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In this paper a simple phenomenological description of the effects of coherent quantum and incoherent mutual
exchange of two deuteron nuclei in solid state transition metal complexes odHHEMR spectra is given.

This description is based on the quantum-mechanical density matrix formalism developed by Alexander and
Binsch. Only the nuclear spin system is treated quantum mechanically. The quantum exchange interaction
in NMR is included in the nuclear spin Hamiltonian, and the interaction with the surrounding bath and
incoherent exchange processes are treated as phenomenological rate processes described by rate constants.
The incoherent exchange corresponds formally td® 8@ations or jumps of the BD vector around an axis
perpendicular to this vector and averages the different quadrupole splitting of the two deuterons. In principle
the dideuteron pair will exist in several rovibrational states. However, if the interconversion among these
states is fast, the dideuteron exchange can be described by an average exchange coupling or tunnel frequency
X1z and a single average rate constapof the incoherent exchange. It is shown that the incoherent exchange
gives rise to a relaxation of rate2k;, between coherences created between states of different symmetry.
The?H NMR line shape of a dideuteron pair in the solid state as a function of tunnel and incoherent exchange
rate is studied numerically. For single crystals, the effects of coherent and incoherent exchange are strongly
different, in particular if the rate constants are on the order of the quadrupole splitting. The spectra of
nonoriented powder samples are more similar to each other. Nevertheless, our calculations show that there
are still pronounced differences, which should allow the distinction between coherent and incoherent exchange
even in nonoriented samples.

Introduction coupling, as was recognized by Zilm et°atd and Weitekamp

The structure and dynamics of hydrogen in transition metal €t @l Jexch represents an average over a large number of
polyhydrides is a matter of current experimental and theoretical fovibrational states as it increases strongly with increasing
interest. Kubas et &l2 found dihydrogen unitg-bound to the ~ temperature. On the other hand, superimposed on the coherent
transition metal. Today, a whole series of transition metal exchange are incoherent exchange processes, which also have
polyhydrides with hydrogen distances varying between 0.8 and been observed in the NMR spectra of these hydfiéiés In
1.7 A'is availablé. In these compounds the hydrogen atoms  the case of a HD pair, these incoherent processes correspond
are mobile; in particular, they are subject to a mutual exchange, 1o H/D scrambling between the two different molecular sites in
formally corresponding to 180otations involving a barrier with \yhich the pair is located. In contrast to the quantum exchange,
a he_|gh_t depending on the .Chem'cal structure. If the rotat|o_na| the incoherent exchange leads to a magnetic equivalence of the
barrier is zero, corresponding to free dihydrogen, the rotation o . .

coupled hydrogen nuclei, i.e., to line broadening and coales-

is a coherent quantum process leading to even rotational states Thi o leads to ch teristic i h
(p-H2) with antiparallel nuclear spins and to odd rotational states ¢€M¢€- !NIS Process aiso 1eads 1o characteristic liné shape
(0-Hz) with parallel spins. When a rotational barrier is Cchangesin INS specftand affects the results pfH; induced

introduced by dihydrogen binding to a metal center, the energy Nuclear spin polarization experimerits.These line shape
splitting between the lowegtH, ando-H states corresponds ~ changes can be described quantitatively in terms of the quantum-
to a coherent rotational tunnel splitting of frequengy This mechanical density matrix formalism developed by Alexahder
splitting can be observed by inelastic neutron scattériings) and BinscH? where only the nuclear spin degrees of freedom
when the barrier is small and the splittings are on the order of are treated quantummechanically and the spatial degrees of
terahertz. In the other extreme, when the barrier is large andfreedom (bath coordinates) are treated via phenomenological
tr;?ﬂ“éﬂf?el splitting belfomes gltrl]”ne orderr] of typ|&|ﬁllcr|1_e_m|ca_l rate constants. The advantage of this formalism is that it is
shiit diterences (., hertz to kilo er_tz)t e tunnel splitting gives directly comparable to the NMR experiment, because NMR
rise to a quantum exchange coupligp = Jexch in the NMR N
s A > ) . always measures the projection of the molecular system onto
spectra® of the hydride pairs, which can be observed if each h ) ‘ Therefore it ible t act th |
hydride exhibits a different chemical shiftlexch adds up with € Spin system. Thereiore itis possible to project the compiex
the usual scalar magnetic couplifgag to an effectiveJ spatial dynamics of the problem c_mto these phenomenologlcal
rate constants that are measured in the NMR experiment. Thus
’T‘Cor_requrlding authlpr- a more detailed theory in the future only needs to reproduce
Freie UniversitaBerlin. these rate constants but not the NMR spectra from which these

§ University of Toronto. -
€ Abstract published ifAdvance ACS Abstractsune 1, 1997. constants were extracted. We note that the phenomenological
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rate constants in the AlexandeBinsch formalism have recently A B
been interpreted theoretically by Szymanski.

X12 XVZ
The dynamic range of NMR for the study of these tunnel D D: D2 7" D

processes is limited by the size of the typical frequency XQ%QWL < —
differences of the NMR method used. For the line shape Kae

dihydride

analysis of'H NMR spectra this means that for a typical Ee —1

. . 2 2 Ru Kea Ru
spectrometer a range of less than approximately 10 kHz is
accessible in liquids. This range could, in principle, be extended dihydrogen X1z X1
by studying dipolar interactions in solid stdté NMR spectra, Dr ,Pbe Do, D
which are typically of the order of several tens of Kilohertz. Xiz \ﬁéﬁé OIO " Q—IQ
However, in practice there exist several problems, which render T .
this approach not very attractive: On the one hand, to avoid 2 %2 kea
problems in the interpretation of the spectra caused by homo- Ru Ru
geneous broadening from bulk protons, one would prefer to dihydrogen X1» X1
study well-localized isolated proton pairs. On the other hand, Ds o D2 D2 o D;
however, since the spin wave functions of these proton pairs |x,.~—~—| OO e | O 70
are symmetric under coherent or incoherent exchange (in the B A : L,
solid state, the chemical shift differences of protons are small 200 O Kea ®)
compared to dipolar interactions to render the protons different), Ru Ru

!t WOUld,nOt be possible to detect the various exchgnge processe's:igure 1. Scheme of coherent and incoherent exchange processes in
in the dipolar spectrum. Therefore, at least a third proton has 4 Me-D, system for various configurations. Left column: symbolic
to be employed, which renders the remaining two protons shape of potential. Middle column: configuration A, deuteron 1 is on
inequivalent and thus destroys the permutation symmetry. the left side, and deuteron 2 is on the right side, corresponding to
Since, due to their low mass, only hydrogen isotopes exhibit subspace A the of composite Liouville space. Right column: config-

thi f coh tt | i th ti . uration B, deuteron 2 is on the left side, and deuteron 1 is on the right
Is type of coherent tunnel couplings, the question arises side, corresponding to subspace B the of composite Liouville space.

whether pairs of deuterons can be used instead of protons torop row: dihydride, deuterons are tightly bound to the metal, deep
increase the dynamic range accessible by NMR spectroscopy potential depth and small tunnel splitting. Middle row: dihydrogen,
This will obviously not be the case féH liquid state NMR, deuterons form bonds of medium strength to the metal and to each
because the typical spectral range is on the order of 1.5 kHz. other, intermediate potential depth and tunnel splitting. Bottom row:
However in the solid state, because deuterons are quadrupol%ihydrogen’ deuterons are only weakly bound to the metal and tightly

lei. th hibit electri d lar int ti hich ound to each other, shallow potential and large tunnel splitdings
nuclel, they exhibit electric quadrupolar Intéractions WhIiCh ar€ o onerent tunnel splitting, which can be visualized as a rotation of

typically on the order of 100 kHz and for nonoriented samples  the deuterons with frequencss, between the two potential minima in
give rise to the well-known line shape features in solid stte ~ each configuration, taking place only in one subspace of the composite
NMR spectral213 H solid state NMR is particularly well suited ~ Liouville space kag, kea are the rates of incoherent exchange of the
for the investigation of exchanging deuterons, because the deuterons between configurations A and B, which connect the different
anisotropy of the quadrupole interaction typically found for these Subspaces of the composite Liouville space.

nuclei is a very sensitive probe for any type of nuclear motions tag| g 1: Hilbert Space Base Functions

inside the sample. Since the quadrupole interaction reflects the

symmetry of the electric field gradient tensor at the position of |‘Eii ISTDD Igii Ig(%] IEZE I(J)r—_DD

the nucleus studied, it is a very efficient measure of its electronic IbsC= |—+00 b= |—001 b= |— —01

binding characteristics.

In this paper, we explore the possibility of extracting exchange spectra, and then some typical numerical results are shown and
couplings (coherent rotational tunnel splittings) as well as rate discussed. For the convenience of the reader we have included
constants of the incoherent exchange of suitably labeledin Tables 1, 2, and 3 Hilbert space base functions, matrix
transition metal polyhydrides from solid staid NMR in the representations, eigenvalues, and eigenvectors of the combined
regime up to 100 kHz using the AlexandeBinsch theory. We ~ quadrupolar and quantum exchange Hamiltonian of-ayBtem.
note that this theory has been applied recently in order to
describe theH NMR spectra of deuterated methyl grolff§s Theory
in ordered samples (single crystals) in the presence of coherent A system of two hydrogen atoms (eitiét or 2H) bound to
and incoherent rotations. As single crystals suitabléHoNMR a transition metal is studied. The dihydrogen rotation then
are not easily available in the case of transition metal polyhy- inyolves a barrier but remains a quantum process similar to the
drides, we are especially concerned in calculating spectra of case of free dihydrogen, involving delocalized rotatiop,
non-oriented samples (crystalline powders). We are mainly ando-H, state pairs. The quantum rotation can be characterized
concerned with the discrimination between coherent tunneling by a rotat|0na| tunnel frequency Corresponding at IOW temper-
and incoherent exchange processes, both of which can be presenftyres to the energy splitting of the lowest rotational state pair.
in the sample under investigation. While in general this can There are two limiting cases: Either the two hydrogen atoms
easily be achieved for tHiél NMR spectra of single crystals or  form a dihydrogen state, which is only loosely bound to the
liquid samples, this can be a very difficult task in the case of metal and behaves more or less like a free hydrogen molecule,
nonoriented samples, because of the distribution of resonancepr in the other extreme, each hydrogen is directly bound to the
frequencies in these spectra. metal, leading to a dihydride.

The rest of this paper is organized as follows: After a brief A schematical picture of these exchange processes is depicted
discussion of the relevant terms in the Hamiltonian of two in Figure 1. For théH case, unusually largi&couplings were
coupled deuterons, a short summary of the generalized Alex-observed in these compounds, which have been identified as
ander-Binsch formalism including a general form of the exchange couplings by Weitekamp and ZfAmrising from the
incoherent self-exchange operator is given. Next follows a short fact that the spatial symmetry of the wave functions imposes
description of the numerical methods used for calculating the restrictions on the allowed combinations of spin and spatial wave
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TABLE 2: Matrix Representation of Tunnel and Quadrupole Hamiltonian 2

X, +%.Q 0 0 0 0 0 0 0 0
0 -,0-q 0 Xy 0 0 0 0 0
0 0 2,Q0 0 0 X, 0 0
0 X1z 0 -YQ+qo0 0 0 0 0
A=|0 0 0 o0 X, — Q0 0 0 0
0 0 0 0 0 -1.Q+qg 0 X 0
0 0 X2 0 0 0 2,Q0 0
0 0 0 0 0 X1z 0 -7Q-qo0
0 0 0 o0 0 0 0 0 X+ 40
| I

2Q = (1/2) (a1 + %); g = (1/2) h—02 ).

TABLE 3: Eigenvalues and Eigenfunctions of the Combined Tunnel and Quadrupole Hamiltonian. They Split into Two
Singlets, Two Doublets and One Triplet

+ —OH|— +0
E123=2%3Q + X1z [++0|— _D¥
V2
Eis= —1:0 — /—X122 e cosfp)|—00—sin(p)|0—0—sin(p)|0+[H cosfp)|+00
' V2 ’ V2
Eor= —1:0+ /—X122Jrqz cos(p)|0—[H-sin(gp)|—00sin(p)|+0H-cosgp)|0+0
' V2 ' V2
Es=—%Q+ X |00
E =70 X —|+ —OH|— +|0
9 3 12 \/E
g+ X122 + q2
tan(p) = — .
12

functions (antisymmetrizing postulate). As was already realized will give rise to some form of relaxation as long as the

by Dirac}!® for a system of two coupled spilty particles, the correlation times of the motion are on the order of the energy
spin alone is able to characterize the four lowest eigenstates ofdifferences in the Hamiltonian. The phenomenon of incoherent
the system, and therefore he introduced a spin exchange operatagxchange of two protons or deuterons or of a proton and a
Vexcnacting on the spin functions alone. Except for the trivial deuteron between different atomic sites of polyatomic molecules
absolute shift of the energies k{4, the spin exchange  has been observed in various compounds, for example in

operator acts as the usual spspin coupling Hamiltonian used  porphyrins and chiorins, where the incoherent exchange dynam-
in NMR. Thus, both Hamiltonians are indistinguishable, and ics has been followed by liquid and solid state NNfR:

in NMR their sum will always be observed. Therefore, the M h . h f . hich has b
exchange couplinglexeh can be combined with the normal oreover, there exists another type of motion, which has been

magnetic spin coupling constadiagnto an effective coupling investigated.recent’f(y‘d and which can be depicted as follow.s..
constant] giving the total energy between the nuclear triplet The energetically highly excited states of the molecule exhibit

and singlet spin states of a pair of two hydrogen nuclei, i.e. only small thermal populations, due to their Boltzmann factors.
In general, these states exhibit a much larger tunnel splitting

J=JnagnT Jexch 1) than do the more populated states of lower energy, which will
o ) o result in a fastevolving spin dynamics. If the lifetime of these
For deuterons, however, the spispin coupling Hamiltonian  gtates is sufficiently short, they will not contribute to the average
and the tunnel Hamiltonian are no longer equivalent and can y,nnel frequency. However, the fast spin dynamics will lead
be distinguished due to their different energy spectrum, and thus 5, apparently incoherent exchange of the two hydrogens with

Lhe tunir:el sp!|tt|ng CagHbEI\(jlllrQectlydmeasfu(rjed tby ’:”\gR atsh hlas an exchange rate which is mainly determined by the population
€en shown In sever Studies ot deuterated methyl  aie of this state. We wish to remark that in systems of four or

group tunnellng_ by solid state NMR Note: to account for more coupled spins it is possible to distinguish this type of
this difference, in the following the exchange coupling of the . -
apparently incoherent process from the previous ones.

two deuterons is labeled a§..
In parallel to this coherent exchange or tunneling of the two ~ Hamiltonians and Coherent Dynamics. The NMR Hamil-

deuterons, there can exist a second kind of process, thetonian of a system of two deuterons in the solid state can be

incoherent exchange of the two deuterons. Characteristic forwritten in the following form:

coherent tunneling is that the Hamiltonian of the spin system

does not depend explicitly on the time during the evolution of H=Hcs+ Hy + |2|Q +H,+ Ay 2)

the spin dynamics, i.e. all interactions with external bath degrees

of freedom are negligible. However, for example due to R )

molecular motions, vibrations, or reorientations, the Hamiltonian  In this equationHcs i§ the shielding HamiltoniarHy is the

itself can change in the course of the NMR experiment, which tunneling HamiltonianHg is the quadrupole Hamiltoniafip
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Figure 2. Coordinate system used for describing the relative spatial
orientation of the two quadrupole tensors of deuteropsuidiD,. Cp,
symmetry is assumed for the deuterons, and therefore one of the
principal axesdy,) is parallel toy. The quadrupole tensor of deuteron

2 is obtained by a 180rotation around the-axis of the coordinate
system. For describing the relative orientations of the tensors it is more
convenient to use the angle betweenztaxis and they,-component.
Note that in generad = §.

is the dipolar coupling Hamiltonian, arfd; is the spir-spin
coupling Hamiltonian. The five Hamiltonians in the presence
of a strong magnetic field can be written as:

Ho = 0,312 — 2) + (315, — 2)

A

Hes= vl + v,

®3)

~ ~

|:|x = Xlzls(rlviz)
|:|D = D12(3i11|Az2 - IA1|A2)
|:|J = J12|A1|A2

In these equations;; and v, are the chemical shift values of
the two spinsX, is the coherent tunnel frequend3(l 4, 12) is
the permutation operatdrof the two spind; andl,, Dy2is the
dipolar coupling among the sping, andg, are the quadrupole
couplings of the spins, andh; is the value of the spiAspin
coupling. While for protons, the spirspin coupling Hamil-
tonian and the tunneling Hamiltonian are of the same form,
giving rise to an effectivd-coupling as mentioned above, this
is not the case for > 1/,. In general, the various frequencies
appearing in the Hamiltonians of eqs 2 and 3 can be time
dependent, for example due to molecular motions or chemical
reactions.

In a first approximation in the solid state, we can restrict
ourselves to consider only the leading interactions, i.e. the
quadrupole interaction and the coherent tunnel exchange:

H = Heg+ Hy 4)
In contrast to the coherent exchange interaction, the quad-

rupole interaction depends on the relative orientation of the
magnetic field to the quadrupole tensor. Since both deuterons

Buntkowsky et al.

around they-axis of the coordinate system, i.e. in the given
coordinate system the following equations for the quadrupole
tensord; andQ; are obtained@pas quadrupole tensor in its
principal axis system)

61 - =R aPAS R™ (5)
62 = RilépAsR
with the rotation matrixR given as
cos3) 0 —sin@)
R=|0 10 (6)

sin(3) 0 cos)

The angle depends on the strength of the electric field
gradients caused by the metal and by the other deuterons. In
particular in the case of a dihydridg, will be half the bond
angle (i.e,8 = o), while for a pure dihydrogen compleg,=
/5. From this we get folQ1 and Q2 (Oxx Gyy, andg,; are the
principal values of the quadrupole interaction):

-

Q12 =
O COS(B) + UzSINA(B) 0 £(Ou — 029 cosfB) sin(B)
0 gy O
+(Oxx — Gz9 COSB) SiNB) O gy COR(B) + Q. SIP(B)

@)

If b is a unit vector pointing into the direction of the magnetic
field

b = By/B, = (Sin@) cos), sin@®) sin(), cosg)) (8)

the quadrupole transition frequencies as a function of the polar
angles can be calculated by the scalar product:
o, (,¢) = bQy b ©)

The coherent tunnel exchange can be described by the
permutation operatdP(l4, 1,) times the tunnel frequencyy,,

A

Hy = X12|5(|A1! |A2) (10)
In the product base of the two spins, the matrix representation
of P(I4, 1) can be easily calculated from
Py, 1,)luv 0= [vuD (12)
In the absence of incoherent exchange processes, the whole
dynamics of the system can be described directly in the Hilbert
space oH, and thus the spectra can be calculated directly from
H. However, as soon as incoherent exchange mechanisms are
present, this approach is no longer valid. A method for tackling
this type of problems is the AlexandeBinsch formalism

can be assumed to be chemically equivalent, their quadrupoledescribed in the next section.

tensors are related by a geometrical transformation. If we
assumeC,, symmetry of the Me-D, group by neglecting
possible crystal effects, one of the three principal axes of the
quadrupole tensor will be perpendicular to the-M&, plane,
and the axis bisecting the bond anglex2will be a 2-fold
symmetry axis €;). A coordinate system (see Figure 2) is
chosen in such a way that tlzeaxis bisects the bond angle and
that they-axis is perpendicular to the bond plane. The two
quadrupole tensors are related by a rotaBowith angles+£

Generalized Alexander-Binsch Theory and Incoherent
Dynamics. In this section a formulation of coherent and
incoherent exchange processes of dinydrogen and dideuterium
is given, using a framework which is a generalized version of
the original AlexanderBinsch theory for the calculation of
exchange broadened NMR spectra. The idea behind this theory
is to represent a fluctuating time dependence of the parameters
in the Hamiltonian of eq 3 as an exchange between several
molecular configurations (denoted by capital letters A,.B,
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with an exchange rate which is determined by the rate of the whereM has been introduced as the dynamic superoperator.
fluctuation. In the following, for brevity these molecular The formal solution of this equation is
configurations are called states.
The model of an asymmetric intermolecular exchange be- 9
tween different dihydro)g/]en states is considered, for exagmple a 1p(0) = exp(=MD)|p(0) = p) + 1) (19)
bound state and a free state or two different bound states. For
this system the effects of intramolecular self-exchange (i.e. The Incoherent Self-Exchange Superoperator for a Double
permutation of the two hydrogen atoms) in the various states Hydrogen Transfer. A particularly simple exchange problem
on the density matrix and the resulting spectra are calculated.is the incoherent mutual exchange of two equal nuclei, for
The various dihydrogen states) @re characterized by their ~ example the mutual exchange of two protons or two deuterons,
basic spin Hamiltoniand,. From these state Hamiltonians the corresponding to a permutation of the two nuclei which
state Liouville superoperators are constructed following the exchanges the chemical shift values and quadrupole couplings

procedure given by Ernst et H(E, is the unit matrix of Hilbert in eq 3. In this case, because of the symmetry of the problem,
spacen, H is the transpose df): it follows thatki, = ka1 = k.
R R R The Hamiltonian of the system consists of three parts: the
L,=H,®E,—E,®H, n=AB,.. (12) individual Hamiltonians of the spirls, I, which are most easily
described by assigning them to molecular sites=1, 2, i.e.;
The different states are described as vectgrd in a Hm(in), Hamiltonian of spim in site m; a HamiltonianH; (i1,

composite Liouville space which correspond to the standard i2) representing the coupling between the spins. The incoherent
density matrix in Hilbert space. The dynamics of these vectors process is then a permutation of the individual Hamiltonians

is governed by linear superoperattis. It is assumed thatall ~ With ratek, i.e.:

exchange processes are first-order reactions which can be o .

described by simple rate constaktg. In the following, only H, (1) H(1,)

two states are considered= 1, 2) and the equations of motion X (20)

of the density matrices in the two states are R R

) ) A )
ahol) = —Wilpy) = Kilpy) + Kalpo) (13) _ o o o

The coupling Hamiltonian, which is symmetric in the two
d A spins, is not affected by the permutation, i.eP(lf, I5),
qilP? = ~Walpa) — kaalpa) + kizlpy) Hix(i1, I2)] = 0. Thus the incoherent process can be regarded
A . . as a fluctuation betweed andHg with the ratek:
The superoperatdl, = R, + iL,, describes the dynamics in

one state. It consists of a coherent tetm the Liouville Hy = H,y (i) + A(0,) + Ay, 1,) (21)
superoperator of state stemmlng from the Hamiltoniafl,, R A o o
and an incoherent ternRR, the relaxation superoperator in Hg = Ha(l) + Hy(l) + Hyflo 1)

staten. The equation for the density matrix can be formulated

as a matrix equation in composite Liouville space, introducing  The equations of motion for the density operator (eq 13)
the overall density matrip), which is the direct sum over all  equce to

sites.
10) = lp1® |py) (14) dgtlpA) = _\?VAhOA) —Klpa — pp) (22)
W=W, ®W, (15)

d 2

ahos) = —Wglpg) — Klpg — pa)
The different states are connected by the exchange super-

operatorK, which can be constructed by forming the direct

product of the exchange matrix that describes the kinetics with

the identity matrixIAd of one of the individual subspaces of the
composite Liouville space:

In Liouville space, the permutation of the two nuclei is
described by a permutation superopera?g){ which is con-
structed from the permutation operator in Hilbert spich,

i), using the rule for unitary transformation superoperators

» [—k K . given in ref 18 P(i1, 1,)", complex conjugate oP(i1, 12)):
o 12 21 T
K= ( )® lq (16)
ki —kei A .
o . ) ) P, =P(l,, I2)®P(Il, ) (23)
This gives the following equation for the overall density
matrix: A
SinceP,, is a permutation superoperator, applying it twice
%Ip) = —Wip) — Kp) (17) gives the identity

A
A

|512|512 = lg (24)

If the system is treated at finite temperature, the equilibrium
density matrix|p) will be different from zero, and eventually

the Liouville—von Neumann equation is obtained as the kinetic  The permutation symmetry of the nuclei is then expressed
equation of the density matrix as

'U»

d _ 2 2 _ . _a _ A A oA
a|P)— W+ K)lp = po) = =Mlp—p,,) (18) W, = P, WP, (25)
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In a matrix representation the equation of motion for the the Hilbert space base are used for the Liouville space)
density matrix in composite Liouville space has the following

form. ('5'12)ij K= Py IAD'(lAl,lAz)*)ij,m (33)

d|ea _\?VA - kﬁld Kl Pa = (— —1Y
G\Pal= A A 26 (—1)'6;(=1)0
dt pB) (kld Wy — iy les| O D
. . , ] = (—1)""6;0
This equation can be transformed by applying the superop Thgl
erator
) _ { +1 u=v
140 “1lu=v
(d 2 ) (27) ! A
0 Py From this it follows for the diagonal elements Bf, that

_ they are eithett-1 if states of the same symmetry are connected
into (u = v) or —1 if states of different symmetry are connectad (
Z v). The matrix elements of the self-exchange superoperator,

d|Pa kld kPlz PA eq 31, are given as
dtlp,0q | kP Ki (8)
20 —Wp — 20 A A
el e ol e (K10 ==Ky = Py (34)
In a second step, the symmetpig(gerade) and antisymmetric
; . & = —k(0;0y —(—1Y"5,0,)
pu (Ungerade) linear combinations pf andP,,pg are formed i~k i~k
and the differential equations are decoupled:
—kdyd(1 — (=1f"")
dlpg|_d|eat P12PB
dtlpy dt P1,0g :{o u=v
~W, — Kly + kP, 0 (29) —kuFvy
0 —WA k kP12 Pu Thus in this base, the self-exchange superoperator is also

diagonal, with matrix elements 0 if states of the same symmetry
Thus a projection of the complete Liouville space onto the are connected and matrix element2k if states of different
symmetric Ly and antisymmetricL, subspace is applied. = symmetry are connected. This result can be interpreted in a
Because of the symmetry of the states, the initial condition in simple physical picture: In the symmetry-adapted base, the
normal NMR experiments will beépa(0)) = p12| ps(0)) and self—exchange operator acts as a relaxation operator for
thus the antisymmetric density matrix is zep,= 0 initially coherences created between the states of different symmetry,
and hence for all times, and only the symmetric subspace  Which relax with the rate-2k.

has to be considered in the time evolution of the density matrix, 1 ne essence of the AlexandeBinsch formalism described
which gives the following equation fqs, above is that the whole kinetics of the MB, system can be

described by two empirical constants, the incoherent exchange
constantk;, and the coherent tunnel exchange conskaatin
general these two constants represent the thermal average of
. the tunnel splitting and the exchange constants, respectively,
where the selfexchange superoperatérhas been introduced  of the populated levels and thus will exhibit a nontrivial
as temperature dependengg((T) is the thermal population of level

&):

d A 2 2 2 2
GiPd = (Wa —Klg+kPyp)lpg) = —(Wa + K)lpg)  (30)

K=—k(ly— Py (31)
kiAT) = Z P=(T)Ky 2 (35)

This formal derivation of the selfexchange can be inter-
preted in a physical picture. In the symmetric linear combina-
tion of the individual density matrices, the two spins have lost X (T) = Z P(T) X2z
their individuality. However, the individual Hamiltonians are
still distinct and correspond usually to different molecular or,
more generally, different spatial sites. Thus, the labeling of
the spins is done via these sites (1,2); hence, it is called site
labeling.

To understand the physical properties of the self exchange
operator, itis most useful to represent the permutation operator
P(l1, I2) in the permutation symmetry-adapted base of the Hilbert

Numerical Methods. The nine Zeeman product functions
of the two-spin system were chosen as base functions for the
matrix representation of the Hamiltonians. From these, the 81
Liouville space base functions of the Liouville space were
constructed and the Liouville, exchange, and relaxation operators
were expressed in these base functions and combined to the

space (noted b§). The permutation operator in this bag¥; dynamic superoperatdi. To reduce the computational prob-
(i1, 1), is diagonal, with matrix elementsl for even (gerade)  lem, these base functions were arranged according to their
and—1 for odd (ungerade) statés. multiple quantum order, which transformd into a block
diagonal form. In the calculations we started with the initial
|5'(IA1,IA2) = (—1)“6”, condition that a 990 pulse was applied to the spin system in

« = 0 if state|iis gerade, 1 if ungerade (32) thermal equilibrium, and thus the initial density matfjx0))
is given by|Fy):
The matrix elements of the permutation superoperator in

Liouville space,P'1,, are (for simplicity double indices from 1p(0)) = IF) = Ila t 1,0 (36)
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Figure 3. Simulation of coherent exchange (tunneling) in tHeNMR spectra of a single crystal for three different relative orientations of the two
guadrupole tensors. The external magnetic field is parallel to the principal axis correspondingftihe first tensorg,~ 70 kHz,n = 0, X1 =

0, 2, 32, 128, 512, 2048, 8192 kHz. In contrast to the incoherent exchange, the spectra exhibit splittings instead of broadening. The spectrum for
Xi12 > Aq is identical to the fast incoherent exchange spectrum.

-

The density operator of the system and Kauperoperator Results for Single Crystals. For purely incoherent exchange,
were expressed in the base of the Liouville space describedthe spectra exhibit the typical incoherent exchange scef@rio:
above. The resulting spectra were calculated by diagonalizationline broadening of the NMR lines for small exchange rates; line
of M using a routine from LAPACH and transforming the coalescence at exc_h_ange rat_es_on the ord_er of the difference of
dhe quadrupole splitting; again line narrowing at fast exchange
rates; full motional averaging of the difference of the quadrupole
splitting in the spectrum at very fast exchange rates.

Figure 3 shows the effects of purely coherent tunneling on
the spectra for three different relative orientations of the
Results and Discussion quadrupole tensors. The external magnetic field is chosen

. parallel to the principal axis corresponding to theomponent

In the following, we want to present the results of our f the quadrupole tensor of deuteron 1. While the spectra for
calculations. For_ both deuterons, an axial symmgtnc quadrupolezﬂ = 0° are not affected by the exchange, for the other angles
tensor = 0) with q;; = 70 kHz was used, which we have  the spectra exhibit a distinctively different behavior. For small
estimated from the room temperature spectra of the BU  coherent exchange frequencies, a splitting of the lines into
complexes currently under experimental observation (see Dis-douplets is observed. This splitting increases with the coherent
CUSSion). The SpeCtI’a were calculated for different relative exchange frequency_ For coherent exchange frequencies on the
orientationsf of the two tensors, varying fromg2= 0° to 25 order of the quadrupole splitting, the intensity ratio of the lines
= 90° . Since for B = 0° the quadrupole tensors of the two  changes and typical higher order NMR spectra are observed,
deuterons are collinear, the spectra are influenced by neitherwhere the main line intensities are at the inner transitions.
coherent nor incoherent exchange. Before some typical nu-Moreover, the splitting of the inner pair of lines narrows, while
merical results are shown, some general properties of the resultshe splitting of the outer lines increases with the coherent
will be discussed. First it should be noted that the principal exchange frequency. However, for coherent exchange frequen-
difference between a coherent and an incoherent exchange igies much larger than the difference of the quadrupole coupling
that the coherent exchange will, in general, lead to a shift of constants, once more a simple two-line spectrum is observed,
the energy levels and thus to a splitting of the transition which is identical with the corresponding spectrum for incoher-
frequencies, while the incoherent exchange will cause a line ent exchange. The differences between coherent exchange and
broadening or line coalescence of the transition frequencies.incoherent exchange are most pronounced for rates on the order
While these effects will be most pronounced in single-crystal of the quadrupole splitting. The incoherent exchange broadens
spectra, where only few transition frequencies are present, takingthe lines so strongly that their relative amplitude compared to
the powder average will inevitably cause a blurring of these the amplitude of the spectra for low or high rates is close to
differences. Thus, for discussing the principal differences of zero in the coalescence regime. The coherent tunneling,
coherent versus incoherent exchange, it is most suitable tohowever, leads to splittings of the lines into doublets, and in
calculate single-crystal spectra, while for real life samples, one particular the relative amplitude of the central lines is only
has to calculate the powder spectrum. The question is whetherweakly affected by the tunneling.
these spectra will show enough characteristic features to Figure 4 displays the effect of the simultaneous presence of
distinguish between coherent and incoherent exchanges. coherent and incoherent exchange. The spectra show the effect

detection operator and the density operator into the eigenbas

of M. The powder averages were calculated by integrating
over a grid of 128« 128 equally spaced polar anglesand.
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Figure 4. Simulation of simultaneous incoherent and coherent exchange (tunneifg)70 kHz,» = 0, ki, = 0, 8, 32, 128, 512, 2048 kHz. The
external magnetic field is parallel to the principal axis corresponding.tof the first tensor. The second tensor is rotated wijth=290° with
respect to the first tensor. The relative size of coherent and incoherent exchange rates determine the shape of the spectral lines.

of incoherent exchange for different coherent exchange frequen-edges of the Pake pattern and then the typical formation of a
cies. While for the lowest coherent exchange frequency the narrowed Pake pattern, whose asymmetry parameter depends
effect of incoherent exchange is immediately visible in the on the angle between the two tensors. The lower part of Figure
spectra, for increasing coherent exchange frequency the incoher5 displays the results of the same calculations for the case of
ent exchange rate has to be increased to have a visible effectoherent exchange of the two different deuterons. While for
on the spectra. In particular the broadening of the lines startssmall or large coherent exchange frequency these spectra are
for incoherent exchange rates on the order of the coherentpractically indistinguishable from the spectra of incoherent
exchange frequency, while for incoherent exchange rates farexchange, there are pronounced differences for intermediate
below the coherent frequency, the effects of the incoherent spectra, where the coherent exchange frequency is on the order
exchange are not visible. In other words, the shape of the of the quadrupole coupling. For these spectra, the satellite
spectra is determined by the relative speed of coherent versudransitions, which have appeared in the single-crystal spectra,
incoherent exchange. Moreover this faster rate must be at leastead to spectral contributions outside the range of the spectra
on the order of the difference of the quadrupole splitting to have without coherent exchange. Moreover in this intermediate
an effect on the spectra. range, the singularities in the spectra appear much sharper than
Results for Powder Samples.The upper part of Figure 5  the singularities in the corresponding incoherent exchange
depicts the effects of incoherent exchange of the two deuteronsspectra.
as a function of the rotation angleg Zor randomly oriented Figure 6 finally shows the calculation of powder spectra, were
powder samples, which are the typical incoherent exchangeboth coherent and incoherent exchange are simultaneously
spectra known from NMR experiments on various deuterated present. As has already appeared in the corresponding calcula-
systems/¢ As in the case of single crystals, the effect of the tions of single-crystal spectra, for this type of combined
incoherent exchange is most pronounced f®=290° , while exchange the relative sizes of coherent tunnel versus incoherent
the 26 = 0° spectra (not shown) are not affected by the exchange exchange rate determine the shape of the NMR spectra. If the
of the deuterons. The exchange first causes a smearing of thecoherent exchange frequency is small (Figure 6a)X;e.<
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Figure 5. Effects of coherent and incoherent exchange orth&MR spectra of a nonoriented powder sample (powder spectra) for the same

three relative orientations of the quadrupole tensors as in Figure 3. Upper row: simulation of incoherent exghange kHz,» = 0, ki = 0,

2, 32, 128, 512, 2048, 8192 kHz. The exchange mainly leads to a smearing of the edges of the Pake pattern, which for higher rates narrows to the
average spectrum. Lower row: simulation of coherent exchagges 70 kHz,n =0, X12= 0, 2, 32, 128, 512, 2048, 8192 kHz. In the intermediate

range of coherent exchange frequencies, there are satellite lines, which clearly distinguish the spectra from the corresponding incoherent spectra.

Q, the spectra exhibit exactly the same behavior as the spectranarrowing of the lines, which can be interpreted as a relaxation

without coherent exchange (Figure 5c). On the other hand, for of coherences between states of different symmetry with respect
a fast coherent exchangé:¢ > Q), the spectra do not depend  to particle permutation. It has been found that these differences
on the incoherent exchange (Figure 6f). In the intermediate are most pronounced for coherent exchange frequencies which
regime, X1, ~ Q, the spectra exhibit a rather complicated line 416 on the order of the quadrupole coupling constant. Thus by
shape, which nevertheless still shows the sharp features of the,estigation of this range of intermediate tunnel splitting, we

coherent.tunnelmg line shape. Agaln, for all coherent e).(Changeexpect that it is possible not only to distinguish between coherent
frequencies, the spectra at fast incoherent rates are identical . . .
and incoherent exchange but also to determine the size of the

and only for intermediate exchange rates an effect on the spectr%unnel spliting. The actual effect on the spectra depends

is visible. X . )
Discussion.To summarize the results of the numerical Strongly on the configuration of the quadrupole tensors associ-

calculations: It has been shown that there are pronouncedated with the two deuterons. If these tensors are collinear, the
differences between coherent and incoherent exchange of twosPectra are affected neither by coherent nor by incoherent
deuterons in theH NMR spectra of these deuterons. In €xchange. If, on the other hand, the two tensors are rotated
particular, the former leads to a splitting of the spectral lines, 90° relative to each other, the effect is most pronounced. The
while the latter leads first to a broadening and later to a simulations show that the effects are best visible in single
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Figure 6. Simulation of simultaneous incoherent and coherent exchange (tunneling) for the same relative orientations and pardregefs: 2

0.z= 70 kHz,n = 0, X;2 =0, 8, 32, 128, 512, 2048 kHz as in Figure 5. The relative size of coherent and incoherent exchange rates determine the
shape of the spectral lines. Note in particular thatXgror ki2 > Aq, the shape of the spectra does not depend on the second kind of exchange
process.

crystals. However, also for powdered samples the differencesthe small accessible frequency window, choosing the right
should be clearly visible in experimental spectra. substance is no trivial task.

The remaining question is thus whether it is feasible to detect The biggest experimental difficulty, however, stems from
these processes in actual experiments. In such experimentsensitivity problems caused by low deuterium abundance. We
several difficulties must be overcome. On the one hand, the have performed preliminarsH-NMR experiments on a selec-
coherent exchange frequency, which depends very strongly ontively deuterated transition metal dihydride (molecular for-
the depth of the hindering potential for the rotation, must fall mula: G:HssCID2FsPsRu, MW = 1082 g/mol), which, to the
into the “proper” range of frequencies, as discussed above. Asbest of our knowledge, is the first selectively deuterated solid
simple estimations with a one-dimensional hindered rotor show, transition metal dihydride. Due to its high molecular weight,
employing a 2-fold potential with a cosine type of angular the amount of deuterium in the sample is rather low, resulting
dependence, only for a very small range of the potential depth,in a poor NMR sensitivity of the sample, as compared for
the coherent exchange frequency is in the NMR frequency example to organic compounds where tunneling in deuterated
regime. In particular, changing the potential depth by a factor methyl group$* (e.g. aspirir-CDs) has been studied. There,
of 10 in this NMR sensitive regime leads to a change of the the amount of deuterium in the sample can be estimated to be
coherent tunnel frequency by a factor off10We expect this about 5-10 times higher than in the transition metal dihydride.
strong dependence to be at least partially weakened by the facfThe room-temperatufH-NMR spectra of the transition metal
that for the considered transition metal dihydrides, the radial dihydride compound exhibited a motionally averaged line with
potential varies weaker with the radius, as compared for examplea width of about 50 kHz and iTrelaxation times of several
to covalently bound deuterons in tunneling methyl groups, seconds, which are comparable to methyl groups. Thus the
leading to a weaker dependence of the tunnel splitting on the amount of deuterium can be used to quantitatively compare the
potential depth or the deuteron distance. However, because ofsensitivity of our transition metal dihydride sample to the
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deuterated methyl groups, resulting in approximateht®times
lower sensitivity. From this lower sensitivity it follows that

artifacts, caused for example by dead time problems or acoustic

J. Phys. Chem. A, Vol. 101, No. 26, 1994689
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experiments unfeasible. Thus we finally wish to conclude that

However. this should not make the M- Adv. Magn. Reson199Q 15, 16. (d) Inati, S. J.; Zilm, K. WPhys.

Rev. Lett. 1992 68, 3273. (e) Jones, D.; Labinger, J. A.; Weitekamp].J.
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the proposed usage of a deuterated transition metal dihydride321, 115.

for the study of coherent tunnel frequencies in the regime of

10° Hz is feasible.
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