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It is demonstrated that the wealth of information about damped
quantum rotation of CD; 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-CD; oriented specifically in the
magnetic field. Preliminary evidence of the occurrence of this
novel dissipative mechanism in the system studied is reported. The
results obtained seem to suggest that there is no “classical limit” in

protonated systems as well, has been reported reca®lyl
the present contribution, the NMR lineshape equation derive
in the latter work is confronted with the experimental spectra
the CD, group in a crystal of selectively deuterated acetylsa
icylic acid, measured up to temperatures where the incohere
processes dominate over the coherent tunneling. In our pre
ous study on the same model systef), the spectra were
measured using both the free induction decay (FID) and tl
guadrupolar echo (QE) techniquekl). The theoretical inter-
pretation of the observed QE patterns was, however, confin
to the low-temperature limit where the incoherent effects cou

the dissipative behavior of this system. © 2001 Academic Press be neglected. The latter work provides evidence of some &
vantages of the QE technique over the FID experiment |
studies on tunneling CPgroups. These include: (i) the elim-
ination of baseline distortions that normally occur in the FIC

L lid . hspectra covering broad resonances and (ii) a substantial am
Quantum rotation in solids at cryogenic temperatures Ngas,iio of some relevant details of the fine structure which a

been a subject of NMR investigations since the late 1960s. T@&rely visible in the FID spectra. The experimental QE spect
current trends in and the history of the NMR research involvi scribed in the present work were remeasured following t
the methyl group rotation has just been extensively review§ cedures described previous#) &nd using the same NMR

(1). Due to the progress in NMR studies on single crystals thafjjiies The FID spectra were remeasured using radiofr
was achieved in the recent decade, now even subtle detaﬂ;&;

\ X ) éncy pulses with exactly the same parameter settings as
the fine structure of the tunneling patterns are experiment e QE experiments.
accessible2-7). This is particularly true for CBrotors whose
’H resonances are not so much broadened by spin—spin inter-
actions as for protonated species. Effects of the coherent tun-
neling on the NMR spectra of deuterated methyl groups are
now well understood3; 8). The situation is less clear for the Below, a brief recapitulation of the relevant results of Ref
lineshape phenomena which evolve gradually with increasigo) is given. The dynamic model adopted therein, which i
temperature and reflect accelerated damping of the coherg@picted schematically in Fig. 1, involves a Yduantum rotor
motion of the rotor under impact of its condensed environmemrimbedded in a condensed environment acting as a therr
A preliminary quantum mechanical description of such effectsath. The rotor—bath interactions lead to vibrational relaxatic
involving CD; rotors with very large tunneling frequencieswithin the manifold of the torsional states of the rotor. Due t
was proposed by Heue®) A general theory, developed in arestrictions imposed on the thermal transitions by the symm
similar spirit, but free of such a limitation and covering therization postulate of quantum mechanics, the relaxation pr
cesses that generally fall in the picosecond range are inefficie
! To whom correspondence should be addressed. E-mail: sszym@icho.edIWJFh respect to some SpeCIfIC coherences between the torsio
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Rotor torsional levels constantk; is an analog ok involving the (only) long-lived
\ N A\ . / Thermal energy levels coherence between thg sub_levels of symmAtqnq any of t_he
) WY L Y L T A Kramers sublevels; this unique coherence oscillates with fr
\ \ /[ ) N quencyA which is a quantum-statistical average (but, in ger
THTTYTANTTT AT TTT [ Rotor—bath \ ———=——4— eral, with non-Boltzmann weights) of the tunneling splittings a
\ / \ / \ / < interactions > e e —— the sequential torsional levels. The quantitesandk, can be
S P (S e o R ——— identified (0) with the half-width-at-half-height of the
f\/ _______ Eafp —— quasielastic and inelastic lines, respectively, in the inelast
\ \ Vo A e H neutron scattering (INS) spectra of Ylbtors; the quantities
o 5 . +hA are the energy shifts of the inelastic Stokes and an
$ Stokes lines 4, 12-14. The total Hamiltonian in the first

FIG.1. The dynamic model of a methyl-like quantum rotor in contactWithcomr_m'lta_tor of Eq. [1] IS Just the Iong-known effectlve_sp|r
thermal bath, adopted in Refl@). The rotor—bath interactions affect the 1a@miltonian of Apaydin and Cloughlg). However, outside
torsional coordinateg, only; accordingly, they do not couple the torsionalthe low-temperature limit not only the tunneling frequenty,
states of different symmetrieE = A, E,, and E,. The fast vibrational but also the Larmor frequencies, the dipole—dipole, and tt
relaxation processes induced in this way within the rotor system spare Cer‘aiﬁadrupole coupling constants, which enter its respective tern

quantum mechanical coherences engaging pairs of the torsional sublevelg at _ L
the individual torsional levels. For each pair of symmetry labedndl™” there S'sa parameters, are all quantum statistical averages over

is only one such coherence that is sufficiently long-lived to be observable WSiqnal _ladder of the per_tiner_lt dynamic Variab_|es in the exa
the NMR time scale. The long-lived coherences,,(E,) ((Es, E,)) are Hamiltonian. In extreme situations, e.g., for torsional potentia

damped with the rate constaki and €., A) and €, A) (A, E.) and (A, with flat minima, the familiar [3 co® — 1]-angular depen
Eb)) with rate constank;. The oscillation frequenC)A (_A), of the latter is dences of second-rank tensorial interactions may Only apprc
a temperature-dependent average of the tunneling splittings at the sequem'ﬁ . .
torsional levels; the oscillation frequency of the former is zero. tely be \_/a“d' In what follows, we abandon as_sumptlon
about a particular angular dependence of the effective quad
polar Hamiltonian in Eq. [1] as well as about possible;)(C

individual components transform as the respective symmefymetry relationships between the EFG tensors at the in
speciesA, E,, andE,, of the cyclic group G (which describes vidual deuteron sites. Instead, it will be parametrized in termn
the intrinsic symmetry of the system in configuration spac three effective quadrupolar coupling constangs, ds, and
rather than the geometric symmetry of the rotor—the latter c8a: corresponding to the three equilibrium sites of the deute
be nonsymmetric). It is these long-lived coherences that &8S In @ given orientation of the GDyroup relative to the

observed in NMR experiments on tunneling methyl groupg_xternal magnetic field. These effective quantities are norm

The spin-space correlations due to the symmetrization posffd In such a way that the secular part of the quadrupol

late allow one to project the dissipative rotor dynamics solefy@miltonian, which is the only relevant part in the preser

onto the spin manifold. The effective equation of motion fof@NteXt, can be written as

the spin density matrixp, of the X and Y nuclei, obtained in

this way reads: h

Ho=72 > o315 — 11+ 1)]. [2]
=AB,C

D

i[ . A . hA . .
dp(t)/dt = — H,+ Hp + Hg — 3 (P+ P, pt)

4kt_kK ~ -1 @ A_1 ~
—T[P-FP [P+ P ,p(t)]]

The form of the dissipative terms in Eq. [1] may sugges
that the equation remains valid only as longlkas> ky/4.
Ko . . i i Such a proviso was actually made in Ref0). It will be

— E[p —-PL[P =P, p)]], [1] shqwn later on th_at th|s. is a needless restriction, and tl
validity of Eq. [1] is retained for any values &6 and k.

These dissipative terms can be formulated in several equ

where none of the operators is dynamically dependent on thent ways. In the present context, of particular interest wi
spatial coordinates of the tunneling particles. In Eq. [1], thss the following form:

symbolsH, (I = Z, D, Q) designate the effective Zeeman,
dipolar, and quadrupolar spin Hamiltonians, respectively, and
P represents cyclic permutation of the spin variables of the X Ke A .
unit. The rate constark, entering Eq. [1] describes damping — 3 [2A(t) = Pp()P~* — P "5 (1) P]
of the unique quantum coherence which engages pairs of the

torsional sublevelg, andE, (the Kramers pairs) and which is ki — K

spared by the rapid vibrational relaxation processes. The rate 2

[p(t) — Up(0], [3]
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where a

N
O=3[1-2(P+P] [4] 2

P

is a unitary, self-inverse matrix. In the formulation of Eq. [3],
the term proportional té& can easily be recognized to be the
familiar Alexander—Binsch (AB) terml@, 17 which was orig-
inally introduced to describe effects of classical exchange, or b
random jumps, in spin-coupled systems of like, nonisochro- B~0
nous nuclei. However, for a tunneling methyl group one can
only speak about pseudo-classical jumps, because such jumps
may occur via activated incoherent tunnelid@)( As to the
remaining term, that proportional tb' = k, — kg, in the
instances wher&, = ki (which inequality seems to be gen
erally fulfiled by the corresponding quantities in the INS
spectra of protonated methyl groud8( 19) its very form also
calls for an interpretation in terms of random jumps of someF!G. 2. Simulated low-temperature FID spectra of a £LGroup with
sort, ones represented by the unitary operaﬁorSince the perfect tetr_ahedral symmetry, for a tunneling frequency_ Qf 3 MHz_;_a>_<|a
. . . - mmetry is assumed for the EFG tensors at the individual equilibriui

latter describes transformation from a Iocahzgd to %Spec'f'caﬂ uteron sites, with the unique principal axes directed along the respect
delocalized state of the rotor (or vice versa, b = 1) (10), c-D bonds. Quadrupolar coupling constants of 170 kHz were assumed for
such jumps can have no classical analogs. The question dfidvidual deuterons. Orientations of the external magnetic field are describ
more precise interpretation of such nonclassical exchariyghe polar angle® and of 72 and—84°, respectively, in (), and of 55 and
terms must currently be left open. At the end of the prese—?7°_, respectlyely, in (b), in the molecular frame \_Nhasaaqs is parallel tothe

. . . - . Cj axis and points to the rest of the molecule, whilextexis points along the
section we will Only see that a formulation of the dISSIpat'vﬁrojection of a C-D bond onto the plane perpendiculaz.tdhe quantitiesx
part of Eqg. [1] exclusively in terms of nonclassical jumpindg are defined in the text.
operators of the above sort affords immediate evidence of a

general validity of that equation. o __In the limit of |a/A < 1, the properties of the Apaydin and
Below, wg consider effects of t_he dissipative terms, _us'r@lough Hamiltonian in Eq. [1] can be discussed using a sp
the formulation of Eq. [3], on the lineshapes of CIOrS In - p,qiq'set adapted to, 6ymmetry. In this limit, the Hamiltonian
the limit of a large tunneling frequency. The structure %atrix elements that connect basis states of symmetnjth
deuteron spectra of such systems in the absence of dissipaiglis states of symmetrids, and E, become strongly non
was discussed in detail in ReB)( The limiting spectral pat- soqjar and can be neglected. Accordingly, the eigenstates
terns for two different orientations of the rotor in the externgly jassified as purA states or combinations d, and E,
magnetic field are displayed in Fig. 2. The quantifi€sandB  giates; that is, a& states in brief 8, 9). Of the transitions
describing these limiting patterns were defined previously Uggqwn in Fig. 2, those at|a| + B and +2a| = B (the “a”

der the assumption that the EFG tensors at the individygl,gjions) are pur&E transitions, while each of the lines at
deuteron sites obey Gsymmetry. Redefined in terms of they o frequenciest B (the “B” lines) is a superposition of pure

effective quadrupolar coupling constants of Eq. [2], these WO transitions and pur&E transitions (in 5 to 1 proportion).

quantities are Transitions between eigenstates of different symmetries, tt
is, AE andEA, have nearly zero intensity and occur far in the
1 wings, in the frequency regions aroundA. Now, one can
B=3 (Qa + Ge + do) easily see that the dissipative term in Eq. [3] which is propol
tional tok, — kg, or the nonclassical term, has no effect on thi
pure AA and pureEE transitions (note thal|Ti (Tj|U ! =
ITi)(Tj| for any pair of eigenstatésand;j of symmetryl’ = A,
E). This term can only affect transitioWsE andEA, but these
wheree = exp(2mi/3). Theparameteta| is a synthetic mea- fall far beyond the frequency region normally observed. On tr
sure of the differences between the magnitudes of the effectatber hand, the dissipative term proportional kg, or the
guadrupolar coupling constants; for the orientations whepseudo-classical term, spares only the pAw transitions,
la| is of the order of the natural line broadenings, practicallwhile it can potentially affect all of the remaining transitions
no information about the rotor dynamics is contained in th&ccordingly, in the limit of large\, the bath-induced processes
spectra. will cause broadenings, coalescences, and, eventually, n

< |al><+lal—

~— 2lal—r—2la|l—

«|a|>+{a|>

« 2 |a] »+<2|al —

1
a= 4 (0a + €05 + €*Qc), [5]
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tional narrowings of th&E resonances. These effects will be 1 . . £
particularly strongly reflected in the shapes of thelines, V=3I[1-2(eP+eP)]. (6]
while the AA lines at=g will remain unaffected. The above

reasoning remains valid as long as> k, k.. An essentially e O h of th tri ¢ itary t f
equivalent description of the lineshape effects in the Iimli'tI € U, each of these malrices represents a unitary transt
mation of a localized state of the rotor into a specifically

defined above is given by the already quoted Heuer thé)ry ( . . .
When the inequalityal/A < 1 becomes weaker, the eigen_delocallzed state of the latter (or vice versa). Now, the pertine

states of the Apaydin and Clough Hamiltonian lack their purtgrms. |n.Eq. [1] can be rearranged in S.'UCh a way that tt
A and pureE properties. Still, the modified eigenstates wiIFontrIbUtlons of _the rate processes describedbpndk, are
bear either a dominatind or a dominating character. In separated, that is,
other words, the former pufeE and AA transitions will now
each contain admixtures of thEA and AE transitions (to Ke . N N S RPN
second order inal/A, there is no mixing ofAA and EE ~ g [PV + Up(OU = VRV = V*p(DV*]
transitions). A further reasoning based on second-order pertur- K
bation calculatmns_reveals that these effects W|II_be most — ft [p(t) — Up(t)0]. [7]
pronounced for the intens®A singlets at the frequencieis,
which will now be turned into multiplets, and effectively into
triplets, with the splittings being of the order ofi*/A. Owing The dissipative character of the term proportiongk téor any
to the admixture of thé\E and EA transitions, the individual (positive !) value ofk, is now evident. In order to show the
components of such multiplets will now become sensitive &ame property for that proportional kg, we first note that the
both the pseudo- and the nonclassical dissipative procesggeduct of any two of the three (mutually commuting) unitary
Normally, A decreases as the temperature is increased so tmatricesU, V, andV* entering that term gives the remaining
the contribution of the latter transitions to tige multiplets matrix with minus sign0OV = —V*, OV* = —V, andVV*
increases with temperature. Numerical simulations reportedsn —U. Therefore, the set of their Kronecker produdisx
Ref. (10) confirm that, indeed, at elevated temperatures the (= U x U), V x V* and V* x V, which are the
impact of the nonclassical process on the lineshapes of thésauville space transcripts of the respective unitary transfol
multiplets can be quite substantial. However, if it happens thaations orp entering the first term in Eq. [7], augmented with
in the temperature range where the spectra are sensitive tottieunit transformation & 1, form an Abelian, four-element
latter process the difference betwderandk, becomes small, group. Accordingly, the entire term can in Liouville represen
the nonclassical effects can easily be overlooked. This mayta#ion be expressed as a (unnormalized) group-superproject
the reason why the occurrence of such effects has not beenthe supervectdp)), where the superprojector is concerne
noticed so far. with the irreducible representation in which the group elemen
It is clear that the dissipative terms in Eq. [1] cannot mig x 1 andU x U are represented by 1 and thdge< V* and
transitions (and, precisely, coherences) from different symmé* x V by —1. Therefore, the term under discussion retains i
try manifolds {AA}, { EE}, { AE}, and {EA}. Exploiting the dissipative character for any value kf since for any such
latter property, one can also explain the NMR behavior of arfpositive !) value it is represented by a negative (semi-)defini
methyl-like system in the instance where the rate constantsmatrix. Therefore, the restriction of Rell@) limiting the range
andk, are much larger thafe| while A can be of any magni of validity of Eq. [1] to the instances where = k./4 is
tude. This could especially be suited to discussing the NMRimaterial; in reality, it involves one of the possible ways o
lineshapes of CProtors in the high-temperature limit. Thisinterpretation of the stochastic terms in that equation.
somewhat intricate problem, having immediate consequencesn the sequel we will use the formulation of Eq. [3] for these
for the spin relaxation theory, will be addressed under a séprms, because this specific formulation will facilitate a comr
arate cover. In the present contribution, we only mention thparison of the results obtained currently with those reporte
in considering the high-temperature behavior one must ta&arlier 6). Possible ambiguities regarding the concepts ¢
into account the possibility that the rate constkhttan turn nonclassical jumps will be avoided in what follows, becaus
into a negative, which would undermine the significance of nany reference to a nonclassical dissipative process will fro
only the nonclassical but also the pseudo-classical (AB) terniere on involve the nonclassical jump process defined in E
As has already been mentioned, a general formulation of tf8, regardless of whether its corresponding rate paramieter,
stochastic part of Eqg. [1], bringing out the dissipative charactisr positive or negative. The fact that, as we shall see later c
of the latter for any values & andk,, can be arrived at at the the latter possibility may actually be encountered in practic
cost of abandoning the notion of pseudoclassical jumps. Ican serve as a warning against taking the interpretations of b
stead, one can introduce two more sorts of nonclassical jumptthe exchange terms in Eq. [3] too literally.
described by unitary selfinverse matridésand V* which are Equation [1] with only the AB term retained has alread)
close analogs of), namely, been applied to interpréH and **C FID spectra of several
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damped methyl rotors5¢7). No systematic attempts have samicroseconds4)) than the echo times, because of an instru-
far been made to use its full version to interpret experimentalental delay.

spectra of methyl groups. In the present study, an iterativeln measuring the FID spectra, the NMR signal following the
least-squares fitting algorithm based on Eq. [1] is used stimulating pulse was processed according to the procedt
compare the theoretical and experimental lineshapes of bd#scribed previously4j. In the cases where there are nc
QE and FID spectra of the single-crystal sample mentionedriesonances far in the wings, a fair theoretical description of tl
the Introduction. The spectra analyzed in the present studhD spectra obtained in the above way can be made usinc
were measured for two orientations, | and Il, of the crystal, f@implified version of Eq. [8] in which the exponential super
which the limiting low-temperature spectra resemble the properators as well as the superoperator representing the sec
totype patterns in Figs. 2a (I) and 2b (11). Precise characteristigglse are omitted. If the spectral width becomes comparat
of these orientations are given in the legends to Figs. 6 (I) amith 1/7,, which takes only place in the low-temperature limit.
5 (Il) in Ref. (4). It ought to be mentioned here that for each cd reasonable approximation is to eliminate from Eq. [8] the fir:
these orientations the external magnetic field is parallel to tegponential and the second pulse superoperators, while
monoclinic plane of the crystal (whose space group2s/c refocusing superoperator is still retained. In the latter supero
(20)), which renders both CPgroups in the elementary cellerator, the dissipative part can be neglected (the dissipation

magnetically equivalent3j. slow at low temperatures) and the refocusing time &, is to
be replaced by an adjustable (see belavegativetime incre-
COMPUTATIONAL DETAILS ment 6, whose magnitude ought to be roughly equalrj2.

This is an approximate description of the operation of a
The lineshape of a QE spectrum measured following tlgptimal localization of the time origin of the NMR signal
procedure described previousH) can be concisely describedwhich is an essential ingredient of the procedure quoted abo
using the Liouville space notation, namely, introduced in order to minimize frequency-dependent pha:
distortions. The errors introduced in this way are much small
_ 1 than in the case where an ideal RF pulse (i.e., one of infinite
eXP[<—IL’ + X = 2aT% 1)(7 + 59)] short duration) was assumed in the calculations of the FI
) spectra.
B In both FID and QE experiments, appropriate phase cyclir
Sox 1 L

27T schemes were employed to eliminate channel unbalance anc
the QE experiments, the impact of even-order coherences t

. 1 . : ) :
e l'[uexp[ ( | A —— 1) 7] arise after the first RF pulse due to pulse imperfections and ¢
27T then turned into an observable NMR signal by the secor

M(w) = <<F+

x[—i(L+w1)+X—

pulse.
X Mys a2 Fz>>a [8] A FORTRAN computer program was written to calculate
both FID and QE spectra according to Eqg. [8], with an accoul

where the superoperator representing a radiofrequency puls%otpe appropriate phase cycling. The (super)matrices enteri

durationr. and amolitudas. applied alond axis = X or - € equation have dimensions of 729729 and are too large
o P 1app 9 - =Y to be handled efficiently. They were therefore factored int

?:'tzig{;?:ésssnbgyw'th an average Larmor frequency of tr?r('%dep(_endent blocks of smaller dimension_s by explo?ting son
of their natural symmetries. The block-diagonalization of th
individual superoperators in the exponentials and in the rec
I, = exp{[—i(wlFE’ FL) 4+ X — i* 1]7 } 9] angulgr brackets_ in Eqg. [8] was achieved by exploiting con
27T, 8 mutation properties of all of these operators with the set ¢

mutually commuting superoperatofs, F;, andFf (the two
with F? denoting the commutatofF[,, ]. As described previ latter are the left- and right-translation components, respe
ously @), the pulse settings were carefully adjusted to emulatigely, of F2). Neglect of the dipole—dipole interactions-be
ideal /2, on-resonance pulses, which is crucial for obtainingveen the’H nuclei would result in a further increase of the
nondistorted QE spectra. In Eq. [B]is the super-Hamiltonian, symmetry of the superoperators involved. However, as wi
expressed in angular frequency units, generated by the Hdorther be commented upon in the sequel, intramolecular c
iltonian of Eq. [1] in which only the secular partslfilfQ andA, polar interactions are generally relevant and cannot be r
(the parts which commute withi,) are retained, antl’ is the glected in the above context. On the other hand, they are tota
part of L which is time-independent in the rotating frame; Xrrelevant in calculating the pulse superoperators. In the latt
collectively denotes the dissipative terms in Eq. [1]. The ref@ontext, the possible off-resonance shift of the pulse frequenc
cusing time after which the maximum of the echo is observaehich might still be left despite careful pulse adjustments, ce
must be set longer by an incremeit(of the length of a few also be safely neglected. With both of these two (small) tern
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neglected, the superoperators entering the exponential in Bons are related by a perfect threefold symmetry. The validit
[9] simultaneously commute with the set of mutually commubf these assumptions was further confirmed in the studies
ing superoperator®?, Q}, andQf, whereQ, = 3, ,sc 1%. partially protonated CKD;_, groups 21-23. It was tempting
As a result of these commutation properties, the largest bloick check whether the relevant system parameters could
that had to be handled in calculating the pulse superoperatevaluated directly from spectra, without any simplifying as
was only of the dimensions of 144 144 and of the dimen- sumptions and in a possibly most objective way. We first trie
sions of 42X 42 at the stage of calculating the spectrum at ttite apply the minimization routine described above to the ind
desired frequencies. vidual FID and QE spectra, but then convergence problen
The routine to calculate the QE and FID spectra was enmvere often encountered, and the results obtained from spec
ployed in a least-squares minimization program based on timeasured at the same temperature were sometimes incon
Gauss—Newton iterative algorithm. The derivatives enterinignt. The policy of analyzing simultaneously the whole sets
the Hessian matrix were approximated by the correspondiggectra measured under given experimental conditions t
guotients of finite increments. The minimization program wgsoven much more effective, despite large sets of paramet:
designed to be capable of handling a number of QE and Fibat had to be fitted.
spectra simultaneously. Actually, the input data for a single The sets of FID and QE spectra, each including one FID a
minimization run can include up to nine spectra measured atight QE spectra, were measured in the temperature range
given temperature for a given orientation of the crystal in tH&2 to 50 K; for orientation I, the measurements were als
magnetic field. Owing to such a policy, essentially no conveperformed at 17 K. In the low-temperature limit, that is, up t
gence problems were encountered despite a large numbeR®K in our case, the fine structure of thdines is still visible.
parameters being fitted simultaneously. The parameter setAdove 34 K, the spectral patterns lack any fine structure; tt
cludes three “local” parameters for each of the input spectifés were performed only for the experiments below 36 K. Th
the amplitude factor, the baseline position, and the shift of tirformation content in the spectral lineshapes diminishes gra
frequency axis of the given spectrum relative to the origin ofwally along with increasing temperature. The computation
common frequency scale (for the FID spectrum, also the pstrategy had to be modified accordingly on passing to tt
rameterd;). Beyond that, it includes “global” parameters, ofntermediate- and high-temperature regions. The relevant c
which each can potentially affect the lineshapes of all of thails of the calculations are discussed below.
spectra. Among these global parameters there are two of thén the low-temperature limit, together with the system ps
adjustable instrumental parameters: the pulse amplitwde, rameters, it was also possible to determine the experimen
and the time delag.. The global parameters of central interegbarameters;, 6., andw,. As expected, the obtained values of
in the present study include the effective tunneling frequendy, are negative. For orientation | and Il they are approximatel
A, the damping-rate constaritg andk’ = k, — kg, and, for equal to one-half and one-third, respectively, of the puls
each of the two crystal orientations, the corresponding setdiration 7, = 2.3 us. For both orientations, the optimized
three effective quadrupolar coupling constanis,gs, andgqc. magnitude ofs, is about 1.8us, again in agreement with the
In the course of data handling it came out that some impurigxpectations. The optimized magnitude @f2= amounts to
signals visible in the spectra had also to be accounted for in th@8.2 kHz for orientation Il and 105.2 kHz for orientation I. In
calculations. These signals are typical quadrupolar doubl#te analysis of spectra from temperatures above 26 K, t
with no features due to tunneling. The set of global parametgrarameterss, and w, were kept fixed (as has already beer
had to be augmented by lineshape parameters of two suméntioned, in calculating the FID spectra, the term depende
doublets (the lineshapes of the impurity signals were calculated &; was neglected). The results obtained for the abo\
assuming ideal pulses). It had also to be augmented by teerimental parameters confirm that the theoretical model
“natural” line broadening W#T%, and, for one of the two the QE experiment, displayed in Eq. [8], is realistic.
orientations of the crystal, by an effective dipole coupling The intramolecular dipolar interactions between the deute

constant between the deuterons within the;@Doup, d. ons, calculated assuming the standard geometry of a met
group, small as they are, were nevertheless accounted for in
RESULTS AND DISCUSSION lineshape equation. For orientation Il, the lineshape fits we

repeated for the dipolar coupling constamy, varied in rea
In the previous NMR studies on acetylsalicylic acid-CDsonable limits, and the obtained results were practically t
(3, 5), basic characteristics of the tunneling system were deame. A different behavior was observed for orientation
termined by the combined use of several NMR techniqueshere optimization ofl.; was possible (see below).
including a visual comparison of the experimental and simu- As is seen from Eq. [8], for all of the resonances iptbe
lated FID spectra. The parameters entering the quadrupatatural lineshape was assumed to be a Lorentzian of the wic
Hamiltonian were determined under assumptions that, first, the= 1/7T%. This approximation is probably not unrealistic in
EFG tensors at the individual deuteron sites are axially symiew of the quality of the obtained fits, especially for orienta
metric, and second, the corresponding three principal dirdmn Il. In the analysis of the spectra for temperatures up to 3
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T/us mation would be more readily extractable from the spect
measured for orientation | than for orientation Il. For reasor
0 alla which will be discussed later on, the real situation has prove
to be quite the reverse. Fully consistent results could be o
tained only for orientation Il. Selected examples of the fit

26 obtained for the latter are displayed in Figs. 3 and 4. Th

M—J\\M quality of the remaining fits for orientation Il is similarly good.
The estimates of the quantitiés, k¢, andk, describing the

38 dissipative tunneling are collected in Table 1.
n The spectra in Fig. 3 are representative for the low-tempe

ature region where the spectral pattern is dominated by coh

16 ent tunneling and the dissipative processes are slow relative
|a|. Despite the fact that for orientation I thg lines show

relatively poor fine structures at low temperatures, the info

54 mation about the interesting system parameters, contained

the whole sets of FID and QE spectra, has proven to be nea
complete. At each of the three temperatures wherexthiees

FIG. 3. Selected experimental QE spectra of acetylsalicyclic acid-cmre still resolved (22, 24, and 26 K in our case), the fittin

(solid lines) and the corresponding theoretical “best fit" spectra (dotted lingsfjocedure delivers also estimates of the effective quadrupo

for the displayed values of echo time € 0 designates the FID spectrum), forcoup"ng constantg,, qs, andqc. A comparison of the present

orientation Il at 24 K. The labed describes an impurity doublet. The values . .
(in kilohertz) of the effective quadrupolar coupling constam(s ds, andd. results for the quadrupolar coupling constants with the valu

obtained at convergence are67.5 = 0.3, 81.7+ 0.2, and—13.1 = 0.5, determined previously3] is made in the legend to Fig. 3.
respectively. For the pertinent orientation paramet@rand ¢ listed in the It follows from the considerations of the Theory section a
legend to Fig. 2, the values calculated from the previous estimates, basedagll as from the lineshape simulations that for orientation Il th
the gssumption that the properties of EFG tensors are as specif_ied in the _'GQBW—temperature spectra should be relatively insensitive to tl
to Fig. 2 @), are—64.3, 81.3, and—_15.9 kHz, respectlvely. TheT dlscrepanmesraﬁe constank’ = k, — k. of the nonclassical jumps. Indeed,
between these two sets of estimates can be explained in terms of small’ . . .
deviations, by no more than 1°, of the relevant EFG axes from the tetrahedfdl inclusion ofk’ into the set of the fitted parameters does nc
directions. lead to a reduction of the overall rms error by more than 0.59
in general, the optimized value kf proves to be dependent on
the assumed initial value. The estimates of the remainir
K, the fits were sensitive toav so that this parameter wasparameters, obtained at convergence under assumption-of
optimized; the corresponding standard errors were of the order
of a few hertz, that is, very small in comparison wit the values
of w which for both orientations vary in the limits of 1700—
1950 Hz. For each orientation, the optimized values @bme T
in pairs. Within each pair, the difference between these values
is of the order of the corresponding standard errors while the
differences between the pairs can reach as much as 200 Hz. A
closer look at these results reveals that each such pair corre-
sponds to the experiments performed at exactly the same
setting of the goniometer (the given orientation of the sample,
I or Il, was always left unchanged when passing to the next
temperature). The rotation axis may slightly deviate from the
direction of the monoclinic axis, which may render the two 46
CD; groups in elementary cell slightly nonequivalent. Thus,
the scattering of the results far may simply reflect imperfect 54 @ a
reproducibility of the goniometer settings or, in other words,
imperfect reproducibility of these small deviations from equiv-
alence. In handling the data at higher temperatures, the magrG. 4. Selected experimental QE spectra (solid lines) and the correspor
nitude ofw was kept fixed, equal to the average of the valué®g theoretical “best fit” spectra (dotted lines) for the displayed values of ect
estimated at lower temperatures. time for orientation Il at the temperatures where théines are no longer

. . . . visible. The values of the effective quadrupolar coupling constgnendqg,
For orientation I, the magnitude ¢’f"| is smaller by some —64.6 and 83.6 kHz, respectively, which are the averages of the resu

25% than for orientation I. As the splittings of tifelines are  gptained from the spectra at temperatures 22-26 K, were not optimized. Ni
proportional to|a|?, one could expect that the relevant infora second impurity doubleb, now emerging in the spectra at long echo times
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TABLE 1
Results of Iterative Lineshape Analysis of FID and QE Spectra for Orientation 11°
T/IK A/MHz kq/1000 s* k/1000 s* A/MHz k/1000 s*
22 2.293+ 0.005 13.9- 0.1 — 2.10 13.0
24 2.004+ 0.003 26.9= 0.1 — 1.89 285
26 1.610= 0.004 68.9+ 0.4 — 1.62 75.5
28 1.324+ 0.001 172 = 2 335+ 5 1.38 300
30 1.088+ 0.001 542 + 6 670+ 11 1.13 660
32 0.865* 0.001 1660 = 5 1720+ 10 0.87 1400
34 0.663= 0.002 3990 *21 2800= 35 0.76 3110

Note.In the last two columns, the corresponding results of R&)f.\Where only the pseudo-classical process was taken into account, are displayed.
* Standard errors are given.
® Unpublished.

0, remain practically unchanged whé&n also is allowed to simulations of FID and QE spectra using the complete Eq. [:
vary. In our previous analysis, based on a visual comparisonaofd its approximate version in which the nonclassical dissip
the simulated and experimental FID spectra, where only thiee term was neglected. The latter will further be referred to ¢
pseudo-classical process was taken into account, the valuethefAB equation. The main inference from these simulations
its rate constank, determined at temperatures up to 26 K arthat the adjustment of the single rate parameétein the AB
in good agreement with the corresponding valuekofleter equation to get a fair reproduction of the exact lineshay
mined currently (see Table 1). functions is critically dependent on the status of thines in

Above 26 K, thea lines coalesce and further undergo &he calculated spectra. When these lines are clearly visib
gradual narrowing, while the multiplet structure of the8 similarity is achieved whek is put equal tdky. When thea
resonances becomes more and more apparent. The spectrines collapse, using a visual similarity as the criterion of the f
longer contain sufficient information about the magnitudes gliality, one will concentrate at the best possible reproductic
all three quadrupolar coupling constants. In our calculation$the 8 multiplets which become then a dominating element c
involving the spectra at temperatures above 26 K, only onetbe lineshape. This will be achieved whieis put equal td,,
the latter was treated as a free parameter, the one that wesvided thatky, andk, are of the same order of magnitude.
determined from the low-temperature spectra with the least
accuracy. The same involves the calculations for orientation I.

Along with increasing resolution of th& 8 multiplets, and,
therefore, a growing contribution of tleA andAE transitions
to theB multiplet, the spectra ought to be increasingly sensitive
to the possible occurrence of nonclassical jumps. For orienta-
tion Il, our results derived from the experiments above 26 K
confirm these predictions. For instance, for the series of spectra J\/\K
amplitude of the central peak. This deviation disappears when JW\
the parametek’ is also optimized. In the work mentioned
above concerning the FID spectra, where only the pseudo- « 26 kHz—
classical process was taken into accou)t the value of its g 5. A comparison of selected experimental QE spectra at 28 |
rate constanty, at 28 K, was found to be 3.8 10° s *. ItiS (middle column) with the corresponding theoretical “best fit” spectra obtaine
therefore nearly twice as large as the valuepfdetermined Wwith (left column) and without (right column) taking into account of the
currently but it is close tk, (see Table 1). Also, at tempera nonclassical dissipative term in the lineshape equation. The values of the sin
tures above 28 K, the previous valuesajenerally fall closer rate paramete[lf and A, obtained in the latter calculations, are (2.66
02) X 10° s* and 1.320*+ 0.001 MHz, respectively. The systematic

measured at 28 K the overall rms error drops by about 8%
to the values ok; than to those ok (see Table 1). In order to deV|at|on in the theoretically reproduced amplitude of the central peak, visib

when the parametet’ (= k, — Kg), initially kept equal to
zero, is then allowed to vary. The differences between the “best
rationalize this somewhat puzzling observation, we performedhe spectra in the right column, is absent from the spectra in the left colum

fit” QE spectra calculated fde' fixed at zero and those witti
treated as adjustable parameter are shown in Fig. 5. Compared
with the experimental spectra (middle column in Fig. 5), the
former exhibit as a small but systematic deviation involving the

e
e
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A/MHz k/1000s 1 k,/1000s~1 signal leads to a worsened reproduction of the dominging
multiplet. Only at 34 K does the iterative algorithm based o
the AB equation happen to reproduce the results of our form
visual fits.

In Fig. 7, selected best fit spectra obtained in these calcu
tions are compared with the corresponding experimental spe

0.87 1500 1000 tra and with the best fit spectra obtained using the comple
lineshape equation (which are also displayed in Fig. 4). For tl
latter fits, the overall rms error is smaller than for the former b

1.08 400 750 about 9%. These results are remarkable due to the fact that tl
seem to document the nonexistence of any “classical limit” |
the dissipative behavior of the GDotor investigated cur
rently: Inspection of the trends in the temperature dependenc

1.32 160 380 of k¢ andk,, visualized in Fig. 8allows one to predict that at
k= kg k = ky still higher temperatures these quantities will further diverge
+—24 kHz—» For orientation I, the magnitude of is close to its condi-

FIG. 6. Theoretical FID spectra for orientation Il calculated for the distional maximum over all the orientations conforming to the
played values of\, ki, andk, (middle column) and the corresponding spectramonoclinic symmetry (for which the CDgroups are magnet
calculated using the AB equation with the single rate paranketeual ok« jea|ly equivalent). For this orientation, the spectra were me
(left column) and tdk, (right column). Note a striking similarity of the exact . . .
lineshape functions to the corresponding approximate functions displayedslHred also ?t 1_7 K. The Ilneshape fits for t_he_latter experime
the right column. For the assumed valuesptthe broad background signals aré shown in Fig. 9. The quality of these fits is not as good :
for which there are discrepancies are nearly invisible (see text). that for the experiments at orientation Il, which in part may b

due to the fact that at this low temperature only two steps of tl

otherwise four-step phase cycle could be performed, becat
Figure 6 illustrates typical situations that may be encounterefl very long relaxation time. Unlike for orientation Il, the
when FID spectra of our crystal in orientation Il, in the temspectra are sensitive to the intramolecular dipole—dipole co
perature range where thelines are collapsed, are consideredplings between the deuterons. The optimized dipole—dipo
It is understandable that the discrepancies that may occur éoupling constant obtained at 17 K, assuming perfect threefc
the barely visiblex lines whenk is drifted far fromky, can symmetry of the methyl group, amounts to 82013 Hz (the
easily be sacrificed for the benefit of improved reproducibilitgorresponding theoretical value, calculated for the standa
of the dominating pattern. These observations explain why aggometry, is 1000 Hz). Estimates of the relevant system p
previous estimates df fall close toky in the low-temperature rameters are listed in the legend to Fig. 9. Note that at th
region while they shift towardk; in the temperature range
where thea lines are nearly invisible. In the experimental
spectra of the system considered, a sudden collapse af the
lines occurs on passing from 26 to 28 K. We can therefore
rationalize our former observation of an unexplicable jump of
k by a factor of 4 when the temperature is raised from 26 to 28
K, followed by a jump by only a factor of 2 upon further
increasing the temperature by 2 K, which we left uncommented
on in Ref. B).

It must be added that for temperatures above 26 K the results
of our former visual fits are not reproduced either by the
iterative fits based on the AB equation (such fits were always
performed at the penultimate stages of our iterative analyses).
This fact seems to contradict the arguments invoked above.
However, unlike the human eye, the minimization algorithm is
sensitive to the possible discrepancies occurring for the rem-
nants of the collapsed lines. At the temperatures of 28 and 30
K, an optimization of the single rate parameter delivers values « 44 KHz—~>
that fall closer to the corresponding valueskgfrather than to _

FIG. 7. Same as Fig. 5, but for the temperature of 34 K. The values of th

those ofk.. As can be seen in the ”ght part of Fig. 5, th%ingle rate parametek, andA, obtained in the calculations with the neglect of

propensity to maintain a fair fit of the (very small, but repréme nonclassical dissipative term (the spectra in the right column), are-(2.9
sented by a large number of experimental points) backgroumd) x 10° s* and 0.741+ 0.003 MHz, respectively.
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FIG. 8. Temperature dependence of the results of the lineshape analysis
given in Table 1. Left scale: tunneling frequentycrosses). Right scale: rate :
constantky (open squares) arkl (full diamonds). For all values, the asso «— 70 kHz ——————»
ciated standard deviations are too small to be visible on the scale of the figure.

The tunneling frequency decreases almost linearly towards zero with increasF!G. 10.  Same as Fig. 9, but for the temperature of 24 K, and only th
ing temperature, while the rate constants exhibit a roughly exponential tef@ntral parts (thg multiplets) are shown. Now the impurity doubleimost
perature dependence. The Arrhenius plokgfT) (not shown) exhibits sub completely overlaps with the outermost components ofghaultiplets. The
stantial deviation from linearity in the low-temperature limit. The differencegptimized values (in kilohertz) of the effective quadrupolar coupling constan
betweenk, andk, indicate the occurrence of a dissipative process witho@a, de, andqc are —87.0 = 0.2, 130.9+ 0.2, and 15.8= 0.4, respectively.
classical analog (c.f. Eq. [3]). Note that at 28 i, andk, differ by almost a

factor of 2.

For the spectra measured at 22, 24, and 26 K (wherexthe
. o . . Iir\es remain still resolved), the fitting procedure has failed t
relatively low temperature the dissipation via pseudo-classica : . .
. . .. .feproduce the lineshapes of tBdines with an equally good
jumps has not been frozen out. The underlying dissipation . ; . .
o . . accuracy as for orientation Il. Only for thelines do the fits
mechanism is probably due to the incoherent tunneling COrr(]e_main ood. Fits of the central part of the spectra at 24 K a
cerned with activation to the first excited torsional st&telQ). good. P b

. . . . . shown in Fig. 10. Just at this temperature the dissimilari
The possible impact of the nonclassical jumps on the ling- : )

etween the experimental and theoretical spectra seems
shapes could not be detected.

reach its maximum. In general, fits of such a quality as in Fi
10, obtained for solid-state NMR spectra, would probably b
considered more than satisfactory. However, in the prese
context, where the focus is on details, one may start wonderi
about possible flaws in the theory and/or experiment to t
blamed for these discrepancies. A deeper discussion of t
possible reasons of the latter seems thus indispensable.
When analyzing the spectra for orientation 1l, we had al
ready to worry about impurity signals. For that orientation, it i
a fortunate circumstance that the most intense of such signe
forming a typical static doublet, happens to occur outside tt
region of thepB resonances (see Figs. 3 and 4). The othe
impurity signals, which become visible only at higher temper
atures (e.g., the broad doublet markdd in Fig. 4), are
probably due to a small admixture of isotopomers with pai
tially protonated methyl groups. The spectral properties of su
isotopomers of acetylsalicyclic acid were the subject of sep
240 kHz———> rate studies 42, 23. Their rotation patterns are also known
FIG. 9. Same as Fig. 3, but for orientation | at the temperature of 17 K21). Due to the dependence on orientation of the intragrot
The labelsc andd mark impurity doublets (see text). The optimized values oflipolar couplings to the methyl protons, the widths anc
A andk are 2.538+ 0.007 MHz and 7600+ 140 s”, respectively. The thereby, the amplitudes of th@d resonances in such iseto
optimized values (in kHz) of the effective quadrupolar coupling consignts pomers can differ considerably for different orientations. Wit

(s, andgc are—88.2+ 0.3, 130.6+ 0.3, and 16.4+ 0.6, respectively. For the increasina temperatures. these resonances underao motic
pertinent orientation paramete® and ¢ listed in the legend to Fig. 2, the I Ing p u ! u g I

values calculated from the previous estimat@s(éee legend to Fig. 3) are Droadening, coalescences, and, ultimately, motional narro
—85.0, 131.8, and 14.0 kHz, respectively. ing; following the angular dependence of the quadrupols
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splittings, these lineshape effects are also strongly dependent T/us
on the orientation.

Taking all this into account and making use of the above-
mentioned rotation patterns, we can interpret the impurity
signal markedl in Fig. 9 as arising from the deuterons occu-
pying positionA in the isotopomers CHD As can be seen
from the corresponding rotation patterns, the signals of the
deuterons at positiof in this isotopomer must occur in the
region of theB lines; the overall integral intensity of this
hidden signal is about twice as large as thatlofThere may
also be a small admixture of the isotopomer fOHthe traces
of which have probably been detected previously for still
different orientations of the same crystal samg)e One of the
signals of the latter, the one whose integral intensity increases
with temperature 22), would coincide with the outermost
components of thg3 pattern. It is this signal that may be
responsible for the apparent amplitude increase of these com-
ponents, which is clearly visible in Fig. 10. The minimization FIG. 11. Same as Fig. 10, but for the temperature of 28 K. The impurit
procedure then tries to compensate such a deformation at ¢hebletc is now hidden under the outermost components offtimeultiplets.
cost of the worsened fit of the inner components. All of thi he FID spectrum was not included in the analysis because of baseli

istorsions. The values of the effective quadrupolar coupling consgaresd

must in turn Impose some bias on the estimates of the SySt&!TLSG.G and 131.0 kHz, respectively, which are the averages of the resu

parameters. This is the circumstance which we could NgHiained from the spectra at temperatures 17-26 K, were not optimized.
properly assess when starting our calculations for orientation I.

In orientation Il, in the low-temperature limit, all of these
signals fall far in the wings and are substantially broadened tth those obtained for orientation 1l (see Table 1). The value
the intragroup dipolar interactions with protons. Because, aaf-A, the information on which is contained in tBgattern, are
ditionally, in orientation Il all of the individual signals of thesmaller by 5-10% than those determined for orientation Il. Fc
CD; group are twice as intense as in orientation I, all of theske temperatures of 28-34 K, the values dfare nearly
impurity signals are too small to be observed until at elevatédkentical, to within three standard errors, with those obtaine
temperature they coalesce into one doublet, that mabkied for orientation Il (at 28 and 30 K the FID spectra had to b
Fig. 4. excluded because of substantial baseline distortions originati
The origin of the impurity signal labelea in Fig. 3 and 4 from very broad resonances of coalesedahes). It is remark-
remains, however, unknown. On the other hand, the signalsle that the scattering of the results fris practically the
labeledc in Figs. 9-11 may be due to a small fraction ofame as in our previous studies based on a visual compari
deuterons which substitute protons in the carboxylic group$the experimental and simulated FID speca (
(21). Unlike the case of the impurities from the partially For orientation I, optimization df’ = k, — Kk is technically
protonated isotopomers, the bias due to the presence af thieasible already at 22 K (hete/ is about 1.25 times greater
signals was to some extent neutralized in the calculations thian for orientation Il). However, at temperatures of 22, 2
orientation |I. The parameters of this signal determined and 26 K, the values df’ obtained at convergence are prob:
temperatures of 17 and 22 K were used in the analysesatily biased by lineshape distortions due to the impurity signa
spectra at the temperatures where it completely overlaps withe corresponding values &f seem to be overestimated and
the signals of interest. moreover, their temperature behavior is counterintuitive: th
Despite the fact that the results obtained for orientation | avalue ofk, obtained at 26 K, of about 2.8 10’ s™*, is smaller
generally biased, it seems instructive to compare them with tthen the corresponding quantity at 22 K, X910° s *. On the
results for orientation Il which seem to be free of such a biagher hand, at 28 K the bias seems less severe since
and can therefore be regarded as accurate. Because in irgetimates of botky andk’ at 28 K are in a fair agreement with
preting the spectra of tunneling G@roups one will always their counterparts determined for orientation Il, namgly(28
face interferences with admixtures of unwanted isotopomeks, = (1.53 + 0.04) X 10° andk; (28 K) = (3.06 = 0.07) X
one must be aware of the possible limits of accuracy, regart® s . Selected examples of the fits at 28 K are shown in Fi
less of whether the fits are obtained by a visual comparisonid. The somewhat better quality of these fits compared to tha
in an automated iterative process. at 24 K is probably due to the fact that the motionally average
For temperatures up to 26 K, the valuekpf the evaluation signals of the CED and CHD, isotopomers, which must occur
of which is based mainly on the features of tadines, are in somewhere in the region of th@ signals, are considerably
a perfect agreement, to within the respective standard errdyspadened at this temperature. At still higher temperatures, t

26

+——— 70 kHz ——/——/mmm™™™™
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signals of the CED isotopomer probably undergo motionalof the occurrence of this novel dissipative mechanism in tt
narrowing; its averaged signal can be expected to occur stillsgstem studied. Our results seem to suggest that there is
the B region. A growing amplitude of the latter may again poselassical limit in the dissipative behavior of the system studie
an offense to the lineshapes of the signals of interest. In
consequence, in comparison with the corresponding values ACKNOWLEDGMENTS
determm?d_for orientation Il (see Table 1 and Fig. 8), ab0\_/e 28This work was sponsored in part by the Polish Committee for the Advanc
K the optimized values df« andk, behave less smoothly With ment of Research (KBN) under Grants 3 T09A 062 12 and 2 PO3B 074 18
temperature.
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