the spectra exhibits a weak temperature dependence at temperatures above 150 K. This temperature
dependence is interpreted as a slight decrease of the quadrupolar coupling with increasing temperature, which
is an indication of a change of the M-D2 distance with changing temperatures. The spin lattice relaxation
data of the complex exhibit pronounced deviations from a simple Arrhenius behavior at lower temperatures,
indicating the presence of a quantum mechanical tunneling process. This process is analyzed in terms of a
simple one-dimensional Bell tunnel model. A comparison with INS data from the H2 complex reveals a
strong isotope effect of 2× 103 for the exchange rates of the deuterons.

Introduction

In the last years, a whole series of nonclassical transition metal
polyhydrides with η2-bonded dihydrogen ligands has been
synthesized.1-8 These transition metal dihydrogen complexes
have very interesting physical, spectroscopic, and chemical
properties, in particular, due to their short hydrogen-hydrogen
distances, which vary between 0.8 and 1.7 Å and are attracting
much experimental and theoretical interest.9-29 Understanding
their chemistry has led to a better understanding of catalysis
because they may be catalyst precursors20,30-32 and they can
serve as stable models for short-lived intermediates in catalysis,
allowing their study by NMR spectroscopy.33

Numerous studies24,34-43 (and many others) have investigated
the dynamic properties of theη2-bonded dihydrogen ligands in
these compounds. It is found that in many of them, the hydrogen
atoms are not fixed in space as in conventional hydrogen bonds
but can exchange their positions, either at higher temperatures
due to conventional chemical exchange or at low temperatures
due to quantum mechanical tunneling.

In general, there is a potential barrier for the exchange of the
hydrogen positions. The height of the barrier is associated to
the state of the two hydrogen isotopes, ranging from pure
dihydrogen to pure dihydride (see Figure 1). For identical
hydrogen isotopes the quantum mechanical symmetry principles
have to be fulfilled and the 2-fold symmetry of the barrier causes
a splitting of the energy eigenstates into states with even and
odd symmetry. Thus, for a spin 1/2 particle para-states with
antiparallel and ortho-states with parallel nuclear spins are
formed. The height of the barrier determines the energy
difference between the lowest even and odd symmetry states.

This energy difference is usually called tunnel splitting or tunnel
frequencyνt. The tunnel splitting depends very strongly on the
hindering potential and the distance of the two hydrons. It varies
from 1012 Hertz for dihydrogen gas to a few Hertz as the height
of the potential and the distance are increased and is thus a
sensitive measure of these properties.

Due to the large range of tunnel frequencies no single
spectroscopic technique is able to cover the whole dynamic
range. Fast coherent tunneling in the frequency range of GHz
to THz has been studied by inelastic neutron scattering
(INS),24,44 and relatively slow tunneling processes in the
frequency range of Hz to kHz have been investigated by1H
solution NMR spectroscopy(for example, refs 24,36-41). In
these1H solution NMR studies, the tunnel frequencyνt is usually
termed “quantum exchange coupling”JExc, due to the fact that
for spin 1/2 particles the effect of the tunneling on the1H
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Figure 1. Sketch of a hydrogen molecule binding to a transition metal.
When the H2 or D2 molecule becomes bound to a transition metal,
different states are passed, ranging from the free hydrogen molecule
over various dihydrogen states to the strongly bound dihydride. These
states can be characterized by their RHH or RMH distance as reaction
coordinate.
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solution NMR spectra is equivalent to the effect of an indirect
spin coupling (J-coupling).

Although similar tunnel splittings have been observed in
various solid compounds with deuterated methyl groups,45-50

which exhibit a 3-fold permutation symmetry, only recently,
evidence has been found to suggest that such splittings also exist
in solid dideuterium compounds.42

As a result of the quantum mechanical nature of the low-
temperature dynamics, strong isotope effects are expected at
these temperatures. Isotope effects, due to mass or spin, are
common phenomena in chemical reaction dynamics and the
isotopic composition of molecules affects their transformation
rates.51-54 Isotope substitution changes molecular vibration
frequencies, the energy of the molecular ground state, i.e., the
vibrational zero point energy, the molecular moments of inertia
and the effective mass for the movement along the reaction
coordinates. The quantitative analysis of these isotope effects
can yield valuable information about the potential energy surface
of the Hydron exchange because the rotational barrier is caused
mainly by the electronic effects of the orientation of H2 binding
to the metal and to some extent also by crystal effects from
neighboring molecules.

A quantitative interpretation of the dynamic processes
depends strongly on the knowledge of the HH or DD distances.
The difficulties of X-ray diffraction in locating hydrogen
positions are the well-known. Single crystal neutron diffraction
solves these difficulties, but this elaborate technique is reserved
for only a few important samples where large crystals are
available. As an alternative, the Hydron distances in these
compounds can be determined by the analysis of magnetic
dipolar interactions with solid-state NMR spectroscopy.55,56

The large difference in the rates is a major problem for the
study of these isotope effects. In principle, this problem can be
solved by a combination of1H-spin lattice relaxation measure-
ments and2H-line shape analysis and/or2H-spin lattice relax-
ation. In practice, however, this would necessitate the synthesis
of two labeled isotopomers, which in general is not feasible.
Therefore, the combination of data from two different spectro-
scopic techniques with complementary dynamic ranges is
necessary, for example INS data of the protonated species and
NMR data of the deuterated species.

Finding a suitable compound for the search of these isotope
effects is no easy task, since the synthesis of the different
isotopomers must be feasible, the isotopomers must be stable
and the barrier heights must be in the right range for the applied
spectroscopic techniques.

The complex W(PCy3)2(CO)3(η2-H2), with Cy as a shortcut
for -cyclohexyl (-C6H11), which is also known as the Kubas-
complex, and its deuterated analogue W(PCy3)2 (CO)3(η2-D2)
(Figure 2), were chosen for this study for several reasons. Most
importantly, the deuterated species can be prepared in a pure
isotopic state from D2 gas without the formation of other species
containing unwanted W-D or C-D bonds. Experience has
shown that deuteration of many other complexes leads to
deuterium incorporation into C-H bonds of the ligands of the
dideuterium complex. Other advantages are the high stability
of the complex in the solid state under a H2 or D2-atmosphere,
and the low cost of the synthesis.

The H2 compound was studied by INS.44 These data were
recently reevaluated employing an Alexander-Binsch57,58 type
density matrix formalism for the description of the INS line
shapes. This allowed the determination of the temperature-
dependent exchange rates and the tunnel splitting of the H2

complex.24 In the present work, we compare the INS rate data44

of the H2 complex to the corresponding rate data of the D2

complex obtained by temperature-dependent2H NMR spec-
troscopy and relaxometry.

This paper presents experimental evidence for the presence
of a strong isotope effect on the incoherent exchange rates of
solid dihydrogen complexes. Differences in the height of the
corresponding energy barriers and activation energies are
estimated.

The rest of this paper is organized as follows: First, a
summary of sample preparations and experimental details is
given. Next follows a short introduction into the theoretical
background of2H NMR spectroscopy of exchanging systems
and a description of the numerical methods used for calculating
the spectra in the experimental section. Finally, the experimental
results are presented, discussed and summarized.

Experimental Section

Spectrometer.A detailed description of our home-built three
channel NMR spectrometer has been given recently.59,60 Here,
only some salient features are reproduced. All experiments were
performed at a field of 6.98T, corresponding to a2H resonance
frequency of 45.7 MHz of a standard Oxford wide bore magnet
(89 mm) equipped with a room-temperature shim unit.

For the 2H-channel a 2kW class AB amplifier from AMT
equipped with RF-blanking for suppressing the noise during data
acquisition was employed. All experiments were performed
using a home-built 5 mm2H NMR probe. The probe is placed
in a dynamic Oxford CF1200 helium flow cryostat. The sample
temperature was controlled employing an Oxford ITC 503
temperature controller. During cooling and before and after data
acquisition the sample temperature was controlled directly via
a CGR-1-1000 sensor placed in the direct vicinity of the
sample. This temperature was used to calibrate the readings of
a second CGR-1-1000 sensor, which is part of the cryostat.
During data acquisition, the first sensor was disconnected from
the ITC 503 and grounded to protect the ITC from the RF and
to avoid distortions of the signal. The RF was fed through a
crossed diode duplexer, connected to the detection preamplifier,
and through filters into the probe. The typical 90° pulse width
was 3.0µs, corresponding to a 83 kHz B1-field in frequency
units. All spectra were recorded using the solid echo technique,
with an echo spacing of 30µs. The repetition time of the

Figure 2. Upper panel: X-ray structure71 of the tungsten complex
W(η2-H2)(CO) 3 (PCy3) 2; Cy: ) -cyclohexyl (-C6H11), showing the
W-H and H-H distances; Lower panel: sketch of the HH and DD
exchange processes, which are visible in the INS and2H NMR spectra.
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experiments was between 5 and 400 s, depending on theT1

relaxation time of the sample and the typical number of
accumulations was 1600 scans per spectrum.

Sample Preparation.The sample of W(PCy3)2(CO)3(η2-D2)
was prepared according to literature methods.61

Theory. A detailed discussion of the basic principles of
coherent and incoherent tunnel exchange is given in 16, 42.
The coherent and incoherent tunnel exchange at low tempera-
tures, where only the lowest states exhibit non negligible
populations, can most easily be discussed using the model of a
one-dimensional hindered quantum mechanical rotor. In this
model, it is assumed that the distance between the two hydrons,
as well as their distance from the metal, does not change and
that the angular position, described byφ, is the only degree of
freedom.

The corresponding Schro¨dinger equation of a rigid rotor in a
harmonic 2-fold potential is expressed as (2V0 describes the
depth of the hindering potential)

The solutions of this differential equation split into two branches,
namely a branch of even and a branch of odd eigenfunctions.

For pairs of identical isotopes, i.e., HH (fermions) or DD
(bosons), the Pauli exclusion principle must be fulfilled, i.e.,
the product of spatial and spin wave functions must be
antisymmetric (fermions) and symmetric (bosons) under particle
exchange. Due to the energy gap between the lowest two
eigenstates, a tunnel splitting or exchange couplingJExc, similar
to the coupling of electronic spins by the Dirac exchange
interaction, appears, which is visible in NMR spectroscopy. As
the result, a nuclear spin tunnel Hamiltonian which describes
the splitting between adjacent states of different symmetry can
be defined.

At higher temperatures, the situation becomes more compli-
cated by two effects: On one hand higher rotational states are
populated. On the NMR time scale these states are in fast
exchange, leading to a thermal average of the exchange coupling
and, in addition, they can also cause incoherent exchange of
the two hydrons. On the other hand, the increasing centrifugal
forces can lead to changes in the MH and HH (and MD and
DD) distances. For a full quantum mechanical description of
the system at least a two-dimensional model (rotation angle and
distance) would be required. However, it was found that the
empirical Bell tunneling model,62 which describes the classical
forbidden penetration of a parabolic barrier, gives surprisingly
good descriptions of the incoherent kinetics in these systems.42

This approach will also be used in this paper.
Spectra.A description of the NMR line shapes of a pair of

deuterons under the influence of coherent and incoherent
exchange processes has been given recently.16 This line shape
is quantitatively described in terms of a quantum-mechanical
density matrix formalism, where only the nuclear spin degrees
of freedom are treated quantum-mechanically.

The energy connected with the spatial degrees of freedom
(the angular coordinateæ) is converted into a nuclear spin
Hamiltonian (last term in eq 2) involving a coherent tunnel
splitting parameter,ωX, whereas the bath coordinates are treated
via phenomenological incoherent exchange rate constants.

A homonuclear spin pair of two chemically equivalent, dipolar
coupled deuteron spinsI andS in a solid has a high field NMR
Hamiltonian of the form

Ik andSk (k ) x,y,z)are the spin operators,ωQS andωQI are the
quadrupolar interactions of the two deuterons. They depend on
the relative orientation of their quadrupolar tensors to the
external magnetic field. The quadrupolar tensors reflect the
distribution of the electronic charges and, thus, the dihydrogen
state (Figure 3).ωD is the homonuclear dipolar coupling between
the I and S spins andωX is the tunnel splitting between the
symmetric and antisymmetric spatial states.P(S,I) is the
permutation operator of spinI and spinS. A Hilbert space base-
independent definition of the permutation operator in terms of
spin operators is given in the appendix. At accessible field
strengths, the terms corresponding to off-resonance and chemical
shift anisotropy (CSA) are at least 1 order of magnitude smaller
than the above interactions and are therefore omitted. Although
the coefficients of dipolar and quadrupolar interactions are
functions of the orientation, the tunnel splitting is independent
of the orientation.

Spin Lattice Relaxation.Besides affecting the shape of the
2H NMR spectra, coherent and incoherent exchange effects also
influence the 2H spin lattice relaxation rates, due to the
modulation of the quadrupolar interaction. Assuming that mainly
the incoherent exchange will contribute to the spin lattice
relaxation rate, in particular at higher temperatures, where the
exchange rate will be on the order of the Zeeman-splitting of
the deuterons, i.e., most efficient, the incoherent exchange rates
can be determined from the spin lattice relaxation times by
converting the exchange rate into a correlation timeτc via

The relation between the spin lattice relaxation rate and the
exchange rate depends on the motional model for the exchange
process. When this type of motion is unknown, an effective
coupling rate constantKEFG can be used (eq 5a).63 Several
special types of motions are discussed in the literature namely:
isotropic rotational diffusion (eq 5b),64 jump motions of the
deuterons (eq 5c)65,66(note: this eqn. is calculated from the single
crystal value given in reference66 by integration over all possible
crystal orientations); axially symmetric rotational diffusion (eq
5d).64 If J(τ) describes the spectral density function of the
fluctuations

the relaxation functions are

Figure 3. Sketch of quadrupolar tensor PAS system orientations and
charge densities forη2-H2-complexes
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In these expressionsτ (or τ0, τ1, τ2 in case 5d) is the
correlation time of the motion andâ the angle between the two
tensor axes (or the angle between rotation axis and tensor axis
in case 5d).

The overall differences of the relaxation curves calculated
with these models are relatively small on large temperature
ranges, as considered in this work. For the usual spectral density
function (eq 4) and an Arrhenius dependence ofτ on the
temperatureT a singleT1 minimum and a parabolic growth of
T1 as a function of the temperature is expected. The situation
changes ifτ exhibits an non-Arrhenius behavior, for example
due to tunneling. In this situation, eq 5a can be used to determine
the exchange rates from theT1 rates, if the position and value
of the T1 minimum are known.

Results and Discussions

Experimental Results. 2H NMR Spectra.The left part of
Figure 4 presents the experimental2H NMR spectra of the
W-D2 complex, together with simulations of the spectra (see
discussion). The poor S/N of the spectrum at 297 K is the result
of a sensitivity problem, caused by the low deuterium concen-
tration in the sample and the very longT1 relaxation time at
this temperature. The2H NMR spectra consist mainly of two
components. The major intensity is concentrated in a rather
unusual2H quadrupolar Pake pattern with an asymmetry factor
of η ) 0.62 and a quadrupolar interaction which slowly
decreases with increasing temperature, starting from 55 kHz at
50 K to 40 kHz at 180 K. In addition, a narrow component,
which accounts for less than 5% of the total spectral intensity,
is present in the center of the spectrum at all temperatures.
Because the sample is prepared in a D2 atmosphere, which is
in slow exchange with theη2-bound deuterium of the complex,
we attribute this narrow component to gaseous D2 in the sample.
With the exception of the small decrease of the quadrupolar
interaction, visible in the line width of the spectra as a function
of the temperature, the2H NMR spectrum is nearly temperature
independent in the range between 50 K and 180 K.

2H NMR Spin Lattice Relaxation. Figure 5 compares the
experimental results of the2H NMR spin lattice relaxation
measurement on the W-D2 sample to a calculation of the spin
lattice relaxation times(see below). TheT1 measurements in the
temperature regime from 50 K to 230 K show a strong
temperature dependence ofT1 and exhibit a typicalT1 behavior
with a sharp minimum close to 110 K. At the minimum, aT1

relaxation time of 0.78 s is found. It is evident that in the low-
temperature branch of the spin lattice relaxation curve there are
deviations from a simple Arrhenius behavior, visible in a
flattening of the curve.

Discussion

The2H NMR spectra and spin lattice relaxation times of the
Kubas W-D2 complex have been measured in the temperature

range of 50 K to 300 K. Although the2H NMR spectra reveal
only a slight temperature dependence of the line shape, which
corresponds to a strongly asymmetric quadrupolar tensor; the
T1 data exhibit a strong temperature dependence with a
minimum at 110 K and deviations from a classical Arrhenius
behavior.

The interpretation of the2H NMR spectra was performed in
two steps. First, a simulation with a simple2H Pake pattern
was performed (left panel of Figure 4). This simulation gives
only an unsatisfactory reproduction of the2H NMR line shape.
In particular, there are shoulders in the outer parts of the2H
NMR line shape, which are not explicable by a single2H Pake
pattern, indicating a splitting of the lines or an impurity.
Therefore, in a second step the question of the origin of these
shoulders had to be solved. There are several different explana-
tions for these shoulders:

•They can be caused by a chemical impurity,
•They can be the product of an unwanted side reaction,

because of isotope fractionation, resulting in a superposition of
sub spectra of the D-D and H-D isotopomer with signals of
-CD groups of the rings.

•They are the result of an additional interaction in the spectra.
Chemical impurities in the sample, except the gaseous D2

necessary for stabilizing the complex, can be excluded, due to
the careful sample preparation. Isotope fractionation cannot a
priori be excluded.

In this case, however, one would expect, on one hand
differences in the spin lattice relaxation and the temperature
dependence of the sub spectra, and, on the other hand, a slow
change with time of the intensity ratios between the sub spectra,
due to ongoing exchange between the gaseous D2 and the-CH
groups of the rings. Therefore, we conclude that such isotope
fractionations are only of minor importance and can also be
excluded as the origin of the shoulders in the spectra. In
principle, there are three additional interactions which can be
responsible for the shoulders in the spectra, namely coherent
quantum mechanical tunneling, similar to the Ru-D2 complex,42

heteronuclear dipolar interactions between the183W isotope and
the deuterons and homonuclear dipolar interactions between the
two deuterons. Coherent quantum mechanical tunneling can be
excluded in this system, because of the temperature indepen-

b
1
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) 0.3π2qcc
2 J(τ)

c
1
T1

) 9
160

sin2 â qcc
2 J(τ)

d
1
T1

) 0.3π2qcc
2 [14(cos2 â - 1)J(τ0) +

3 sin2 â cos2 â J(τ1) + 3
4
sin4 â J(τ2)] (5)

Figure 4. Experimental and simulated2H NMR spectra of the W-D2

complex at different temperatures. Left panel: simulation as a pure
quadrupolar pattern. Right panel: simulation as a superposition of a
quadrupolar pattern and a homonuclear dipolar D-D interaction of 4
kHz, corresponding to a D-D distance of 0.89 Å. The latter gives
clearly a better reproduction of the shoulders in the experimental line
shape.
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dence of the splitting and the fact that the much faster incoherent
exchange of the two deuterons would render the coherent
exchange invisible, as shown by line shape calculations.16

Heteronuclear dipolar interactions between the183W and the
deuterons are in principle capable to explain the splitting, but a
splitting of ca. 4( 1 kHz, which is necessary to explain the
line shape, corresponds to a W-D distance of 0.56( 0.07 Å,
which is not reasonable. In the case of a homonuclear D-D
interaction, a splitting of ca. 4( 1 kHz is estimated from the
fit of the spectra, which corresponds to a D-D distance of 0.89
( 0.1 Å. This value is in good agreement with the value of
0.89 Å found in the H2 complex.67 Therefore, the most probable
origin of the shoulders in the spectra is the homonuclear dipolar
interaction of the two deuterons. Because this interaction is
invariant under exchange of the two deuterons, it is visible at
all temperatures. The resulting simulations, which are shown
as the right panel of Figure 4, are in good agreement with the
experimental data.

It is interesting to compare this result to quantum chemical
calculations of isotope effects on the dihydrogen distance by
Lluch et al.68,69 Their calculations predict that the dihydrogen
complexes can be classified according to their H-H distances.
For elongated complexes (> 1 Å), the potential energy curves
are flat, causing strong isotope effects on the distance. This
prediction was recently corroborated by Heinekey et al.,70 who
indeed found strong isotope effects on the HH/DD distance in
an elongated Ru-H2 complex. For short (<1 Å) distances
however, the potential energy curves have a strong curvature,
resulting in weak isotope effects. This prediction is now
corroborated by our results.

For the interpretation of the minimumT1 value, the three
different models discussed above were employed, namely
isotropic rotational diffusion, axially symmetric rotational
diffusion and rotational jump motions between two minima. In
principle, all three models are capable to reproduce the
experimental data, but the values of the quadrupolar coupling
constant differ strongly. For the isotropic rotational diffusion a
value ofqcc ) 8.0 kHz is found. The axially symmetric rotational
diffusion results in a value ofqcc ) 7.5 kHz. The jump exchange
finally gives a value ofqcc ) 68 kHz. Comparing this value to
the quadrupolar coupling constant determined from the2H NMR
spectra obtained at low temperatures (qcc ) 4/3‚55 kHz ) 73
kHz), it is evident that the jump mechanism is the most probable
origin of the T1 relaxation, because only in this case the
quadrupolar coupling constant obtained from the spin lattice
relaxation is compatible with the value obtained from the
simulation of the spectra.

For the further interpretation, theT1 values were converted
to rate constants, employing eq 4 and eq 5. The resulting rate
constants are displayed in Figure 6 as a function of the inverse
temperature. The resulting curve shows deviations from a simple
Arrhenius behavior, visible in a concave flattening of the curve
at lower temperatures. Due to the longerT1 values at low
temperatures and the correspondingly increasing measurement
times we were not able to further follow the rate curve. This
deviation is evidence for the presence of a quantum mechanical
tunneling process at low temperatures, similar to the tunneling
observed in the Ru-D2 sample.

The observed temperature dependence of the width of the
2H NMR spectra can be attributed to two different origins: on
one hand the temperature-dependent exchange dynamics of the
two deuterons can induce line shape changes and on the other
hand, the average M-D2 distance can change as a function of
the temperature, resulting in a change of the electric field

gradients experienced by the two deuterons. The strongest
change in the width of the spectrum is observable between the
159 K spectrum and the 180 K spectrum, i.e., in a relatively
narrow temperature region. In this temperature regime the
incoherent exchange rates, extracted from the spin lattice
relaxation, are already on the order of 109sec-1, i.e., in the fast
exchange limit, as compared to a quadrupolar coupling of ca.
50 kHz. Therefore, one can conclude that the exchange of the
two deuterons is only of minor importance to the observed
reduction of the width of the2H NMR spectrum and a change
of the average M-D2 distance is the more probable cause. This
is a hint to the weak nature of the radial part of the potential,
which shows that a full analysis of the motional dynamics of
the two deuterons in the potential of the transition metal
necessitates an at least two-dimensional quantum chemical
calculation, which is beyond the scope of the current work.

Assuming that the spin lattice relaxation is caused by the
exchange of the two deuterons, it is interesting to compare the
determined D-D exchange rates to the H-H exchange rates
determined from the line shape analysis of the INS spectra,24,44

of the protonated species (upper curve in Figure 6). Due to the
limited dynamic range of INS spectroscopy, compared to2H
NMR, only few points in a limited temperature range are
available. To enlarge this range toward high temperatures, we
chose the high-temperature limit of both rates as 4× 1012sec-1,
according to the Eyring equation. A strong isotope effect is
visible, which increases with lowering temperatures, approaching
a value of 2× 103 at low temperatures (Note, that without the
estimation of the high temperature limit according to the Eyring
equation, the weaker slope of the INS data would lead to an

Figure 5. Experimental temperature dependence of the2H spin lattice
relaxation in the W-D2 complex. The data exhibit deviations from the
Arrhenius behavior at low temperatures. The solid line is calculated
from the exchange rates calculated from the Bell model.

Figure 6. Arrhenius plot of the temperature dependence of the
incoherent exchange rates in the W-D2 sample, extracted from the
1H- T1 data of Figure 5. The data are compared to data obtained on
the W-H2 complex, determined by INS. The solid lines are the results
of fits of the temperature dependence of the incoherent rates using a
Bell type tunnel model. The fits reveal a strong isotope effect, which
is not solely attributable to a simple mass effect (see text).

η2 Bond Transition Metal Dihydrogen Complexes J. Phys. Chem. A, Vol. 106, No. 12, 20022859



even larger isotope effect at low temperatures). Calculations
with the Bell tunnel model reveal that this isotope effect is not
solely explainable by the difference of the mass between the
two hydrogen isotopes. In the simple model of the one-
dimensional hindered rotator the only alternatives are a change
of either the D-D distance or a change of the activation energy.
Because the D-D distance obtained from the simulation of the
2H NMR spectra is in good agreement with the values measured
in the protonated isotopomer, we conclude that no substantial
change of the Hydron position occurs. Moreover, the quadru-
polar coupling constant is practically temperature independent
in the accessible temperature regime below 150 K, which means
that the deuteron experiences the same field gradient at all
temperatures, i.e., a constant equilibrium position. Therefore,
we conclude that the major part of the observed additional
isotope effect has to be attributed to a difference in the activation
energy. The best fits were obtained for activation energies ofV
) 69 meV for the protonated andV ) 101 meV for the
deuterated complex, i.e., a difference of 32 meV.

In principle, this change of the activation barrier can be caused
by two different reasons, which are not necessarily mutually
exclusive:

•There are isotope effects on the M-D versus M-H distance,
for example caused by the anharmonicity of the binding
potential. As a result of these differences, the different isoto-
pomers experience a different potential.

• The difference in the zero point energy of the ground state,
and possibly also in the energy levels of an activated state which
serves as the transition state for the tunneling, is responsible
for the strong isotope effect.

From the NMR data it is not possible to finally distinguish
between these two alternatives. However, the good agreement
of the D-D distance and the H-H distance suggests that also
the M-H and M-D distances are very similar. Thus, the second
explanation is the more plausible explanation of the isotope
effects. However, the Bell tunnel model employed in the analysis
of the rate data is a simple, one-dimensional model. It neglects
any multidimensional modes, for example vibrational excitations
of the D-D atoms. In principle, these other modes can have
significant effects on the reaction rates. Thus, a full description
of the exchange kinetics can only be obtained from quantum
chemical calculations of the ground and excited states on a
higher theoretical level than the Bell tunnel model employed
in the present analysis.

Summary and Conclusion

In summary, the2H NMR spectra and spin lattice relaxation
rates of a selectively labeled W-D2 complex have been
measured in the temperature regime of 50 K to 300 K. The
spectra have been analyzed employing a model of a combination
of homonuclear dipolar D-D interaction and deuterium qua-
drupolar interaction. In the observed temperature regime, the
line width of the spectra exhibits a weak temperature depen-
dence, corresponding to a decrease of the quadrupolar coupling
with increasing temperature, which is an indication of a change
of the M-D2 distance with temperature. The D-D distance
coincides with the H-H distance found in the H-H complex,
thus there are only minor isotope effects on the dihydrogen
distance. This result corroborates quantum chemical calculations
of isotope effects in dihydrogen complexes with short H-H
distances by Lluch et al.68,69

The spin lattice relaxation data exhibit deviations from the
Arrhenius behavior at low temperatures, which are an indication
of the presence of a quantum mechanical tunneling process of

the dideuterium pair, analogous to the H-H tunneling observed
in the INS spectra of the H2 complex. A comparison of the
D-D with the H-H exchange rates, analyzed with a Bell
tunneling model, reveals a strong isotope effect of 2× 103,
which is not simply explainable by the mass difference of the
two hydrogen isotopes.

For a quantitative understanding of the origins of this isotope
effect, an accurate evaluation of the D-D distance as a function
of the temperature would be necessary. In principle such an
evaluation is possible, employing a MAS technique,56 where
the 2H NMR line shape of the spinning sidebands is analyzed.
In the particular case of the W-D2 complex, the application of
this technique is hampered by the unstable nature of the
compound, necessitating the presence of a D2 atmosphere in
the sample, which makes the preparation of a sealed sample,
suitable for fast MAS spinning, very difficult.

Appendix

Base-Independent Representation of the Permutation
Operator P̂(Î I 1, Î2). In our previous papers,16,42we used special
matrix representations of the permutation operatorP(I1, I2),
which depended on the base functions of the spin Hilbert space.
Two especially convenient bases are the product base and the
permutation symmetry adapted base.

In the product base of the two spins, the matrix representation
of P(I1, I2) can be easily calculated from

In the permutation symmetry adapted base, the permutation
operator,P̂′(Î1, Î2) is diagonal, with matrix elements+1 for
even (gerade) and-1 for odd (ungerade) states

Both definitions are equivalent and sufficient for numerical
calculations. For analytical calculations or larger spin systems,
however, it is advantageous to have a base-independent defini-
tion of the permutation operator in terms of spin operators. For
this purpose we define the following set of normalized single
spin operators:

Employing these base operators, the permutation operator of a
homo nuclear spin 1 pair is given as

which can be proved by inspection.
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