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It is demonstrated that the wealth of information about damped
quantum rotation of CD3 groups, contained in quadrupolar echo
spectra, can be fully explored in a broad temperature range using
a method of iterative analysis of the spectral lineshapes. The
recently reported lineshape equation which, apart from the quan-
tum tunneling and the dissipative Alexander–Binsch terms, con-
tains an additional dissipative term having no classical analog is
shown to be capable of describing even subtle details of the spectra
of a crystal of acetylsalicylic acid–CD3 oriented specifically in the

agnetic field. Preliminary evidence of the occurrence of this
ovel dissipative mechanism in the system studied is reported. The
esults obtained seem to suggest that there is no “classical limit” in
he dissipative behavior of this system. © 2001 Academic Press

INTRODUCTION

Quantum rotation in solids at cryogenic temperatures
been a subject of NMR investigations since the late 1960s
current trends in and the history of the NMR research invol
the methyl group rotation has just been extensively revie
(1). Due to the progress in NMR studies on single crystals
was achieved in the recent decade, now even subtle det
the fine structure of the tunneling patterns are experimen
accessible (2–7). This is particularly true for CD3 rotors whos
2H resonances are not so much broadened by spin–spin
actions as for protonated species. Effects of the coheren
neling on the NMR spectra of deuterated methyl groups
now well understood (3, 8). The situation is less clear for t
ineshape phenomena which evolve gradually with increa
emperature and reflect accelerated damping of the coh
otion of the rotor under impact of its condensed environm
preliminary quantum mechanical description of such effe

nvolving CD3 rotors with very large tunneling frequenci
was proposed by Heuer (9). A general theory, developed in
similar spirit, but free of such a limitation and covering

1 To whom correspondence should be addressed. E-mail: sszym@icho
2 Present address: Laboratorium fu¨r Physikalische Chemie, ETH Zentru

CH-8092 Zürich, Switzerland.
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protonated systems as well, has been reported recently (10). In
he present contribution, the NMR lineshape equation de
n the latter work is confronted with the experimental spect
he CD3 group in a crystal of selectively deuterated acety
icylic acid, measured up to temperatures where the incoh
processes dominate over the coherent tunneling. In our p
ous study on the same model system (4), the spectra wer
measured using both the free induction decay (FID) and
quadrupolar echo (QE) techniques (11). The theoretical inte
pretation of the observed QE patterns was, however, con
to the low-temperature limit where the incoherent effects c
be neglected. The latter work provides evidence of som
vantages of the QE technique over the FID experimen
studies on tunneling CD3 groups. These include: (i) the elim
ination of baseline distortions that normally occur in the
spectra covering broad resonances and (ii) a substantial a
fication of some relevant details of the fine structure which
barely visible in the FID spectra. The experimental QE spe
described in the present work were remeasured followin
procedures described previously (4) and using the same NM
facilities. The FID spectra were remeasured using radi
quency pulses with exactly the same parameter settings
the QE experiments.

THEORY

Below, a brief recapitulation of the relevant results of R
(10) is given. The dynamic model adopted therein, whic

epicted schematically in Fig. 1, involves a YX3 quantum roto
embedded in a condensed environment acting as a th
bath. The rotor–bath interactions lead to vibrational relaxa
within the manifold of the torsional states of the rotor. Du
restrictions imposed on the thermal transitions by the sym
trization postulate of quantum mechanics, the relaxation
cesses that generally fall in the picosecond range are ineffi
with respect to some specific coherences between the tor
sublevels. For methyl groups, for which the rigid-rotor app
imation is adequate, these sublevels come in triplets w
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278 SZYMAŃSKI ET AL.
individual components transform as the respective symm
species,A, Ea, andEb, of the cyclic group C3 (which describe
the intrinsic symmetry of the system in configuration sp
rather than the geometric symmetry of the rotor—the latte
be nonsymmetric). It is these long-lived coherences tha
observed in NMR experiments on tunneling methyl gro
The spin-space correlations due to the symmetrization p
late allow one to project the dissipative rotor dynamics so
onto the spin manifold. The effective equation of motion
the spin density matrix,r̂, of the X and Y nuclei, obtained
this way reads:

dr̂~t!/dt 5 2
i

\ F ĤZ 1 ĤD 1 ĤQ 2
hD

3
~P̂ 1 P̂21!, r̂~t!G

2
4kt 2 kK

36
@P̂ 1 P̂21, @P̂ 1 P̂21, r̂~t!##

2
kK

12
@P̂ 2 P̂21, @P̂21 2 P̂, r̂~t!##, [1]

here none of the operators is dynamically dependent o
patial coordinates of the tunneling particles. In Eq. [1],
ymbolsĤ I (I 5 Z, D, Q) designate the effective Zeem

dipolar, and quadrupolar spin Hamiltonians, respectively,
P̂ represents cyclic permutation of the spin variables of th3
unit. The rate constantkK entering Eq. [1] describes dampi
of the unique quantum coherence which engages pairs o
torsional sublevelsEa andEb (the Kramers pairs) and which
spared by the rapid vibrational relaxation processes. The

FIG. 1. The dynamic model of a methyl-like quantum rotor in contact
thermal bath, adopted in Ref. (10). The rotor–bath interactions affect t
torsional coordinate,f, only; accordingly, they do not couple the torsio
tates of different symmetriesG 5 A, Ea, and Eb. The fast vibrationa

relaxation processes induced in this way within the rotor system spare c
quantum mechanical coherences engaging pairs of the torsional suble
the individual torsional levels. For each pair of symmetry labelsG andG9 there
is only one such coherence that is sufficiently long-lived to be observab
the NMR time scale. The long-lived coherences (Ea, Eb) ((Eb, Ea)) are
damped with the rate constantkK and (Ea, A) and (Eb, A) (( A, Ea) and (A,
Eb)) with rate constantkt. The oscillation frequency,D (2D), of the latter is

temperature-dependent average of the tunneling splittings at the seq
orsional levels; the oscillation frequency of the former is zero.
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constantkt is an analog ofkK involving the (only) long-lived
coherence between the sublevels of symmetryA and any of th

ramers sublevels; this unique coherence oscillates with
uencyD which is a quantum-statistical average (but, in g
ral, with non-Boltzmann weights) of the tunneling splitting

he sequential torsional levels. The quantitieskK andkt can be
identified (10) with the half-width-at-half-height of th

uasielastic and inelastic lines, respectively, in the inel
eutron scattering (INS) spectra of YH3 rotors; the quantitie

6hD are the energy shifts of the inelastic Stokes and
Stokes lines (9, 12–14). The total Hamiltonian in the fir
commutator of Eq. [1] is just the long-known effective s
Hamiltonian of Apaydin and Clough (15). However, outsid
the low-temperature limit not only the tunneling frequencyD,
but also the Larmor frequencies, the dipole–dipole, and
quadrupole coupling constants, which enter its respective
as parameters, are all quantum-statistical averages ov
torsional ladder of the pertinent dynamic variables in the e
Hamiltonian. In extreme situations, e.g., for torsional poten
with flat minima, the familiar [3 cos2u 2 1]-angular depen-
dences of second-rank tensorial interactions may only ap
imately be valid. In what follows, we abandon assumpt
about a particular angular dependence of the effective qu
polar Hamiltonian in Eq. [1] as well as about possible (3)
ymmetry relationships between the EFG tensors at the
idual deuteron sites. Instead, it will be parametrized in te
f three effective quadrupolar coupling constants,qA, qB, and

qC, corresponding to the three equilibrium sites of the de-
ons in a given orientation of the CD3 group relative to th
external magnetic field. These effective quantities are nor
ized in such a way that the secular part of the quadru
Hamiltonian, which is the only relevant part in the pres
context, can be written as

ĤQ 5
h

4 O
D5A,B,C

qD@3Î zD
2 2 I ~I 1 1!#. [2]

The form of the dissipative terms in Eq. [1] may sugg
that the equation remains valid only as long askt . kK/4.
Such a proviso was actually made in Ref. (10). It will be
shown later on that this is a needless restriction, and
validity of Eq. [1] is retained for any values ofkt and kK.
These dissipative terms can be formulated in several e
alent ways. In the present context, of particular interest
be the following form:

2
kK

3
@2r̂~t! 2 P̂r̂~t!P̂21 2 P̂21r̂~t!P̂#

2
kt 2 kK

2
@r̂~t! 2 Ûr̂~t!Û#, [3]
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279DAMPED CD3 QUANTUM ROTOR SPECTRAL LINESHAPE ANALYSIS
where

Û 5
1

3
@1̂ 2 2~P̂ 1 P̂21!# [4]

is a unitary, self-inverse matrix. In the formulation of Eq.
the term proportional tokK can easily be recognized to be
familiar Alexander–Binsch (AB) term (16, 17) which was orig
inally introduced to describe effects of classical exchang
random jumps, in spin-coupled systems of like, nonisoc
nous nuclei. However, for a tunneling methyl group one
only speak about pseudo-classical jumps, because such
may occur via activated incoherent tunneling (10). As to the
emaining term, that proportional tok9 5 kt 2 kK, in the
nstances wherekt $ kK (which inequality seems to be ge-
rally fulfilled by the corresponding quantities in the I
pectra of protonated methyl groups (18, 19)) its very form also
alls for an interpretation in terms of random jumps of s
ort, ones represented by the unitary operatorÛ. Since the
atter describes transformation from a localized to a specifi
elocalized state of the rotor (or vice versa, forÛ 2 5 1̂) (10),

such jumps can have no classical analogs. The question
more precise interpretation of such nonclassical exch
terms must currently be left open. At the end of the pre
section we will only see that a formulation of the dissipa
part of Eq. [1] exclusively in terms of nonclassical ju
operators of the above sort affords immediate evidence
general validity of that equation.

Below, we consider effects of the dissipative terms, u
the formulation of Eq. [3], on the lineshapes of CD3 rotors in
the limit of a large tunneling frequency. The structure
deuteron spectra of such systems in the absence of dissi
was discussed in detail in Ref. (3). The limiting spectral pa
terns for two different orientations of the rotor in the exte
magnetic field are displayed in Fig. 2. The quantitiesuau andb
describing these limiting patterns were defined previously
der the assumption that the EFG tensors at the indiv
deuteron sites obey C3 symmetry. Redefined in terms of t
effective quadrupolar coupling constants of Eq. [2], these
quantities are

b 5
1

4
~qA 1 qB 1 qC!

a 5
1

4
~qA 1 eqB 1 e* qC!, [5]

wheree 5 exp(2pi /3). Theparameteruau is a synthetic mea
sure of the differences between the magnitudes of the effe
quadrupolar coupling constants; for the orientations w
uau is of the order of the natural line broadenings, practic

o information about the rotor dynamics is contained in
pectra.
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In the limit of uau/D ! 1, the properties of the Apaydin a
Clough Hamiltonian in Eq. [1] can be discussed using a
basis set adapted to C3 symmetry. In this limit, the Hamiltonia
matrix elements that connect basis states of symmetryA with

asis states of symmetriesEa and Eb become strongly non-
secular and can be neglected. Accordingly, the eigenstate
be classified as pureA states or combinations ofEa and Eb

states, that is, asE states in brief (3, 9). Of the transition
hown in Fig. 2, those at6uau 6 b and62uau 6 b (the “a”

transitions) are pureEE transitions, while each of the lines
the frequencies6b (the “b” lines) is a superposition of pu
AA transitions and pureEE transitions (in 5 to 1 proportion
Transitions between eigenstates of different symmetries
is, AE andEA, have nearly zero intensity and occur far in
wings, in the frequency regions around6D. Now, one ca

asily see that the dissipative term in Eq. [3] which is pro
ional tokt 2 kK, or the nonclassical term, has no effect on
pure AA and pureEE transitions (note thatÛuGi &^Gj uÛ21 5
uGi &^Gj u for any pair of eigenstatesi andj of symmetryG 5 A,
E). This term can only affect transitionsAE andEA, but these
fall far beyond the frequency region normally observed. On
other hand, the dissipative term proportional tokK, or the

seudo-classical term, spares only the pureAA transitions
hile it can potentially affect all of the remaining transitio
ccordingly, in the limit of largeD, the bath-induced process
ill cause broadenings, coalescences, and, eventually

FIG. 2. Simulated low-temperature FID spectra of a CD3 group with
perfect tetrahedral symmetry, for a tunneling frequency of 3 MHz;
symmetry is assumed for the EFG tensors at the individual equilib
deuteron sites, with the unique principal axes directed along the resp
C–D bonds. Quadrupolar coupling constants of 170 kHz were assumed
individual deuterons. Orientations of the external magnetic field are des
by the polar anglesQ andf of 72 and284°, respectively, in (a), and of 55 a

97°, respectively, in (b), in the molecular frame whosez axis is parallel to th

3 axis and points to the rest of the molecule, while thex axis points along th
projection of a C–D bond onto the plane perpendicular toz. The quantitiesa
andb are defined in the text.
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280 SZYMAŃSKI ET AL.
tional narrowings of theEE resonances. These effects will
articularly strongly reflected in the shapes of thea lines,

while theAA lines at6b will remain unaffected. The abo
reasoning remains valid as long asD @ kK, kt. An essentially
equivalent description of the lineshape effects in the
defined above is given by the already quoted Heuer theor9).

When the inequalityuau/D ! 1 becomes weaker, the eige
states of the Apaydin and Clough Hamiltonian lack their p
A and pureE properties. Still, the modified eigenstates
bear either a dominatingA or a dominatingE character. In
other words, the former pureEE andAA transitions will now
each contain admixtures of theEA and AE transitions (to
second order inuau/D, there is no mixing ofAA and EE
transitions). A further reasoning based on second-order p
bation calculations reveals that these effects will be m
pronounced for the intenseAA singlets at the frequencies6b,
which will now be turned into multiplets, and effectively in
triplets, with the splittings being of the order ofuau2/D. Owing
to the admixture of theAE andEA transitions, the individua
components of such multiplets will now become sensitiv
both the pseudo- and the nonclassical dissipative proce
Normally, D decreases as the temperature is increased s
the contribution of the latter transitions to theb multiplets
increases with temperature. Numerical simulations report
Ref. (10) confirm that, indeed, at elevated temperatures
mpact of the nonclassical process on the lineshapes of

ultiplets can be quite substantial. However, if it happens
n the temperature range where the spectra are sensitive
atter process the difference betweenkt andkK becomes sma
the nonclassical effects can easily be overlooked. This m
the reason why the occurrence of such effects has not
noticed so far.

It is clear that the dissipative terms in Eq. [1] cannot
transitions (and, precisely, coherences) from different sym
try manifolds {AA}, { EE}, { AE}, and {EA}. Exploiting the
atter property, one can also explain the NMR behavior of

ethyl-like system in the instance where the rate constankK

andkt are much larger thanuau while D can be of any magn-
ude. This could especially be suited to discussing the N
ineshapes of CD3 rotors in the high-temperature limit. Th
somewhat intricate problem, having immediate conseque
for the spin relaxation theory, will be addressed under a
arate cover. In the present contribution, we only mention
in considering the high-temperature behavior one must
into account the possibility that the rate constantk9 can turn
into a negative, which would undermine the significance o
only the nonclassical but also the pseudo-classical (AB) te

As has already been mentioned, a general formulation o
stochastic part of Eq. [1], bringing out the dissipative chara
of the latter for any values ofkK andkt, can be arrived at at th
cost of abandoning the notion of pseudoclassical jumps
stead, one can introduce two more sorts of nonclassical ju
described by unitary selfinverse matricesV̂ andV̂* which are
close analogs ofÛ, namely,
it

e
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V̂ 5
1

3
@1̂ 2 2~eP̂ 1 e* P̂21!#. [6]

Like Û, each of these matrices represents a unitary tran
mation of a localized state of the rotor into a specific
delocalized state of the latter (or vice versa). Now, the pert
terms in Eq. [1] can be rearranged in such a way tha
contributions of the rate processes described bykK andkt are
separated, that is,

2
kK

4
@r̂~t! 1 Ûr̂~t!Û 2 V̂r̂~t!V̂ 2 V̂* r̂~t!V̂* #

2
kt

2
@r̂~t! 2 Ûr̂~t!Û#. [7]

he dissipative character of the term proportional tokt for any
(positive !) value ofkt is now evident. In order to show t
same property for that proportional tokK, we first note that th
product of any two of the three (mutually commuting) unit
matricesÛ, V̂, andV̂* entering that term gives the remaini
matrix with minus sign,ÛV̂ 5 2V̂*, ÛV̂* 5 2V̂, andV̂V̂*
5 2Û. Therefore, the set of their Kronecker products,Û 3
Û* ( 5 Û 3 Û), V̂ 3 V̂*, and V̂* 3 V̂, which are the
Liouville space transcripts of the respective unitary trans
mations onr̂ entering the first term in Eq. [7], augmented w
the unit transformation 1ˆ 3 1̂, form an Abelian, four-eleme
group. Accordingly, the entire term can in Liouville repres
tation be expressed as a (unnormalized) group-superproj
on the supervectorur&&, where the superprojector is concer
with the irreducible representation in which the group elem
1̂ 3 1̂ andÛ 3 Û are represented by 1 and thoseV̂ 3 V̂* and
V̂* 3 V̂ by 21. Therefore, the term under discussion retain
dissipative character for any value ofkK since for any suc
(positive !) value it is represented by a negative (semi-)de
matrix. Therefore, the restriction of Ref. (10) limiting the range

f validity of Eq. [1] to the instances wherekt $ kK/4 is
immaterial; in reality, it involves one of the possible ways
interpretation of the stochastic terms in that equation.

In the sequel we will use the formulation of Eq. [3] for th
terms, because this specific formulation will facilitate a c
parison of the results obtained currently with those repo
earlier (5). Possible ambiguities regarding the concept
nonclassical jumps will be avoided in what follows, beca
any reference to a nonclassical dissipative process will
here on involve the nonclassical jump process defined in
[3], regardless of whether its corresponding rate parametek9,
is positive or negative. The fact that, as we shall see late
the latter possibility may actually be encountered in pra
can serve as a warning against taking the interpretations o
of the exchange terms in Eq. [3] too literally.

Equation [1] with only the AB term retained has alre
been applied to interpret2H and 13C FID spectra of sever
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281DAMPED CD3 QUANTUM ROTOR SPECTRAL LINESHAPE ANALYSIS
damped methyl rotors (5–7). No systematic attempts have
ar been made to use its full version to interpret experime
pectra of methyl groups. In the present study, an iter
east-squares fitting algorithm based on Eq. [1] is use
ompare the theoretical and experimental lineshapes of
E and FID spectra of the single-crystal sample mention

he Introduction. The spectra analyzed in the present s
ere measured for two orientations, I and II, of the crystal
hich the limiting low-temperature spectra resemble the

otype patterns in Figs. 2a (I) and 2b (II). Precise character
f these orientations are given in the legends to Figs. 6 (I
(II) in Ref. (4). It ought to be mentioned here that for eac

hese orientations the external magnetic field is parallel t
onoclinic plane of the crystal (whose space group isP21/c

(20)), which renders both CD3 groups in the elementary c
magnetically equivalent (3).

COMPUTATIONAL DETAILS

The lineshape of a QE spectrum measured following
procedure described previously (4) can be concisely describ
using the Liouville space notation, namely,

M~v! } KKF1UexpFS2iL * 1 X 2
1

2pT*2
1D ~t 1 de!G

3 F2i ~L 1 v1! 1 X 2
1

2pT*2
1G 21

3 PuexpFS2iL * 1 X 2
1

2pT*2
1DtG

3 Pu6p/ 2UFzLL , [8]

where the superoperator representing a radiofrequency pu
durationtp and amplitudev1 applied along axisu 5 6x or 6y

f the frame rotating with an average Larmor frequency o
2H nuclei is given by

Pu 5 expHF2i ~v1Fu
D 1 L *! 1 X 2

1

2pT*2
1GtpJ , [9]

with Fu
D denoting the commutator [F̂ u, ]. As described prev-

ously (4), the pulse settings were carefully adjusted to emu
ideal p/2, on-resonance pulses, which is crucial for obtai
nondistorted QE spectra. In Eq. [8]L is the super-Hamiltonia
expressed in angular frequency units, generated by the
iltonian of Eq. [1] in which only the secular parts ofĤQ andĤD

(the parts which commute withF̂ z) are retained, andL 9 is the
part of L which is time-independent in the rotating frame
collectively denotes the dissipative terms in Eq. [1]. The r
cusing time after which the maximum of the echo is obse
must be set longer by an incrementd (of the length of a few
e
al
e

to
th
in
dy
r
-

cs
nd
f
e

e

of

e

te
g

m-

-
d

microseconds (4)) than the echo time,t, because of an instr
mental delay.

In measuring the FID spectra, the NMR signal following
stimulating pulse was processed according to the proc
described previously (4). In the cases where there are
resonances far in the wings, a fair theoretical description o
FID spectra obtained in the above way can be made us
simplified version of Eq. [8] in which the exponential sup
operators as well as the superoperator representing the s
pulse are omitted. If the spectral width becomes compa
with 1/tp, which takes only place in the low-temperature lim
a reasonable approximation is to eliminate from Eq. [8] the
exponential and the second pulse superoperators, whi
refocusing superoperator is still retained. In the latter supe
erator, the dissipative part can be neglected (the dissipat
slow at low temperatures) and the refocusing timet 1 de is to
be replaced by an adjustable (see below),negativetime incre-
ment d f whose magnitude ought to be roughly equal totp/2.
This is an approximate description of the operation o
optimal localization of the time origin of the NMR sign
which is an essential ingredient of the procedure quoted a
introduced in order to minimize frequency-dependent p
distortions. The errors introduced in this way are much sm
than in the case where an ideal RF pulse (i.e., one of infin
short duration) was assumed in the calculations of the
spectra.

In both FID and QE experiments, appropriate phase cy
schemes were employed to eliminate channel unbalance a
the QE experiments, the impact of even-order coherence
arise after the first RF pulse due to pulse imperfections an
then turned into an observable NMR signal by the se
pulse.

A FORTRAN computer program was written to calcu
both FID and QE spectra according to Eq. [8], with an acc
of the appropriate phase cycling. The (super)matrices ent
the equation have dimensions of 7293 729 and are too larg
o be handled efficiently. They were therefore factored
ndependent blocks of smaller dimensions by exploiting s
f their natural symmetries. The block-diagonalization of

ndividual superoperators in the exponentials and in the
ngular brackets in Eq. [8] was achieved by exploiting c
utation properties of all of these operators with the se
utually commuting superoperatorsFz

D, Fz
L, andFz

R (the two
latter are the left- and right-translation components, res
tively, of Fz

D). Neglect of the dipole–dipole interactions-
tween the2H nuclei would result in a further increase of
symmetry of the superoperators involved. However, as
further be commented upon in the sequel, intramolecula
polar interactions are generally relevant and cannot be
glected in the above context. On the other hand, they are t
irrelevant in calculating the pulse superoperators. In the
context, the possible off-resonance shift of the pulse frequ
which might still be left despite careful pulse adjustments,
also be safely neglected. With both of these two (small) te
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neglected, the superoperators entering the exponential i
[9] simultaneously commute with the set of mutually comm
ing superoperatorsQu

D, Qu
L, andQu

R, whereQ̂u 5 ¥D5A,B,C Î uD
2 .

s a result of these commutation properties, the largest b
hat had to be handled in calculating the pulse superope
as only of the dimensions of 1443 144 and of the dimen

sions of 423 42 at the stage of calculating the spectrum a
desired frequencies.

The routine to calculate the QE and FID spectra was
ployed in a least-squares minimization program based o
Gauss–Newton iterative algorithm. The derivatives ente
the Hessian matrix were approximated by the correspon
quotients of finite increments. The minimization program
designed to be capable of handling a number of QE and
spectra simultaneously. Actually, the input data for a si
minimization run can include up to nine spectra measured
given temperature for a given orientation of the crystal in
magnetic field. Owing to such a policy, essentially no con
gence problems were encountered despite a large num
parameters being fitted simultaneously. The parameter s
cludes three “local” parameters for each of the input spe
the amplitude factor, the baseline position, and the shift o
frequency axis of the given spectrum relative to the origin
common frequency scale (for the FID spectrum, also the
rameterd f). Beyond that, it includes “global” parameters,

hich each can potentially affect the lineshapes of all of
pectra. Among these global parameters there are two
djustable instrumental parameters: the pulse amplitudev1,

and the time delayde. The global parameters of central inter
in the present study include the effective tunneling freque
D, the damping-rate constantskK andk9 5 kt 2 kK, and, for
each of the two crystal orientations, the corresponding s
three effective quadrupolar coupling constants,qA, qB, andqC.
In the course of data handling it came out that some imp
signals visible in the spectra had also to be accounted for
calculations. These signals are typical quadrupolar dou
with no features due to tunneling. The set of global param
had to be augmented by lineshape parameters of two
doublets (the lineshapes of the impurity signals were calcu
assuming ideal pulses). It had also to be augmented b
“natural” line broadening 1/pT*2, and, for one of the tw
orientations of the crystal, by an effective dipole coup
constant between the deuterons within the CD3 group,deff.

RESULTS AND DISCUSSION

In the previous NMR studies on acetylsalicylic acid-C3
(3, 5), basic characteristics of the tunneling system were
termined by the combined use of several NMR techniq
including a visual comparison of the experimental and s
lated FID spectra. The parameters entering the quadru
Hamiltonian were determined under assumptions that, firs
EFG tensors at the individual deuteron sites are axially
metric, and second, the corresponding three principal d
q.
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tions are related by a perfect threefold symmetry. The val
of these assumptions was further confirmed in the studie
partially protonated CHnD32n groups (21–23). It was tempting
o check whether the relevant system parameters cou
valuated directly from spectra, without any simplifying
umptions and in a possibly most objective way. We first
o apply the minimization routine described above to the
idual FID and QE spectra, but then convergence prob
ere often encountered, and the results obtained from sp
easured at the same temperature were sometimes inc

ent. The policy of analyzing simultaneously the whole se
pectra measured under given experimental conditions
roven much more effective, despite large sets of param

hat had to be fitted.
The sets of FID and QE spectra, each including one FID

ight QE spectra, were measured in the temperature ran
2 to 50 K; for orientation I, the measurements were
erformed at 17 K. In the low-temperature limit, that is, u
6 K in our case, the fine structure of thea lines is still visible

Above 34 K, the spectral patterns lack any fine structure
fits were performed only for the experiments below 36 K.
information content in the spectral lineshapes diminishes
ually along with increasing temperature. The computati
strategy had to be modified accordingly on passing to
intermediate- and high-temperature regions. The relevan
tails of the calculations are discussed below.

In the low-temperature limit, together with the system
rameters, it was also possible to determine the experim
parametersd f, de, andv1. As expected, the obtained values
d f are negative. For orientation I and II they are approxima
equal to one-half and one-third, respectively, of the p
duration tp 5 2.3 ms. For both orientations, the optimiz
magnitude ofde is about 1.8ms, again in agreement with t
expectations. The optimized magnitude ofv1/2p amounts to
108.2 kHz for orientation II and 105.2 kHz for orientation I
the analysis of spectra from temperatures above 26 K
parametersde and v1 were kept fixed (as has already b
mentioned, in calculating the FID spectra, the term depen
on d f was neglected). The results obtained for the ab
experimental parameters confirm that the theoretical mod
the QE experiment, displayed in Eq. [8], is realistic.

The intramolecular dipolar interactions between the de
ons, calculated assuming the standard geometry of a m
group, small as they are, were nevertheless accounted for
lineshape equation. For orientation II, the lineshape fits
repeated for the dipolar coupling constant,deff, varied in rea-
onable limits, and the obtained results were practically
ame. A different behavior was observed for orientatio
here optimization ofdeff was possible (see below).
As is seen from Eq. [8], for all of the resonances in D3 the

natural lineshape was assumed to be a Lorentzian of the
w 5 1/pT*2. This approximation is probably not unrealistic
view of the quality of the obtained fits, especially for orien
tion II. In the analysis of the spectra for temperatures up t
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283DAMPED CD3 QUANTUM ROTOR SPECTRAL LINESHAPE ANALYSIS
K, the fits were sensitive tow so that this parameter w
optimized; the corresponding standard errors were of the
of a few hertz, that is, very small in comparison wit the va
of w which for both orientations vary in the limits of 170
1950 Hz. For each orientation, the optimized values ofw come
n pairs. Within each pair, the difference between these v
s of the order of the corresponding standard errors while
ifferences between the pairs can reach as much as 200
loser look at these results reveals that each such pair
ponds to the experiments performed at exactly the
etting of the goniometer (the given orientation of the sam
or II, was always left unchanged when passing to the

emperature). The rotation axis may slightly deviate from
irection of the monoclinic axis, which may render the
D3 groups in elementary cell slightly nonequivalent. Th

the scattering of the results forw may simply reflect imperfe
reproducibility of the goniometer settings or, in other wo
imperfect reproducibility of these small deviations from eq
alence. In handling the data at higher temperatures, the
nitude ofw was kept fixed, equal to the average of the va
estimated at lower temperatures.

For orientation II, the magnitude ofuau is smaller by som
25% than for orientation I. As the splittings of theb lines are
proportional touau2, one could expect that the relevant inf-

FIG. 3. Selected experimental QE spectra of acetylsalicyclic acid–3
(solid lines) and the corresponding theoretical “best fit” spectra (dotted
for the displayed values of echo time (t 5 0 designates the FID spectrum),

rientation II at 24 K. The labela describes an impurity doublet. The valu
in kilohertz) of the effective quadrupolar coupling constantsqA, qB, andqC

obtained at convergence are267.5 6 0.3, 81.76 0.2, and213.1 6 0.5,
respectively. For the pertinent orientation parametersQ and f listed in the
egend to Fig. 2, the values calculated from the previous estimates, ba
he assumption that the properties of EFG tensors are as specified in the
o Fig. 2 (3), are264.3, 81.3, and215.9 kHz, respectively. The discrepanc
between these two sets of estimates can be explained in terms of
deviations, by no more than 1°, of the relevant EFG axes from the tetra
directions.
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mation would be more readily extractable from the spe
measured for orientation I than for orientation II. For reas
which will be discussed later on, the real situation has pr
to be quite the reverse. Fully consistent results could be
tained only for orientation II. Selected examples of the
obtained for the latter are displayed in Figs. 3 and 4.
quality of the remaining fits for orientation II is similarly goo
The estimates of the quantitiesD, kK, and kt describing th
dissipative tunneling are collected in Table 1.

The spectra in Fig. 3 are representative for the low-tem
ature region where the spectral pattern is dominated by c
ent tunneling and the dissipative processes are slow relat
uau. Despite the fact that for orientation II theb lines show
relatively poor fine structures at low temperatures, the in
mation about the interesting system parameters, contain
the whole sets of FID and QE spectra, has proven to be n
complete. At each of the three temperatures where thea lines
are still resolved (22, 24, and 26 K in our case), the fit
procedure delivers also estimates of the effective quadru
coupling constantsqA, qB, andqC. A comparison of the prese
results for the quadrupolar coupling constants with the va
determined previously (3) is made in the legend to Fig. 3.

It follows from the considerations of the Theory section
well as from the lineshape simulations that for orientation I
low-temperature spectra should be relatively insensitive t
rate constantk9 5 kt 2 kK of the nonclassical jumps. Indee
an inclusion ofk9 into the set of the fitted parameters does
lead to a reduction of the overall rms error by more than 0
in general, the optimized value ofk9 proves to be dependent
the assumed initial value. The estimates of the rema
parameters, obtained at convergence under assumption ok9 5

s)

on
end

all
ral

FIG. 4. Selected experimental QE spectra (solid lines) and the corres
ing theoretical “best fit” spectra (dotted lines) for the displayed values of
time for orientation II at the temperatures where thea lines are no longe
visible. The values of the effective quadrupolar coupling constantsqA andqB,

64.6 and 83.6 kHz, respectively, which are the averages of the r
btained from the spectra at temperatures 22–26 K, were not optimized
second impurity doublet,b, now emerging in the spectra at long echo tim
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284 SZYMAŃSKI ET AL.
0, remain practically unchanged whenk9 also is allowed t
vary. In our previous analysis, based on a visual comparis
the simulated and experimental FID spectra, where only
pseudo-classical process was taken into account, the val
its rate constant,k, determined at temperatures up to 26 K
in good agreement with the corresponding values ofkK deter-
mined currently (see Table 1).

Above 26 K, thea lines coalesce and further underg
gradual narrowing, while the multiplet structure of the6b
resonances becomes more and more apparent. The spe
longer contain sufficient information about the magnitude
all three quadrupolar coupling constants. In our calcula
involving the spectra at temperatures above 26 K, only on
the latter was treated as a free parameter, the one tha
determined from the low-temperature spectra with the
accuracy. The same involves the calculations for orientat

Along with increasing resolution of the6b multiplets, and
therefore, a growing contribution of theEA andAE transitions
to theb multiplet, the spectra ought to be increasingly sens
to the possible occurrence of nonclassical jumps. For ori
tion II, our results derived from the experiments above 2
confirm these predictions. For instance, for the series of sp
measured at 28 K the overall rms error drops by abou
when the parameterk9 (5 kt 2 kK), initially kept equal to
zero, is then allowed to vary. The differences between the
fit” QE spectra calculated fork9 fixed at zero and those withk9
treated as adjustable parameter are shown in Fig. 5. Com
with the experimental spectra (middle column in Fig. 5),
former exhibit as a small but systematic deviation involving
amplitude of the central peak. This deviation disappears w
the parameterk9 is also optimized. In the work mention
above concerning the FID spectra, where only the pse
classical process was taken into account (5), the value of its
rate constant,k, at 28 K, was found to be 3.03 105 s21. It is
therefore nearly twice as large as the value ofkK determined
currently but it is close tokt (see Table 1). Also, at tempe-
ures above 28 K, the previous values ofk generally fall close
to the values ofkt than to those ofkK (see Table 1). In order
rationalize this somewhat puzzling observation, we perfor

TAB
Results of Iterative Lineshape Analysis

T/K D/MHz kK/1000 s21

22 2.2936 0.005 13.96 0.1
24 2.0046 0.003 26.96 0.1
26 1.6106 0.004 68.96 0.4
28 1.3246 0.001 172 6 2
30 1.0886 0.001 542 6 6
32 0.8656 0.001 1660 6 5
34 0.6636 0.002 3990 6 21

Note.In the last two columns, the corresponding results of Ref. (5), where
a Standard errors are given.
b Unpublished.
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simulations of FID and QE spectra using the complete Eq
and its approximate version in which the nonclassical dis
tive term was neglected. The latter will further be referred t
the AB equation. The main inference from these simulatio
that the adjustment of the single rate parameter,k, in the AB
equation to get a fair reproduction of the exact linesh
functions is critically dependent on the status of thea lines in
the calculated spectra. When these lines are clearly vi
similarity is achieved whenk is put equal tokK. When thea
lines collapse, using a visual similarity as the criterion of th
quality, one will concentrate at the best possible reprodu
of theb multiplets which become then a dominating elemen
the lineshape. This will be achieved whenk is put equal tokt,
provided thatkK and kt are of the same order of magnitu

1
ID and QE Spectra for Orientation IIa

kt/1000 s21 D/MHz k/1000 s21

— 2.10b 13.0b

— 1.89 28.5
— 1.62 75.5

3356 5 1.38 300
6706 11 1.13 660

17206 10 0.87 1400
28006 35 0.76b 3110b

ly the pseudo-classical process was taken into account, are displayed

FIG. 5. A comparison of selected experimental QE spectra at 2
(middle column) with the corresponding theoretical “best fit” spectra obta
with (left column) and without (right column) taking into account of
nonclassical dissipative term in the lineshape equation. The values of the
rate parameter,k, and D, obtained in the latter calculations, are (2.066
0.02) 3 105 s21 and 1.3206 0.001 MHz, respectively. The systema

eviation in the theoretically reproduced amplitude of the central peak, v
n the spectra in the right column, is absent from the spectra in the left co
LE
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285DAMPED CD3 QUANTUM ROTOR SPECTRAL LINESHAPE ANALYSIS
Figure 6 illustrates typical situations that may be encoun
when FID spectra of our crystal in orientation II, in the te
perature range where thea lines are collapsed, are consider
It is understandable that the discrepancies that may occ
the barely visiblea lines whenk is drifted far fromkK can
easily be sacrificed for the benefit of improved reproducib
of the dominating pattern. These observations explain wh
previous estimates ofk fall close tokK in the low-temperatur
region while they shift towardkt in the temperature ran
where thea lines are nearly invisible. In the experimen
spectra of the system considered, a sudden collapse ofa
lines occurs on passing from 26 to 28 K. We can there
rationalize our former observation of an unexplicable jum
k by a factor of 4 when the temperature is raised from 26 t
K, followed by a jump by only a factor of 2 upon furth
increasing the temperature by 2 K, which we left uncomme
on in Ref. (5).

It must be added that for temperatures above 26 K the re
f our former visual fits are not reproduced either by

terative fits based on the AB equation (such fits were alw
erformed at the penultimate stages of our iterative analy
his fact seems to contradict the arguments invoked ab
owever, unlike the human eye, the minimization algorith
ensitive to the possible discrepancies occurring for the
ants of the collapseda lines. At the temperatures of 28 and

K, an optimization of the single rate parameter delivers va
that fall closer to the corresponding values ofkK rather than t
those ofkt. As can be seen in the right part of Fig. 5,
propensity to maintain a fair fit of the (very small, but rep
sented by a large number of experimental points) backgr

FIG. 6. Theoretical FID spectra for orientation II calculated for the
layed values ofD, kK, andkt (middle column) and the corresponding spe

calculated using the AB equation with the single rate parameterk equal tokK

(left column) and tokt (right column). Note a striking similarity of the exa
ineshape functions to the corresponding approximate functions displa
he right column. For the assumed values ofkK the broad background sign
for which there are discrepancies are nearly invisible (see text).
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signal leads to a worsened reproduction of the dominatib
multiplet. Only at 34 K does the iterative algorithm based
the AB equation happen to reproduce the results of our fo
visual fits.

In Fig. 7, selected best fit spectra obtained in these ca
tions are compared with the corresponding experimental
tra and with the best fit spectra obtained using the com
lineshape equation (which are also displayed in Fig. 4). Fo
latter fits, the overall rms error is smaller than for the forme
about 9%. These results are remarkable due to the fact tha
seem to document the nonexistence of any “classical lim
the dissipative behavior of the CD3 rotor investigated cu-
rently: Inspection of the trends in the temperature depend
of kK andkt, visualized in Fig. 8,allows one to predict that
still higher temperatures these quantities will further dive

For orientation I, the magnitude ofa is close to its cond
tional maximum over all the orientations conforming to
monoclinic symmetry (for which the CD3 groups are magne-
ically equivalent). For this orientation, the spectra were m
sured also at 17 K. The lineshape fits for the latter experi
are shown in Fig. 9. The quality of these fits is not as goo
that for the experiments at orientation II, which in part may
due to the fact that at this low temperature only two steps o
otherwise four-step phase cycle could be performed, be
of very long relaxation time. Unlike for orientation II, t
spectra are sensitive to the intramolecular dipole–dipole
plings between the deuterons. The optimized dipole–d
coupling constant obtained at 17 K, assuming perfect thre
symmetry of the methyl group, amounts to 8206 13 Hz (the
corresponding theoretical value, calculated for the stan
geometry, is 1000 Hz). Estimates of the relevant system
rameters are listed in the legend to Fig. 9. Note that at

FIG. 7. Same as Fig. 5, but for the temperature of 34 K. The values o
single rate parameter,k, andD, obtained in the calculations with the neglec
he nonclassical dissipative term (the spectra in the right column), are (6
.1) 3 105 s21 and 0.7416 0.003 MHz, respectively.

in
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286 SZYMAŃSKI ET AL.
relatively low temperature the dissipation via pseudo-clas
jumps has not been frozen out. The underlying dissipa
mechanism is probably due to the incoherent tunneling
cerned with activation to the first excited torsional state (9, 10).
The possible impact of the nonclassical jumps on the
shapes could not be detected.

FIG. 8. Temperature dependence of the results of the lineshape an
iven in Table 1. Left scale: tunneling frequencyD (crosses). Right scale: ra

constantskK (open squares) andkt (full diamonds). For all values, the as-
iated standard deviations are too small to be visible on the scale of the
he tunneling frequency decreases almost linearly towards zero with in

ng temperature, while the rate constants exhibit a roughly exponentia
erature dependence. The Arrhenius plot ofkK(T) (not shown) exhibits sub-

stantial deviation from linearity in the low-temperature limit. The differen
betweenkK and kt indicate the occurrence of a dissipative process wit
classical analog (c.f. Eq. [3]). Note that at 28 K,kK andkt differ by almost a
actor of 2.

FIG. 9. Same as Fig. 3, but for orientation I at the temperature of 1
The labelsc andd mark impurity doublets (see text). The optimized value
D and kK are 2.5386 0.007 MHz and 76006 140 s21, respectively. Th
optimized values (in kHz) of the effective quadrupolar coupling constanqA,
qB, andqC are288.26 0.3, 130.66 0.3, and 16.46 0.6, respectively. For th
pertinent orientation parametersQ and f listed in the legend to Fig. 2, th
values calculated from the previous estimates (3) (see legend to Fig. 3) a
285.0, 131.8, and 14.0 kHz, respectively.
al
n
n-

-

For the spectra measured at 22, 24, and 26 K (wherea
lines remain still resolved), the fitting procedure has faile
reproduce the lineshapes of theb lines with an equally goo
accuracy as for orientation II. Only for thea lines do the fit
remain good. Fits of the central part of the spectra at 24 K
shown in Fig. 10. Just at this temperature the dissimil
between the experimental and theoretical spectra see
reach its maximum. In general, fits of such a quality as in
10, obtained for solid-state NMR spectra, would probabl
considered more than satisfactory. However, in the pre
context, where the focus is on details, one may start wond
about possible flaws in the theory and/or experiment t
blamed for these discrepancies. A deeper discussion o
possible reasons of the latter seems thus indispensable.

When analyzing the spectra for orientation II, we had
ready to worry about impurity signals. For that orientation,
a fortunate circumstance that the most intense of such sig
forming a typical static doublet, happens to occur outside
region of theb resonances (see Figs. 3 and 4). The o
impurity signals, which become visible only at higher tem
atures (e.g., the broad doublet marked “b” in Fig. 4), are
probably due to a small admixture of isotopomers with
tially protonated methyl groups. The spectral properties of
isotopomers of acetylsalicyclic acid were the subject of s
rate studies (22, 23). Their rotation patterns are also kno
(21). Due to the dependence on orientation of the intrag
dipolar couplings to the methyl protons, the widths a
thereby, the amplitudes of the2H resonances in such iso-

omers can differ considerably for different orientations. W
ncreasing temperatures, these resonances undergo m
roadening, coalescences, and, ultimately, motional na

ng; following the angular dependence of the quadrup

sis

re.
as-
m-

s
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f

FIG. 10. Same as Fig. 9, but for the temperature of 24 K, and only
central parts (theb multiplets) are shown. Now the impurity doubletc almos
ompletely overlaps with the outermost components of theb multiplets. The
ptimized values (in kilohertz) of the effective quadrupolar coupling cons

A, qB, andqC are287.0 6 0.2, 130.96 0.2, and 15.86 0.4, respectively
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287DAMPED CD3 QUANTUM ROTOR SPECTRAL LINESHAPE ANALYSIS
splittings, these lineshape effects are also strongly depe
on the orientation.

Taking all this into account and making use of the ab
mentioned rotation patterns, we can interpret the imp
signal markedd in Fig. 9 as arising from the deuterons oc
pying positionA in the isotopomers CHD2. As can be see
from the corresponding rotation patterns, the signals o
deuterons at positionC in this isotopomer must occur in t
region of theb lines; the overall integral intensity of th
hidden signal is about twice as large as that ofd. There may
also be a small admixture of the isotopomer CH2D, the trace
of which have probably been detected previously for
different orientations of the same crystal sample (4). One of the
signals of the latter, the one whose integral intensity incre
with temperature (22), would coincide with the outermo
omponents of theb pattern. It is this signal that may

responsible for the apparent amplitude increase of these
ponents, which is clearly visible in Fig. 10. The minimizat
procedure then tries to compensate such a deformation
cost of the worsened fit of the inner components. All of
must in turn impose some bias on the estimates of the sy
parameters. This is the circumstance which we could
properly assess when starting our calculations for orientat

In orientation II, in the low-temperature limit, all of the
signals fall far in the wings and are substantially broadene
the intragroup dipolar interactions with protons. Because
ditionally, in orientation II all of the individual signals of th
CD3 group are twice as intense as in orientation I, all of th
impurity signals are too small to be observed until at elev
temperature they coalesce into one doublet, that markedb in
Fig. 4.

The origin of the impurity signal labeleda in Fig. 3 and 4
remains, however, unknown. On the other hand, the si
labeledc in Figs. 9–11 may be due to a small fraction
deuterons which substitute protons in the carboxylic gr
(21). Unlike the case of the impurities from the partia
protonated isotopomers, the bias due to the presence ofc
signals was to some extent neutralized in the calculation
orientation I. The parameters of this signal determine
temperatures of 17 and 22 K were used in the analys
spectra at the temperatures where it completely overlaps
the signals of interest.

Despite the fact that the results obtained for orientation
generally biased, it seems instructive to compare them wit
results for orientation II which seem to be free of such a
and can therefore be regarded as accurate. Because in
preting the spectra of tunneling CD3 groups one will alway
face interferences with admixtures of unwanted isotopom
one must be aware of the possible limits of accuracy, reg
less of whether the fits are obtained by a visual comparis
in an automated iterative process.

For temperatures up to 26 K, the values ofkK, the evaluatio
of which is based mainly on the features of thea lines, are in
a perfect agreement, to within the respective standard e
ent
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with those obtained for orientation II (see Table 1). The va
of D, the information on which is contained in theb pattern, ar
smaller by 5–10% than those determined for orientation II
the temperatures of 28–34 K, the values ofD are nearly
identical, to within three standard errors, with those obta
for orientation II (at 28 and 30 K the FID spectra had to
excluded because of substantial baseline distortions origin
from very broad resonances of coalesceda lines). It is remark
able that the scattering of the results forD is practically the
same as in our previous studies based on a visual comp
of the experimental and simulated FID spectra (3).

For orientation I, optimization ofk9 5 kt 2 kK is technically
feasible already at 22 K (hereuau is about 1.25 times great
than for orientation II). However, at temperatures of 22,
and 26 K, the values ofk9 obtained at convergence are pr
ably biased by lineshape distortions due to the impurity sig
The corresponding values ofkt seem to be overestimated a
moreover, their temperature behavior is counterintuitive
value ofkt obtained at 26 K, of about 2.03 105 s21, is smaller
than the corresponding quantity at 22 K, 2.93 105 s21. On the
other hand, at 28 K the bias seems less severe sinc
estimates of bothkK andk9 at 28 K are in a fair agreement w
their counterparts determined for orientation II, namelykK

I (28
K) 5 (1.536 0.04)3 105 andkt

I (28 K) 5 (3.066 0.07)3
05 s21. Selected examples of the fits at 28 K are shown in

11. The somewhat better quality of these fits compared to
at 24 K is probably due to the fact that the motionally avera
signals of the CH2D and CHD2 isotopomers, which must occ
somewhere in the region of theb signals, are considerab
broadened at this temperature. At still higher temperature

FIG. 11. Same as Fig. 10, but for the temperature of 28 K. The imp
doubletc is now hidden under the outermost components of theb multiplets.
The FID spectrum was not included in the analysis because of ba
distorsions. The values of the effective quadrupolar coupling constantsqA and
qB, 286.6 and 131.0 kHz, respectively, which are the averages of the r
obtained from the spectra at temperatures 17–26 K, were not optimize
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signals of the CH2D isotopomer probably undergo motio
narrowing; its averaged signal can be expected to occur s
theb region. A growing amplitude of the latter may again p
an offense to the lineshapes of the signals of interes
consequence, in comparison with the corresponding v
determined for orientation II (see Table 1 and Fig. 8), abov
K the optimized values ofkK andkt behave less smoothly wi
emperature.

The simple model of rotor–bath interactions introduced
iously (10) affords a consistent, although only semiquan
ive, description of the temperature dependences ofD, kK, and
kt in terms of only a few adjustable parameters. The valu
the latter were determined in Ref. (10) on the basis of ou

arlier data forD and the single rate parameter (3, 5). Our
ttempts to refine the estimates of the model paramete
onfronting them with the more complete data displaye
able 1 did not lead to a substantial improvement of the fit.
resent aim is to modify the model in two aspects: (i) to re

he torsional potential according to a recent INS study on
rotonated compound (24) and (ii) to replace the linear roto
honon coupling by a more realistic interaction model.
resent low-temperature data onkt, which we could obtai

only from the spectra in orientation I, may be unreliable.
therefore intend to carry out additional NMR experime
aimed at observing the weak off-resonance signals in
frequency regions around6D, whose widths could provide

irect measure ofkt. Our general aim is to demonstrate tha
the studies on damped quantum rotation, NMR spectros
can play exactly the same role for deuterated species as
INS spectroscopy for protonated species.

CONCLUSIONS

We have shown that the wealth of information about dam
quantum rotation of CD3 groups, contained in QE spectra,
be fully explored in a broad temperature range, provided
the impact of admixtures of incompletely deuterated is
pomers can be accounted for. In our present research, the
condition was met for one orientation of the crystal in
external magnetic field. For this orientation, we could dem
strate that the recently proposed lineshape equation, w
apart from the familiar Alexander–Binsch term contains
additional dissipative term, is capable of describing even s
details of the spectra. We have obtained preliminary evid
in
e
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of the occurrence of this novel dissipative mechanism in
system studied. Our results seem to suggest that there
classical limit in the dissipative behavior of the system stud
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