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In this paper a unified view of coherent and incoherent dihydrogen exchange in 

transition metal hydrides by nuclear magnetic resonance (NMR) and inelastic neutron 

scattering (INS) is presented. It is shown that both exchange processes coexist i.e. do not 

transform into each other although they may dominate the spectra in different temperature 

ranges. This superposition is the consequence of the incorporation of the tunnel frequency J 

of the coherent process into the nuclear two-spin hamiltonian of hydrogen pairs which 

allows to treat the probiem using the well known density matrix theory of NMR 
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line-shapes developped by Alexander and Binsch. It is shown that this theory can also be 

used to predict the line-shapes of the rotational tunneling transitions observed in the INS 

spectra of transition metal dihydrogen complexes and that both NMR and INS spectra 

depend on similar parameters. In particular, two simple models of dihydrogen exchange 

effects on the NMR and INS spectra are discussed. In the first model a single site-twmpin 

system is considered involving four nuclear spin levels, characterized by the average tunnel 

frequency J and the rate constant k of incoherent dihydrogen exchange. Whereas Jleads to 

the usual NMR line-splitting the increase of kinduces line-broadening and coalescence 

into a single line by averaging of the chemical shifts of the two hydrogen atoms. By 

contrast, the quantum coherences between the nuclear singlet and triplet states which are 

not observable by NMR but seen in INS as rotational tunneling transitions are predicted to 

decay with 2k leading to an homogeneous broadening of 2k / r  of the corresponding INS 

bands. This result explains the disappearance of these bands when temperature is raised as 

k increases monotonously with the latter. Since in practice many sites have to be taken into 

account, corresponding to different molecular cod?gurations, conformations, solvent 

environments, or simply different rovibrational states, this one-site model is only valid in 

the case of rapid interconversion of the different sites. The effects on this interconversion 

without and with a combined dihydrogen permutation on the NMR and INS spectra is 

studied in a two-aite model, adapted to typical experimental situations encountered in 

NMR and INS. The results obtained are then illustrated using experimental examples from 

both spectroscopies. Finally, a physical interpretation of the loss of quantum coherence 

between the triplet and singlet states by the incoherent exchange is proposed, associated to 

sudden dihydrogen rotations either via incoherent tunneling or via a free over-barrier 

rotation which inverts the rotational wave functions of 0-H2 but not of p-H2 states. The 

incoherent tunnel process can explain experimental findings by INS of a non-Arrhenius 

behavior of the rate constant of the incoherent process in the case of dihydrogen complexes 

exhibiting a low barrier for dihydrogen rotation. The absence of kinetic HH/HD isotope 

effects found by NMR for cases with high barriers seem then to indicate a heavy atom 

motion, e.g. a ligand reorientation in the rate limiting step of the incoherent rotation. 
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1. Introduction 

For a long time, the dynamics of hydrogen exchange reactions, e.g. ammonium and 

methyl group rotations in molecular solids have been studied both by inelastic neutron 

scattering (INS)[l] and nuclear magnetic resonance (NMR)[2] techniques. At cryogenic 

temperatures, the exchange is generally coherent, i.e. characterized by a tunnel frequency 

ut which is directly observable as a tunneling transition in the INS spectra. At higher 

temperatures, a transition into an incoherent exchange regime occurs characterized by 

typical lin-hifts towards the elastic line and line-broadening, eventually leading to a 

very broad inelastic line disappearing at high temperatures. On the other hand, both 

coherent and incoherent group rotations also give rise to characteristic NMR spectra and 

NMR relaxation [2]. 

Recently, it has been shown by Kubas et al. [3] that dihydrogen can be coordinated 

in side-on configuration to transition metals. Moreover, it was found by INS that the 

dihydrogen group in these compounds is also subject to coherent rotational tunneling. On 

the other hand, in recent years several authors have observed unusually large (Hz to kHz) 

non-magnetic "exchange couplings" between metal bound protons of transition metal 

trihydrides [M] and &hydrides [7] dissolved in organic liquids which strongly increased 

with temperature up to a point where a "classical" or incoherent dihydrogen exchange sets 

in. These "exchange" couplings Jexch were identified by Zilm [Sa41 et al. and Weitekamp 

[5q with the average frequency Yt of coherent dihydrogen exchange tunneling. This 

phenomenon has aroused a wide experimental and theoretical interest [5-71. One main 

consequence of these observations was the possibility to include the tunnel frequency in the 

usual high-resolution nuclear two-spin hamiltonian [8], i.e. 
A A A A  

X = ~11,1+ ~ 2 1 ~ 2  + J 11129 - (1) 
A .. 

where vi represent the chemical shifts, Izi and Ii the usual spin operators, and J the  

apparent coupling constant corresponding to the sum [5] 

is the usual scalar magnetic coupling constant. Since we are concerned in this paper Jmagn 
I I d d Y  with the case Jexch >> JmaP we w i l l  drop the subscript in Eq. (2) and set Jkr 



- 4 -  

throughout this paper. 

This incorporation of coherent tunneling into the nuclear spin hamiltonian has some 
'exch 

consequences which have not yet been fully recognized to our knowledge. The main 

consequence is that the transition from the coherent to the incoherent dihydrogen exchange 

regime does not mean that one phenomenon excludes the other but that both coexist in the 

whole temperature range; the apparent transition is only a consequence of the different 

temperature dependence of the parameters describing both phenomena. This conclusion 

immediately foUows from the well established NMR lin-hape theory devised by 

Alexander and Binsch [9] which has been very often used in order to describe the NMR 

line-shapes of J -  coupled spin systems in the presence of incoherent or ttchemicalt* 

exchange processes. Here we use this theory to describe the NMR spectra of superposed 

coherent and incoherent dihydrogen exchange of transition metal hydrides which reveals 

insight into the physical meaning of the superposition of both processes. 

Another consequence of Eq. (1) is also addressed in this paper, namely to show that 

the Alexander-Binsch theory does not only give a consistent description of the NMR but 

also of the INS line-shapes of transition metal hydrides which are not yet well understood 

up to date. Thus, it becomes possible to discuss the results of both methods within a 

common theoretical framework in terms of a simple phenomenological exchange model. 

In the following theoretical section we wi l l  shortly review the Alexander-Binsch 

theory and then discuss the example of a one-sitefour-level system of dihydrogen 

exchange. This model wil l  then be expanded to a two4te-eight-level system but it wil l  be 

shown that the latter and even a mdti-site system reduces, under certain circumstances, 

to the o d t e  system. These models will then be applied to discuss experimental NMR 

and INS spectra of some transition metal hydrides subject to coherent and incoherent 

dihydrogen exchange. 
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2. Theoretical section 

2.1. The Alexank-Binsch formalism 

Within the framework of the Alexander-Binsch formalism, the NMR spectra of 

exchanging spin systems in sites r, S, t... are calculated by solving the equation of motion of 

the complex density matrix p of an ensemble of nuclear spins of interest in composite 

Liouville space [9b] 
d & = ( - i ~ t + ~ + ' ~ ) p ,  pmn = c m  1 p 1 n>. 

All quantities in Eq. (3) are well-known. The diagonal elements of p correspond to 

populations and the off4agonal elements pKx = pxK to quantum coherences. C is the 

Liouville operator depending only on the nuclear spin Hamiltonian 2, i.e. 

(3) 

* 

'prUr,KsA8 = 6 rs (2 6 xv -ZAv6 luc ). (4) 

6 represents the Kronecker symbol, pr etc. the nuclear spin functions of the environment r; 

generally, the usual product spin functions are used as basis. The subscripts r are employed 

only when necessary; since C has a block-diagonal structure for each spin system, they can 

be omitted on the right side of Eq. (4). 2 is the Redfield relaxation operator describing the 

interaction with the bath; in order to evaluate 2 a specific relaxation mechanism must be 

chosen, e.g. a dipole-dipole relaxation mechanism. However, in usual NMR lineshape 

calculations 2 is generally assumed to be diagonal, and a l l  diagonal elements are given by 

-1/ Tz = q W 0 ,  where Tz is the effective transverse relaxation time and Wo the 

corresponding linewidth in the absence of exchange. X represents the operator describing 

all chemical exchange processes. For intramolecular exchange processes between different 

sites the elements of X are given in composite Liouville space of the exchanging by [9b,9c] 

krs is the rate constant of the interconversion between r and 8. For intramolecular mutual 

exchange processes between two nuclei i and j within a given subspace r involving the rate 

constant e the elements of X are given by [9b,9c] 
.. 

=-E ~ g j ~  6 # j  U A '  (6) 
xprvrJKrxr .. i < j rr V r  'rAr P r  r r .. 
pJ is the permutation operator exchanging i and j, and its elements PIJ = 1 if pr and ur 

W r  
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differ only by the permutation of the spins i and j, otherwise it is zero. We note that Eq. 

(5) is independent of the basis, but Eq. (6) is formulated in the product spin basis and has 

to be transformed when another basis is used. 

The NMR spectra can easily be calculated from the expectation values of the usual 

lowering or raising operators according to the equation 

<r> = rP (7) 

formulated in Liouvillmpace, where only single quantum coherences are important. After 

Fourier transformation, they immediatedly give the contribution of the particular 

transition to the NMR spectrum. Therefore, for linetihape calculations Eq. (3) must be set 

up and solved only for the the single quantum coherences, if they are created in a 

one-pulse NMR experiment. We note that all parameters contained in Eqs. (3 - 6) are 

phenomenological and obtained by comparison of experimental and numerically calculated 

line-shapes. 

As will be proposed below, the formalism may also be used in order to calculate the 

INS rotational tunneling transitions for proton pairs, where attention has to be paid to the 

different selection rules in this kind of spectroscopy. 

2.2. A o d t c A u r 4 e d  tunneling model ofdihybgeu edange 

In the first step we consider the simplest dihydrogen exchange tunneling model 

involving a single proton pair in a single site leading to four nuclear spin levels. The 

nuclear spin hamiltonian is given by Eq. (l), i.e. characterized by two chemical shifts u1 

and u2 and a single tunnel splitting Jcorresponding to a single pair of coherent tunnel 

states outside the magnetic field. In addition, we consider an incoherent mutual exchange 

between the two protons characterized by the rate constant k In the product spin basis the 

four nuclear spin functions are given by 1 E cwa, 2 = @, 3 E par and 4 z ,@. As shown in the 

Appendix, these functions are in agreement with the Pauli exclusion principle. Neglecting 

relaxation, it follows from the previous section that the time evolution of the populations 

and of the zero quantum coherences is given by the following equations 
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of the single quantum coherences by 

It is helpful to transform the above equations into the basis of the symmetrized spin 

functions, i.e. the nuclear triplet states and the singlet state 
1 1 = aa = TI, 2 = To = (bd+j%~), 4 = T-l = &3,3 = S = d.a?S~). 

The density matrix u in this basis can easily be evaluated and we obtain 

-= du13 I ~ ~ V ~ - V ~ ) Q I ~  + [ - 2 k + l r i ( ~ , + v ~ ) + 2 7 r 4 7 ~ ~ ,  
dt  
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Outside the magnetic field all Lamorfrequencies are zero and one obtains 

--- --=-=-=-- - 0, 
-- d'22 d033 d'44 d'12 d'24 
d t  d t  d t  d t  d t  d t  

-- d'13 - [-2k+2Acl3, - d'34 = [ - 2 k + 2 m ~ ~ c ~ ~  

d t  d t  
Let us now discuss Eq. (18 - 23) in more detail. The situation where k 8 0 is 

illustrated schematically in Fig. 1. If J << I u1-v21 and vo, the spectrometer frequency, 

the energy level diagram of Fig. la  results. The potential functions for the dihydrogea 

exchange are included schematically, where the barrier height is in reality much larger than 

indicated. The states QO and &3 are delocalized and associated with the upper tunneling 

state via the Pauli exclusion principle. The states 2 = atp and 3 = @a are localized pocket 

states of different energy because of the cpndition J << I vl-v2 I. Therefore, the observable 

transitions v31 and vu indicated in Fig. l a  are split by the total coupling constant J a s  

usual. The same is true for the observable transitions vzl and v43. 

In the case where the e x a g e  coupling constant J >> 1 vl-vzI but J << vo the 

level diagram of Fig. l b  is obtained. In NMR, only the transitions within the triplet states 

are allowed but not between the singlet and the triplet states. Therefore? only a single line 

is observed by NMR at (v1+v2)/2 as indicated at the bottom of Fig. lb. In the absence of 

a magnetic field vo = 0 and the diagram of Fig. IC results. All triplet states are degenerate 

for the hamiltonian of Eq. (1) and coincide into the state T where the subscripts are now 

omitted. Under these conditions NMR cannot be observed; however, the transitions 

between singlet and triplet states are dowed in INS; the transition vST = -J appears on 

the energy loss side of the elastic line situated at the origin and the transition vTS = + J 

on the energy gain side as indicated schematically in Fig. IC. 
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The influence of an increase of the rate constant k of incoherent exchange on the 

NMR spectra calculated f'rom Eqs. (20 - 23) is illustrated in Fig. 2 using arbitrary 

parameters. In the cases of Fig. 2s ( J  = 0) and 2b (J << I v1-v21) the increase of k firstly 

leads to line-broadening given by k / r ,  then coalescence into a single peak which then 

sharpens. The incoherent exchange can be visualized as interconversion between the well 

dehed  pocket states Cup and Ba in Fig-la, or more exactly as the interconversion between 

the single quantum coherences connected with the states a$ and pa. This incoherent 

exchange renders, therefore, the two protons magnetically equivalent i.e. averages their 

chemical shifts and possible magnetic couplings to other nuclei, in contrast to the coherent 

quantum exchange. In Fig. 2c J 8 I v1-v2 I leads to the well-known decrease of the signal 

intensity of the outer transitions v31 and v43. Now, increasing k still leads to some spectral 

changes and lin-oalescence. By contrast, no line-shape changes occur any more when J 

>> vl-v2 as depicted in Fig. 24 in other words, the transitions within the triplet sublevels 

of F'ig. lb are no longer aftected by k Since a l l  states are now delocalized by coherent 

tunneling, what is then the meaning of k in this regime realized always in the absence of a 

magnetic field? 

This question can easily be answered by a look at the density matrix elements 

corresponding to the quantum coherences between the S- and T-states given by Eqs. (20 - 
26) in the symmetrized spin basis set. These coherences decay - even in the absence of a 

magnetic field with the rate constant 2k, leading to a linewidth of 2k/r of the transitions 

The cdculated line-shapes of the latter which should be observable in INS 'ST and 'TS' 
are depicted in F'ig. le. Since k increases monotonously with temperature this simple 

model, therefore, predicts the INS transitons to broaden monotonously with temperature 

until they disappear. 

2.3. A t&t&ght4evel tnaaeling model of &hydrogen exchange 

The above exchange model does not explicitely take into account the inter- 

conversion between a a multitude of thermally accessible state pairs, populated according 

to a Boltzmann distribution, and characterized by different nuclear spin hamiltonians, 
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especially different tunnel splittings. In order to obtain further insight into the way how 

this interconversion affects the NMR and INS linHhapes we consider in this section a 

dihydrogen exchange model consisting of two interconverting sites A and B, consisting each 

of a four-level two-spin system characterized by different exchange coupling constants and 

chemical shifts. The reaction network considered is illustrated in Fig. 3. The sites may be 

identified either with different chemical species such as a dihydride codguration and a 

dihydrogen configuration as indicated, but could also represent different solvent 

configurations, conformations or simply the rovibrational groundstate and an excited state. 

A and B are characterized by the populations xA and xB and interconvert with the 

forward and backward rate constants kAB and %A, where the equilibrium constant is 

given by K =  %/xA = kAB/%A. The exchange couplings are fi and p .  In order to 

describe the incoherent dihydrogen exchange the states A' and B' have to be included in 

Fig.3. The corresponding rate constants are kAA and %B, where we assume in the 

following that kAA << kBB Figs. 3a and 3b differ in the probability p of a dihydrogen 

permutation associated to the A * B interconversion. In Fig.3a p = 0 and in Fig. 3b p = 

1/2. Both networks can, therdore, be combined into a single network. 

For this model we obtain the following set of coupled equations for the single 

quantum coherences 

A 
p12 
- 
A 

p13 - - d 
at - 

B 
p12 

7 

B 
p13 



- 
A 

p12 
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A 
h 3  
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B 
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B 

'13 
- 

(29) 
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In the symmetrized basis for form B we obtain 
- 

A 
O12 

-ko-ku-l/T 2 

+2ri(v2 A d  +J /2) 
kAA 

A -ri J 

kM 
A 4 J 

A 
'13 
- 
B 
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- 
B 

'13 

d 
at 
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There are two cases where this two-site model reduces to the simpler oneaite 

model discussed in the previous section. In case (i) the population of B is so small that B 

can be considered as an intermediate for which the well-known steady state approximation 

applies. In this case the formal kinetic theory of chemical reactions leads to the following 

expression for the rate of incoherent exchange 

A: = IcAA + kAB[kBB+2~1-p)kBAl/(2kBB+kBA)’ (31) 

When p = 0 or 1 it follows in the case of a fast interconversion between A and B i.e. if 

>> 2 k ~ B  that 

k =  kAA + KmkBBy KAB = ~AB/%A =XB/XA- 

k =  kAA + ~ABP (33) 

(32) 

In the case where 2kBB >> %A we obtain 

Now, every other interconversion between A and B leads to an incoherent dihydrogen 

exchange. On the other hand, if p = 0.5 in Eq. (30) we obtain exactly the same result of 

Eq. (32) indicating that %B is no longer important. 

In case (ii) %A and &AB are larger than the chemical shift differences occuring in A 

and B, but both species may be present in comparable concentrations. In this case we 

obtain the average chemical shifts 

(34) 
B u. =2* 4L i + %vi, i = 1,2. 

1 

In principle, one can d e h e  the average coupling constant 
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J =  ,P+,BP = (SA+KABJB)/(I+KAB) (35) 

which can, however, only by observed when p = 0 or 1 and kAA and CCBB are small as 

discussed Mow. 

In the calculated spectra of Fig. 4 the direct mutual exchange rate kAA was set to 
A zero, as well as J . In the series of spectra of Fig. 4a also %B and p were set to zero. KAB 

was set arbitrarily to a value of 0.9. From the bottom to the top the rate constant kAB was 

increased. In the slow exchange regime (bottom) three singlets are obtained at 4 and v t  

for the A - form and a smaller one { w # for the B form. As km is increased the lines 

broaden. They do not coalesce, but give eventually rise to the typical four line two-spin 

splitting pattern, characterized by the average chemical shifts ul and u2, and the average 

coupling constant J g i ~ a  by Eqs. (34 - 35). If 2~ << ZA and JA 8 0 it follows that v1 8 

4 and u2 a 4 and that Jw x B B  = K A B P .  Thus, for the observation of the exchange 

coupling, only the quantity 

is of importance. This is a lucky situation because a large chemical shift difference for the 

two coupled hydrogen spins is "bornwed" from the dihydride state A and the large 

exchange coupling which is not directly observable in the dihydrogen state B is scaled by 

the factor 2~ due to the fast interconversion between the two forms. 

It is noteworthy that the fast interconversion between A where $ 8  0 and B where 

the frequency of coherent dihydrogen exchange is large, i.e. 

lead u p r i w i  to an incoherent mutual exchange of the two hydrogen nuclei. This incoherent 

>> I u: - 4 I does not 

mutual exchange between q8 and /3a can, however, be switched on by increasing either the 

rate constants kAA or kBB, or by setting p = 0.5, leading to the effects depicted in Fig. 4b 

to 4d. No effect is observed in the bottom spectra where the exchange between A and B 

was suppressed and where the two protons in B can not be distinguished. As can be 

inferred from Eqs. (29 - 30) the incoherent exchange in B leads to a fast decay with the 

rate constant 2%B of the forbidden S - T transitions but not of those of the allowed 

transitions. However, a dramatic effect is observed in the range of the fast interconversion 
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between B and A, Le. in the case of the top spectra of Figs. 4a to 4d. As kBB is increased 

the lines of the signal pattern (Fig. 4a, top) broaden and coalesce into a single line (Fig. 4d, 

top). This effect corresponds to the apparent transition from the coherent to the incoherent 

exchange regime, as depicted in Fig. 2b. 

The reason of this transition can be inferred by inspection of Eqs. (29 - 30). From 

these equations it follows that the condition for the observation of an average exchange 

coupling in the spectra is the formation and the periodic time evolution of the quantum 

of the forbidden transitions between the singlet B B B coherences 413 = o T , ~  and 434 = oST-~ 

and the triplet states of B. If these coherences are not formed because of p = 0.5 or if they 

decay rapidly because of large values of 2kBB the chemical shifts of the two nuclei are 

averaged and the J -  splittings are lost. 

in the following we want to study the question whether the twc+siteeight-level 

model can also explain the INS spectra of transition metal dihydrogen complexes? Here 

tunnel splittings can only be observed if the rotational barriers are very small and the 

tunnel splittings large. In principle, the rotational tunnel states can be evaluated in the 

simplest case of a t w d o l d  rotation by solving the one4imensional Schr6dinger equation. 

Of the manifold of odd and even states we only consider for simplicity the two lowest pairs 

0 and 1 of singlet and triplet states, as depicted schematically in Fig. 5. The subscripts 

used in the following discussion now rder to the numbering of the level pairs. As is well 

known [6a,10] the lowest splitting .To = E -E 

0. The incoherent 0-1 interconversion can be characterized by the two forward and 

backward rate constants kOl and klo, i.e. in principle by the exchange network of Fig. 3. 

We obtain the following density matrix equation similar to the well-known asymmetric 

t w o 4 t e  system 

> 0 and the upper one J1 = E -E < To so T1 si 
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There is a complete correspondence between the NMR spectra of Fig. 4 and the INS 

spectra calculated using Eqs. (27 - 40), depicted in Fig. 5, where arbitrary parameters were 

employed. In the slow exchange region all transitions So-To, TOSO, S1-T1, and T I S 1  

appear in the calculated spectrum at Jo, -Jo, Jl and -J1, weighted by the populations xo 

and xl. When the rotational excitation occurs, transition So-To exchanges with S1-T1 

and To-So with T1-Sl, i.e. with transitions located on the other side of the elastic line at 

zero enery. The description in terms of NMR line-shape theory is straightforward. As CEOl 
is increased at constant populations (Fig. Sa - 5d) the lines broaden, coalesce to two new 

averaged lines both shifted to the the center, characterizing the average transition S-T and 

T-S. The average tunnel splitting in Fig. 5d is again given by Eq. (35), written here as 

., 

J =  xoJo + xlJ1. (41) 

In Figs. 5e to g, fast exchange between So-To and Sl-T1 was assumed, a small 

value of I f00  and a large value of kll of incoherent exchange in the lower and the upper 

rotational state pairs. Only the population of x1 was increased, leading to a further 

decrease of Ji.e. shift of both lines towards the elastic line; at the same time, the average 

linewidth of the quasielastic line increases monotonously with 

The line-hihift occurs essentially because of the sign inversion of the tunnel splitting upon 

rotational excitation, the line-broadening because of a short incoherent exchange in the 

excited state. As in the case of NMR, in this regime the one-site model applies again, 

taking J and k as temperature dependent thermal averages. 

2.4. Inclnsioa of a large number of sites 

The extension to a larger number of sites, i.e. coz&gmations or rovibrational evc .S 

characterized by different exchange couplings and rate constants of incoherent exchange is 

straightforward. In the case where the interconversion between the sites is rapid the simple 

model of section 2.1. applies again. The difference is that now the chemical shifts vl and 
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v2, the exchange coupling constant J and the rate constant k of incoherent exchange 

represent averages over many states. The simulation of the NMR and the INS spectra then 

only leads to these average quantities. Information about the nature of the important 

states can then no longer be obtained in the stage of spectral simulations but only in a later 

stage by modeling the dependence of the quantities obtained as a function of temperature. 

3. Experimeatal Results 

As experimental examples we firstly present in Fig. 6 the temperature dependent 

superposed experimental and calculated 'H NMR spectra of the dihydride 

Cp2TaH2P( OMe)3, where Cp P cyclohexadienyl and MeCH3, dissolved in CD2C12, 

observed recently [7b]. The assignment of the lines is straightforward. The compound 

consists of a mixture of the cis-form 1 and the trans form 2. Only 1 exhibits exchange 

couplings, labeled as p, giving rise to the splittings between the two signals and between 

the signals b. Both sites are further split by scalar magnetic couplings to 31P. Since the 

sample was partially deuterated also signals from 1 4  are present which do not exhibit 

exchange couplings. As the temperature is increased the average exchange coupling FH 
increases, as well as kHH and PD. There is almost no kinetic HH/HD isotope effect on the 

incoherent exchange supporting that it does not involve incoherent thermal activated 

tunneling, in contrast to other double proton transfer reactions Ill]. If the additional 

coupling to 31P is neglected the situation for 1 corresponds to the situation of Fig. 2b. 

By contrast, a situation resembling Fig. l b  and Fig. 2c is realized for 

Cp2Ta%P(C0}3 dissolved in CD2C12 [7b] as illustrated in Fig. 7. Sites a and b in the 

partially deuterated compound 3 4  are not equivalent at low temperatures; the two signals 

are split into triplets with a scalar coupling constant of pD = 27.5 Hz, indicat&g the 

formation of a dihydrogen pair complexed to Ta; the corresponding coupling constant in 

ftee HD is approximatively 300 Hz [12]. The increase of temperature leads to an increase of 

the rate constant kHD describing the incoherent HD exchange, leading to a broadening and 

coalescence of the a- and the b-triplets. By contrast, the signal of the c-sites in 3 is a 

sharp singlet at all temperatures and does not show any decoalescence at low temperatures, 
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indicating a situation as described in Fig. 2c. Since the kinetic HH/HD isotope e&ects are 

small the absence of the decoalescence indicates the presence of a very large quantum coup 

ling constant J which is much larger than the chemical shift difference I vl-v2 I ; therefore 

the value of J can no longer be detected by NMR. 

In principle, this can be done by INS for the tungsten dihydrogen complex 

W(PCy)3(CO)3(pH2) 4 whose INS spectra have been described previously [3g]. Here we 

simulated the line-ehape associated with the two rotational tunnel transitions of 4 in terms 

of the one-eite model of section 2.2., by adapting J and the lorentzian linewidth 

W =  2k/r+ Wo. (43) 

Wo represents the linewidth for k = 0. Eq. (43) directly follows fkom Eq. (25). The 

resulting superposed experimental and calculated spectra are depicted in Fig. 8, where for 

the sake of clarity plots of the calculated linHhapes of the outer rotational tunnel 

transitions of 4 without the contribution of the quasielastic center line are included. J i s  

found to be practically independent on temperature, i.e. varies slightly between 0.12 meV 

(29 GHz or 0.97 cm-') at 1.5 K and 0.16 meV (38 G& or 1.3 cm-') at 189 K. These 

values are in good agreement with the value of 0.95 m'l reported previously for 4.9 K. At 

low temperatures the tunnel transitions are fairly sharp. The experimental line-shapes 

seem to be gaussim, but for simplicity we used a lorentzian linmhape which does not lead 

to a large error. The lorentzian linewidths Wobtained by simulation are indicated in Fig. 

8. They increase with temperature because of the increase of k with temperature, as 

expected from Eq. (43) until they disappear. In order to calculate k h m  Eq. (43) 

knowledge of the exact value of Wo is needed. If Wo is temperature independent and 

q1.5K) << W(1.5K) s Wo we obtain - assuming an Arrhenius law k = Aexp(-E&/RT) - 
values of Ea s 700 J~nol-' (7.3 meV, 60 m-') and A = 10 

-1 s 

(92 meV, 760 cm-') calculated from the measured tunnel frequency [3g]. On the other 

hand, at higher temperatures the contribution of Wo to Wis negligibly small. In this case 

we estimate fkom the above value of k(189K) using a value of A = 10 

intramolecular proton transfers 1111 an energy of activation at high temperature of Ea k: 8 

11 -1 s and k (189K) i 5*1O1' 

. This activation energy is much smaller than the barrier height of about 8.9kJm01-~ 

13 -1 s typical for 
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kJmol-' which is of the expected order. On the other hand, one could interpret the data 

also in terms of Eq. (e), predicting at low temperature a temperature independent value 

of k = koo, and at high temperature a value of k = z1kll, leading to a non-Arrhenius 

behavior of In W a In k vs. I/ T. The non-Arrhenius behavior of W was noted previously 

for 4 [3g], and also found for other dihydrogen complexes [3d], but the explanation in terms 

of Eq. (42) is a result of this study. We note that the temperature independent value of ko0 

would correspond in the case of single proton transfers to the rate constant of incoherent 

tunneling in the vibrational groundstate. 

5. Discnssion 

In the theoretical section a unified view of coherent and incoherent dihydrogen 

exchange in transition metal hydrides by nuclear magnetic resonance (NMR) and indastic 

neutron scattering (INS) was presented. It was shown that both exchange processes do not 

transform into each other but are always superimposed although each of them may 

dominate the spectra in different temperature ranges. This superposition is the consequence 

of the incorporation of the dihydrogen exchange coupling J into the nuclear spin 

haxdtonian proposed by zilm and Weitekamp [5] which enables the use of the well known 

density matrix theory of exchange broadened NMR linwhapes developped by Alexander 

and Binsch [9] to describe the incoherent process. This theory was used also to describe the 

linetlhapes of the rotational tunneling transitions observed in the INS spectra of transition 

metal dihydrogen complexes. Both NMR and INS spectra depend on the same parameters 

characterizing the coherent and incoherent exchange processes. In particular, two simple 

models of dihydrogen exchange effects on the NMR and INS spectra were discussed. In the 

first model a single site two spin system was considered involving four nuclear spin levels, 

characterized by a single average tunnel freuquency J and a single rate constant k of 

incoherent dihydrogen exchange. Whereas Jleads to the usual NMR line-splitting the 

increase of k induces line-broadening and coalescence into a single line by averaging of the 

chemical shifts of the two hydrogen atoms. By contrast, the quantum coherences between 

the nuclear singlet and triplet states which are not observable by NMR but are seen in INS 
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as rotational tunneling transitions were predicted to decay with 211: leading to a 

homogeneous broadening of 2k/n of the corresponding INS bands. This result explains the 

disappearance of these bands when temperature is raised as k increases monotonously with 

the latter. Since in practice many sites have to be taken into account, corresponding to 

different molecular configurations, conformations, solvent environments, or simply different 

rovibrational states the simple one-site model is only valid in the case of rapid site 

interconversion where J and k now represent averages over all sites. The process of site 

interconversion with and without a combined dihydrogen permutation on the NMR an INS 

spectra was studied in a two-site model, adapted to typical experimental situations 

encountered in NMR and INS using the Alexander-Binsch theory. One important result of 

this discussion was that it is not the short lifetimes of a rovibrational nuclear 

singlet-triplet pair which limits the contribution of this pair to the average J. The 

determining factor is whether during this lifetime the quantum coherence between the two 

states is either lost by a fast incoherent exchange according to Fig. 3a or because this 

coherence is not created at all when the site interconversion is associated to a dihydrogen 

permutation as illustrated in Fig. 3b. In the experimental section it was shown that the 

experimental findings can indeed be interpreted using the simple o n d t e  exchange model 

because the rapid site exchange regime is realized not only in NMR but apparently also in 

INS of transition metal dihydrogen complexes. The difference between the two methods is 

only the timescale of Jand  k whereas INS is sensitive to the meV i.e. GHa range, NMR is 

sensitive to the kHi range. However, in both methods there may be other line-broadening 

mechanism which have to be discussed. Whereaa these are well known in liquid state 

NMR, it is more difficult in the INS case to estimate linewidth contributions which do not 

arise from the incoherent dihydrogen exchange. In the case of the INS spectra of the 

dihydrogen complex 4 (Fig. 8) a relatively small energy of activation and a small frequency 

factor was observed, as usually typical for incoherent tunneling processes. 

In view of the now combined NMR and INS results we will discuss in the remainder 

of this section some consequences concerning various models of dihydrogen exchange in 

transition metal hydrides. Finally, we will give a qualitative explanation of the apparent 
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puzzle of a coexistence of the coherent and the incoherent exchange. 

There are several models of coherent dihydrogen exchange in the literature, whose 

detailed discussion is beyond the scope of this paper. We only state that all models assume 

a fast interconversion between all rovibrational states and nuclear configurations, leading 

to averaged values of the exchange couplings J. All models propose more or less a rotation 

of dihydrogen pairs around an axis  between the metal and the dihydrogen center, because 

in a direct translational exchange both protons would have to go through each other which 

is impossible. Therefore, the Landesmann model proposed by Zilm et al. [SI implies fust a 

thermally assisted small angle rotation and then translational tunneling of the two protons 

involving a distance X of minimal approach. This model predicts an increase of the 

averaged J with increasing temperature. On the other hand, the rigid rotor model 

consisting of 1800 dihydrogen rotations at a fixed dihydrogen distance has been used in 

order to interpret the INS spectra of transition metal dihydrogen complexes [3J. This model 

4 

is depicted schematically in Fig. 9a and b. The rotational states are obtained by solution of 

the Mathieu equation [3,6a,10]. As discussed in the previous section, the symmetry of the 

wave functions leads to the well-known alternance of the tunnel splitting of the rigid rotor 

[Sa]: the splitting Jo in the ground state is positive, because the symmetric state of 

symmetry A (not to be confounded with the different configurations A and B of Fig. 3) 

linked to the nuclear singlet state has a lower energy and the antisymmetric state of 

symmetry B linked to the nuclear triplet state a higher one. However, the splitting J1 in 

the first excited state is negative because now the A state exhibits the higher energy. 

Therefore, when the first excited state is populated Jdecreases. It is easily shown [Sa] that 

excitation of higher rotational levels should lead eventually to J = 0 at high temperature as 

illustrated in Fig. 9d. A more sophisticated non-rigid rotor model exhibits similar features 

at low temperature, although there is no strong alternance of positive and negative 

rotational tunneling pairs any more [Se]. The calculations presented in [Se] which predict 

an increase of J at higher temperatures need, however, to be further corroborated, because 

the sign of J depends in this regime strongly on the number of rotational level pairs above 

the barrier included in the calculation, leading to a problem of convergence of the J- 
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values. Experimentally, a decrease of J with increasing temperature has been frequently 

observed both by INS and NMR in the related case of methyl group rotational tunneling 

[1,2]. In the case of compound 4 (Fig.8) J does not significantly change with temperature, 

indicating that within the rigid rotor model the high temperature regime is not reached. 

However, in the case of other dihydrogen rotations studied by INS clear shifts of J to 

smaller energies have been observed [3,13] which can be interpreted in terms of the simple 

model of Fig. 5. In the case of the tantal dihydrogen compound [7] shown in Fig. 7 

containing also a sidp-on dihydrogen one would then expect that Jdecreases with 

temperature; unfortunately, the exchange coupling whose existence was proved was so 

strong that the value of J was much larger than the chemical shift difference of the two 

protons involved, precluding a direct measurement of J by NMR. On the other hand, the 

observations by NMR of exchange couplings J i n  transition metal dihydrides and 

trihydxides which increase with increasing temperature [4,5] e.g. the tantal dihydride [7] of 

Fig. 6 is not consistent with a simple rigid or non-rigid rotor tunneling model. 

A model which can explain both a decrease or an increase of J with temperature was 

proposed by some of us [Sa] and consists of a series of different configurations illustrated in 

Fig. 9. In the dihydrogen configuration of Fig. 9a the rotation barrier is large but reduced 

in the sid-n bound dihydrogen complex of Fig. 9b, and vanishes in the case of free 

dissolved dihydrogen (Fig. 9c). If each codguration J decreases with increasing 

temperature when the %?rtical" rotational excitation occurs at elevated temperatures; 

however, when starting in the dihydride configuration of Fig. 9a characterized by a large 

barrier and a very small tunnel frequency a ltlaterals* thermal excitation will lead to the 

dihydrogen configuration of Fig. 9b leading first to an increase of J because of the large Jo 

in this site; only later the decrease is expected according to the calculation of Fig. 9e. Thus, 

when lateral excitation dominates over the vertical excitation JwiU further increase as 

indicated in Fig. 9f until fiee dihydrogen is formed. 

Unfortunately, the Jvalues of transition metal dihydrides are too small to be 

studied by INS, and the experimental temperature range where J can be evaluated by 

NMR is limited by the on-set of incoherent exchange at high temperatures characterized 
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by the average rate constant k, which also leads to INS line-broadening and disappearence 

(Fig. 5). In NMR it leads to an averaging of the chemical shifts and, therefore, to a 

disappearence of Jfrom the spectra as depicted in Figs. 2 and 4, although the average J 

still exists in principle. The incoherent exchange in the case of the tantal dihydride of Fig. 

6 was found to exhibit a surprisingly small kinetic HH/HD isotope effect, i.e. it cannot 

arise from an incoherent tunnel process which should imply much larger effects [ll]. 

Therefore, it must correspond to a over-barrier rotation either in a dihydride configuration 

(Fig. sa), a dihydrogen configuration (Fig. 9b) or in a configuration involving loosely 

bound or almost free dihydrogen. The absence of any kinetic isotope &e& on the 

incoherent exchange could arise from a ligand reorientation in the rate limiting reaction 

step. A complete dihydrogen dissociation-recombination mechanism can be excluded in 

most cases where the scalar coupling of dihydrogen to other nuclei such as 31P is not 

destroyed by this process. It is, however, important to note that the cofigurations 

determining the rate constants k of the incoherent exchange are not necessarily the same as 

those determining the exchange couplings J. 

This incoherent exchange is superimposed to the coherent exchange, as discussed 

above. This conclusion was reached as follows. As depicted in Fig. 1, the magnetic field 

breaks the symmetry of the spins if they experience different chemical shifts. Then, only 

the spin states aa and @@ axe delocalized coherent tunnel states but not a@ and @a which 

are states localized by the magnetic field. The incoherent exchange from @ to pa has the 

property, in contrast to the coherent exchange, to lead to a permutation of the chemical 

shifts of the two nuclei, in a similar way as a permutation of the pair H-D to D-H. 

Therefore, the incoherent process leads to line-broadening and line-coaiescence of the two 

hydrogen signals, in contrast to the exchange coupling. A puzzling question then arises 

concerning the nature of the incoherent exchange of dihydrogen in the absence of a 

magnetic field, where the two nuclei are no longer labeled by their spins, in contrast to the 

HD and the DH groups in a molecule. It was shown in the theoretical section that the 

incoherent process is still defined for a coherently exchanging or rotating H2 pair even 

outside a magnetic field: here, 2k represents the decay time constant of the q w t m  
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coherence between the nuclear singlet and triplet states which normally oscillates with the 

tunnel frequency. This decay is the key quantity in the transition from the coherent to the 

incoherent tunneling regime because a thermally populated state pair r normally 

contributing the value zrJr to the average exchange coupling will also contribute the value 

2zrk, to the average rate constant k of incoherent exchange. Therefore, the criterium of 

whether a singlet-triplet state pair contributes to J o r  not is not given by its lifetime T~ 

but by the condition 2krr << l / ~ ~ .  In other words, the singlet-triplet quantum coherence 

in the state r must evolve periodically with the frequency Jr and must not decay during its 

lifetime, otherwise the formation of this state is equivalent to a permutation of the two 

spins with the probability p = 0.5, leading to an averaging of their chemical shifts and to a 

disappearence of the term zrJr in J. 

What determines then the rate constant km? On one hand it is the rate constant of 

incoherent dihydrogen exchange, and on the other hand half the decay constant of the loss 

of singlet-triplet quantum coherence in r. The following qualitative discussion gives a ten- 

tative explanation of the fact that both processes are identical and superimposed on the 

coherent exchange. According to the timdependent Schrddinger equation spatial wave 

functions evolve periodically with a frequency given by their energy, as illustrated in Fig. 

10 for free or bound Ha in the nuclear singlet ( p H 2 )  and the nuclear triplet titate (0-H2). 

When a sudden 1800 jump occurs the spatial wave function of the triplet state changes its 

sign, in contrast to the wave function of the singlet state. One can then imagine that for an 

ensemble of +E2 molecules with coherently superposed wave functions at t = 0 the latter 

rapidly become out of phase. In the case of bound dihydrogen this is equivalent to the 

statement that the quantum coherence between the S- and T- states disappears with the 

rate constant 2k of the incoherent 1800 rotation. For free +Hz dissolved in liquih such 

sudden changes are well established, and can be described with a rotational correlation 

time, leading to the spin-rotation relaxation mechanism [14]. In other words, although H2 

is a quantum rotor, the axis characterizing the nodal plane of +H2 is subject to rotational 

difhsion in a similar way as the HD molecule [14]. A similar phenomenon should exist for 

states of bound dihydrogen situated above the barrier of rotation. One could speculate that 
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for states situated below the barrier sudden incoherent 1800 jumps could be possible via 

incoherent tunneling processes. The latter do not affect the spatial wave functions in the 

case of a spatially symmetric nuclear singlet states but they alter suddenly the sign of the 

spatial wave function in the case of the spatially antisymmetric nuclear triplet states, The 

assumption of such incoherent rotational tunneling process superimposed to the coherent 

process would open up the possibility to calculate the rate constants of incoherent tunnel 

processes using dynamic theories. Anyway, further theoretical work is needed in order to 

justig the concept of superposed coherent and incoherent rotational dihydrogen tunneling. 

At present, it is tempting tu use this concept in order to explain the non-Arrhenius 

behavior of the incoherent dihydrogen exchange established for the dihydrogen complex 4, 

assuming that the contributions of other processes to the INS-lineshapes are negligible and 

that the rovibrational relaxation is h t  in the INS timescale. On the other hand, 

incoherent tunneling is not compatible with the absence of kinetic HH/HD isotope effects 

found for the incoherent dihydrogen rotation in 1 (Fig.6); as mentioned above, one could 

invoke a ligand reorientation in the rate limiting step in order to explain these findings. 

Since it is plausible that such ligand motions could be slower in the solid as compared to 

the liquid state, or even suppressed, the study of liquid4olid state effects on the incoherent 

and coherent dihydrogen exchange in transition metal complexes is a challenging task for 

the future. 

4. Conclmions 

It has been shown that the inclusion of the quantum exchange into the nuclear spin 

hamiltonian allows to use the phenomenological NMR linetlhape theory of chemical 

exchange developed by Alexander and Binsch in order not only to calculate NMR but also 

INS spectra, thus, connecting these two methods and providing a better understanding of 

many so far unexplained experimental observations. In particular, the possibility of 

superposed incoherent and coherent dihydrogen tunneling in transition metal hydrides has 

been addressed theoretically, and supported to some extent experimentally. The approach 

described here could also be extended in a relatively simple way to the problem of other 
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group rotations, e.g. methyl group and ammonium group rotational tunneling. Naturally, 

the simple models developped may be further expanded and refined. Currently, some of US 

[15] are studying with the methods described in this paper the pathways of spin-polarized 

dihydrogen incorporation into transition metal complexes [IS] as intermediates of the 

hydrogenation of unsaturated hydrocarbons. Thus, we hope to contribute to a general 

understanding of the structure and the reactivity of transition metal hydrides. 
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Figure Captions 

Fig. 1 

Energy level diagram of a pair of hydrogen atoms exhibiting a barrier of exchange. a and b: 

the magnetic field B >> 0; c: B = 0. vl and v2 are the Larmor frequencies or chemical 

Shifts, J =  Jexh + Jmagn 
frequency describing the exchange and the scalar magnetic coupling. 

the s u m  of the exchange coupling i.e. the coherent tunnel 

Fig. 2 

a-c: Calculated 'H NMR spectra of a transition metal dihydride as a function of the 

coupling constant J arising dominantly from the coherent dihydrogen exchange and of the 

rate constant k of the incoherent dihydrogen exchange. d: Dependence of the line-shape of 

the tunnel transition between the nuclear singlet and triplet states as a function of k at 

B=O calculated by the usual NMR line-shape theory represented by Eqs. (1 - 3). This 

transition is forbidden in NMR but allowed in INS; the calculated broadening is presented 

as the main origin of the disappearence of the INS transitions at high temperature. 

Fig. 3 

Reaction network of interconversion between two sites A and B each containing a proton 

pair leading to four nuclear spin states. p = 0 or 1 in the absence and p = 0.5 in the 

presence of dihydmgen scrambling during the interconversion. A and B may represent two 

different rovibrational states, configurations e.g. dihydride and dihydrogen, conformations, 

solvent environments etc. 

Fig. 4 

Calculated 'H NMR spectra in the presence of the reaction network of Fig. 3 using 

arbitrary parameters. The molefractions zA and 2s were kept constants. 
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Fig. 5 

Calculated INS spectra of a hypothetical transition metal dihydrogen complex in the 

presence of exchange between the rotational states 0 and 1. a to d $o was increased at 

constant values for xo and xl; e to g: 

increased fiam d to f. 

>> I J1-JoI, kll >> 0, and only 3 / x 1  was 

Fig. 6 

Superposed experimental and calculated 250 MHz 'H NMR signals of the hydride region of 

a mixture of 1, l -d ,2 ,24  dissolved in diOxane-dg,  adapted from Ref. 7b. The signal 

spacing between the peaks labeled as a indicates the exchange coupling constant pH. 

Fig. 7 

Superposed experimental and calculated 250 MHz 'H NMR signals of the hydride region of 

a mixture of 3 and 3 4  dissolved in CD2C12, adapted from Reference 7b. 

Fig. 8 

Superposed experimental and calculated INS spectra of W(PCy)3(CO)3(7pH2) as function 

of temperature. Some of the spectra were previously reported in Ref. [3g]. Wis the total 

linewidth according to Eq. (42); Jis the rotational tunnel splitting. For further explanation 

see text. 

Fig. 9 

One-dimensional slices along the reaction pathway of dihydrogen exchange. a and b: 

situations typical for &hydride and dihydogen con5gurations, c: free dissolved dihydrogen. 

d to e: expected dependences of the average exchange coupling on temperature. For further 

explanation see text. 

Fig. 10 

The effect of sudden 1800 jumps on the time dependence of the spatial wave function of 

bound and/or free p-H2 and 0-H2. 
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