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NMR proton spin dynamics in thermotropic liquid crystals subject to multipulse excitation
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Previous experiments of NMR spin-lattice relaxation times as a function of the Larmor frequency, as
measured with the field-cycling techniqUEC), were shown to be very useful to disentangle the various
molecular motions, both local and collective, that dominate the relaxation in different time scales in liquid
crystals. However, there are many examples where the known theoretical models that represent the molecular
relaxation mechanisms cannot be fitted to the experimental trend in the region of low fields, making it difficult
to obtain reliable values for the spectral densities involved, especially for the cooperative motions which
dominate at low frequencies. In some cases, these anomalies are loosely ascribed to “local-field” effects but,
to our knowledge, there is not a detailed explanation about the origin of these problems nor the range of
frequencies where they should be expected. With the aim of isolating the dipolar effects from the influence of
molecular dynamics, and taking into account the previous results in solids, in this work we investigate the
response of the proton spin system of thermotropic liquid crystals 4-pehigy@nobiphenyl(5CB) and
4-octyl-4' -cyanobiphenyl(8CB) in nematic and smecti@ phases, due to the NMR multipulse sequence
90‘;-(7--0x-7-)N. The nuclear magnetization presents an early transient period characterized by strong oscilla-
tions, after which a quasistationary state is attained. Subsequently, this state relaxes towards internal equilib-
rium over a time much longer than the transverse relaxation Tinés occurs in solids, the decay time of the
quasistationary stafg,. presents a minimum when the pulse widthand the offset of the radiofrequency are
set to satisfy resonance conditiofspin-lock. When measured as a function of the pulse spagcimg “on-
resonance” experimentd,,, shows the behavior expected for cross relaxation between the effective Zeeman
and dipolar reservoirs, in accordance with the thermodynamic theory previously developed for solids. Particu-
larly, for values ofr comparable withT,, the relaxation rate follows a power lalig.> 72, in all the observed
cases, for the resonance conditiofis= /3 and equivalent frequency.= w/37. When 7 is similar to or
greater than typical dipolar periods, the relaxation rate becomes constant anthémh shorter thaif,, the
thermodynamic reservoirs get decoupled. These experiments confirm that the thermodynamic picture is valid
also in liquid crystals and the cross relaxation between the reservoirs can be detected without interference with
spin-lattice relaxation effects. Accordingly, this technique can be used to estimate the frequency range, where
cross-relaxation effects can be expected when Zeeman and dipolar reservoirs are put in thermal contact with
each other and with the lattice, as in FC experiments. In particular, the present results allow us to associate the
anomalies observed in low-field spin-lattice relaxation with nonadiabatic energy exchange between the reser-

voirs.
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[. INTRODUCTION dominate the relaxation in different time scales in liquid
crystals.

Thermotropic liquid crystals are molecular mesophases It is well known that the collective mechanism called or-
with a high degree of molecular orientational order, but haveder fluctuations of the directqgOFD) drives the spin relax-
no complete positional order. Consequently, the proton sysation in the low-frequency domain, while in the conventional
tem in liquid crystals presents considerable residual dipolamegahertz range the individual molecular motions dominate
interaction energies within the molecules, while their inter-[2]. However, in the region of low fields some problems still
molecular dipolar interactions are averaged to zero due to theemain in the analysis of data. There are many examples in
rapid individual molecular motions as rotations and self-the literature where the known theoretical models that repre-
diffusion [1]. sent the molecular relaxation mechanisms cannot be fitted to
Nuclear spin relaxation plays an important role in thethe experimental trend, being difficult to obtain reliable val-
study of molecular dynamics in these systems. Experimentges for the spectral densities involved, especially for the co-
of spin-lattice relaxation times as a function of the Larmoroperative motions. In the nematic phase, the well known
frequency T;(w) as measured with the fast field-cycling T,o »¥? Larmor frequency dependence is observed generally
technique(FC) were shown to be very useful to disentanglein the Larmor frequency range 305x 10° Hz. However, it
the various molecular motions, both local and collective, thais frequently observed that as the Larmor frequency de-
creases from about 30 kHZ;; data decrease noticeably
faster than expected due to the OFD and the individual mo-
*Present address: Max Planck Institut Rolymerforschung, Ack-  tions [2—6]. The Larmor frequency range where the slow
ermannweg 10, 55128-Mainz, Germany. motions predominate i, experiments is narrower in the
"Electronic mail: zamar@famaf.unc.edu.ar smectic phases than in nematic phases, making it even more
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difficult to disentangle the relevant relaxation mechanisms in  We present the results df,. as a function of the pulse
this frequency rangg2,6. spacing, in liquid crystalline samples of 4-pentyl-
In some cases, these “anomalies” are loosely ascribed td'-cyanobiphenyl (5CB) and 4-octyl-4-cyanobiphenyl
“local-field effects” [7] but, to our knowledge, there is nei- (8CB) in the nematic and smectik phases. The experimen-
ther a detailed explanation about the origin of these effecttal results show that the thermodynamic picture used for sol-
nor the range of frequencies where they should be expecteitls is also consistent with the behaviordf, in liquid crys-
Since in the FC experiments the evolution of the magnetizatals, and that the effects of the dipolar interactions dominate
tion is observed after a rapid lowering of the external magthe response of the spin system in a wide range of pulse
netic field, for some range of final fields, near the local field,separation times. Accordingly, it is shown that these experi-
the spin system could be unable to maintain a state of intemments can provide useful information about the many-spin
nal semiequilibrium of the whole system during the cycling processes, which are noticeable also in NMR experiments at
of the field. In such a case, effects of cross relaxation below Larmor fields in liquid crystals.
tween Zeeman and dipolar reservoirs could be superimposed In Sec. Il we outline the theoretical framework that leads
to spin-lattice relaxation during the free evolution of the sys-to theT,.> 7~ 2 dependence developed for solids. Section IlI
tem, appearing as an extra source of relaxation. describes the experimental setup. In Sec. IV we present the
In order to avoid the local-field effects and to be able toacquisition of the echotrain and show that the stroboscopic
detect only the dynamic aspect of the relaxation at low fieldgesonance condition can be met for the nematic phase of
in thermotropic liquid crystal polymers, experiments of 5CB. In this section we also analyze the dependenchk,of
transverse deuteron spin relaxation time were performed usn 7 in different phases of 5CB and 8CB.
ing a quadrupole echo pulse train307— (90— 27)y, as a
function of the pulse spacinf]. Alternatively, an experi-
ment on protons that yields a direct estimate of the Larmor
frequency range where the local-field effects have noticeable In this section we summarize aspects of the theoretical
influence, might be helpful in interpretiriy data in nematic  background existing for solids which are necessary to inter-
and smectic phases. pret the experimental results. The presentation does not in-
In this work we investigate the response of the protontend to be exhaustive; the full reasoning can be found in the
system of liquid crystals, under the application of the multi-literature.
pulse sequence 99 7— (64— 27)yN, also called generalized The time behavior of the magnetization in the OW experi-
Ostroff-Waugh sequenc@®W) [9,10]. This kind of experi- ment depends strongly on the many-body nature of the dipo-
ment was performed in the past in simple crystalline solids|ar spin interaction as well as on the parameters of the exter-
and then it was demonstrated that the experimental resultsal fields. The observed long-time decay of the
can be properly described by means of a theoretical framenagnetization contradicts the standard average Hamiltonian
work based on a thermodynamic approach. After a shortheory(AHT) [15,1€6 according to which, after the transient
transient period, the spin system attains a quasistationageriod the magnetization would remain constant until the
state consisting of effective Zeeman and dipolar quasiinvarieffects of the spin-lattice relaxation become observable.
ants. When the effective field is sufficiently low, but still By applying the Floquet theory, Maricq showed that it is
higher than the local fields, the overlap of the dipolar levelspossible to adapt the laws of statistical thermodynamics to
corresponding to neighbor Zeeman levels permits that totadescribe systems with Hamiltonians that depend explicitly on
energy-conserving transitions between the Zeeman levelime, and that the apparent paradox about the long-time de-
cause transfer of energy between the Zeeman and seculegly can be solved by adopting a generalized version of the
dipolar reservoirs. Then, the long-time decay of the magneAHT [13,14]. Using these ideas, the problem of pulsed spin
tization was explained in terms of the cross relaxation befocking in solid Cak was described in detail in terms of the
tween effective Zeeman and dipolar quasiinvariants. Theffective Hamiltonian. It was shown that the effective Hamil-
theory predicts, and it was experimentally observed, that théonian is the sum of twgor more commuting observables
decay timeT,, as a function of the pulse spacindollows a  (quasiinvariantsplus small off-diagonal terms, and accord-
power lawT . 7~ X, where the exponent depends on speciaingly that in the quasistationary state the situation can be
resonance conditions of the experimght—14. By modify-  described in terms of weakly coupled thermodynamic baths,
ing the pulse spacing, it is possible to control the modulus ofvhich finally relax towards a common temperature with a
the effective Zeeman field sensed by the spins. Then, expertharacteristic decay timg,,. The relaxation rate was calcu-
ments ofT,¢(7) are useful to investigate the frequency rangelated combining the Provotorov saturation thepty] with
where cross relaxation takes place. the average Hamiltonian. In this perturbative approach, the
Due to the occurrence of strong residual dipolar couplingsate of the thermal mixing of the reservoirs is controlled by
and the complexity of the frequency spectrum, proton NMRnonsecular terms of the effective Hamiltonian, considered as
transverse relaxation behavior of thermotropic liquid crystalgperturbations to the quasi-invariants. The theory predicts a
is very similar to that found in solids. Then, it is meaningful dependence of the signal decay time on the pulse spacing
to inquire if in mesophase¥,.(7) would respond in the in the form of a simple power laW,.> 7 ¥, with the expo-
same way. In case of a positive answer, this experimentent determined by particular resonance conditions satisfied
would allow one to isolate cross-relaxation effects from spin-by the time dependent fields, without connection with the
lattice relaxation. specific relaxation mechanism. This “universal” macro-

Il. THEORETICAL BACKGROUND
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scopic behavior is associated with the multispin character ofhe former equation imposes the following conditions to be
the dipolar Hamiltonian, which determines the influence ofsatisfied byw, andn:
the microscopic events occurring in the intervals between

pulses. CcoY weT)=C0gA7)cog 0/2), (5)
The Hamiltonian for the system under the periodic exci-
tation 99— 7—(6,—27—)y in the rotating frame is and
_ sin( 6/2) cog 6/2)sin(A 7)
H(t)=—w(t)l+Al,+HY, (1) —_ 27 - __ RTERART
X z 20 nq Sil"(a)eT), n, 0, n3 Sir(we’i') .
wherel, andl, are components of the angular momentum (6)

operatorl; A is the frequency offset from the proton reso-

; . _ . For a given value of the effective frequency must satis
nance HY, is the secular part of the dipolar interaction and J a y b

the additionalresonancecondition

~ w.=Nnm/mr, 7
w(t)=60, 8(t—(2k—1)7) (2) ¢ "

k=1 for n andm integers, in order to keep the periodicity of the
Hamiltonian. This condition means thattomplete rotations
represents the pulse sequence, The rf pu!ses have a nUtat'gr% made imm cycles of 2r each. Under these conditions the
angle d, phasex, and are separated by a time.2 interaction-frame Hamiltonian is periodic, and the evolution

The Hamiltonian(t) is periodic, with periodr, H(t :
a . . X operator is that of Eq.3). When the parametetsandA 7 are
+7)="H(t). According to Floquet's theoreriL8], the peri- set to satisfy the@esonanceconditions, observation of the

odicity implies that the evolution operator takes the form system at times which are integer multiples 27 will

B it show a component of the magnetization fixed along the ef-
Ut=prte ™, () fective axis, which implies a state of pulse spin lockjag).

_ _ o ) ) After a time of the order of fewl, the component of the
whereP(t) is a unitary periodic operator with periad sat-  magnetization lying in the plane perpendicular to the effec-
isfying P(0)=U(0)=1, andH is a time independent Her- tive axis decays to zero, and a quasistationary state is at-
mitian operator(“effective” Hamiltonian). tained, which can be represented with a diagonal “thermo-

SinceP(n7) =1, under stroboscopic observation the spindynamic” density operator involving effective Zeeman and
system appears to evolve under a time independent Hamitlipolar reservoirs. In this state a difference between the
tonian, the effective Hamiltonian playing a role similar to the populations of the energy levels of spins along the direction
energy in time independent systems. This is the result of thef the effective field is established, which tends to disappear
AHT [19] used to interpret the spectra in high resolutionwhile the spin system absorbs the quanta of the dipole-dipole
experiments in solids. This formalism successfully describesnteraction modulated by the f1,12.
the response of the spins under multipulse sequences for cy- The quasistationary state established in the early time
cling times much shorter thaf,. In the Floquet formalism, scale evolves towards a new equilibrium state with a decay
P(t) andH are obtained as series expansions and it can béme T,.. The existence of nonsecular mixing terms in the
demonstratefi13] that the lowest-order term in the series for effective Hamiltonian, which arise due to the discrete nature
H is the average of(t) over one period. The other contri- of the pulses3 makes the two reservoirs to equalize their tem-
butions are equal to those obtained in the usual derivation dferatures. Since the interaction between the two baths is
the AHT by means of the Magnus expansion. The evolutiofV€@k, ther (or ) dependence of 5. can be obtained by

of the spin system between stroboscopic observations i&'€ans of the Provotorov theofg7]. The reasoning, based
taken into account vi®(t), which allows one to distinguish ©n the perturbation theory, considers that the Zeeman and
the real time dependent problem from an effective conservadiPolar reservoirs are We'akly' coupled by the first correcthn
tive one. In this way the AHT can be generalized to extend€'™ t0 the average Hamiltonian that does not commute with
its validity for long times. the unperturbed Hamiltonian in the tilted toggling frame

Under general conditions for the parametéys\, andr, [;4]. The order involved depends on the resonance condi-
i f the FI t seri ; dn tion; for example, fom=3 andn=1 (three spin process
a raplt bconvergegc:_e”:) € t?]qur-; semtes RI( ) in the relaxation is governed by second order terms, which are
.Caf"lo d € ajgure .h en, ?r?ot tﬁr trame, di%}gl lrlgAlrar‘Se linear in 7. Since the main contribution to thedependence
IS Itn roduce It?] S'“;'C \'Alltay' a ftﬁ ern_q&n( )t x Tﬁ 0 " of the relaxation rate comes from the quadratic dependence
not appear in the ramiitonian of the spin system. fhe action, , y,q strength of the mixing term, in this case it is predicted
of the offsets and pulse on the magnetization over a period

dered Hact tation b a that T, 7~ 2, when the experiment is performed “on reso-
are considered as an effective rotation by an anglér nance.” This last condition can be met, for instance, by vary-

around the effective axis, wherew, and_ﬁ depend o, 7, ing r and A for a fixed value ofé in order to satisfy both
and A [12,13. Therefore, an “interaction frame” is intro- Eqs. (5) and (7).
duced through the unitary operator It should be realized that in thermotropic liquid crystals,
. _ _ _ the proton distribution within the molecule can be considered
Ug(27)=e @en127= g 1Alz7gl flxg—1AlT, (4  as a system of weakly coupled spin pairs. According to this
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fact, there are two dipolar reservoirs, associated with the in-
trapair and interpair dipolar interactioh1,22. Therefore,

in experiments performed in liquid crystals it should be ex-
pected that the long-time evolution will not show an expo-
nential decay.

600 <
'Y'y.‘“_

300 1

0.0 02 0.4 06 08
t [ms] 1

Magnetization [arb. units]|

I1l. EXPERIMENT

Magnetization [arb.units]

o
1

The measurements presented in this work were performed
in a Bruker MSL300 spectrometer operating at 300 MHz —— ————— —————
using a standard proton probe, thé2 pulse length was set 0 40 80 120 160
between 4.5 and 4.7as. Samples were packed without pre- t [ms]
vious purification in 4 mm outer diameter ZrO sample hold- . o _
ers fitted with Kel-F end caps. The samples were heated untjl FIG. 1. E_volunon of the magnetization for the resonance c_ondl-
they reached their isotropi¢) phase and then cooled down U0N M=3 with 7=17 us, §=m/3, andA=8.94 kHz for nematic
in presence of the magnetic field to the desired temperatur%CB at 303 K. The data correspond to 16 scans of the point in the

. . . center of the interval defined by thepulses. The inset shows the
corresponding to the nematitN) or smecticA (Sm A) transient period in which the quasistationary state is established

phases. Due to the consujerable amount of heat transfer tQﬁer 0.6 ms. The results can be described by a two exponential
the rf pulseg 23], the following procedure was implemented. decay with characteristic times of 1.9 and 7.9 ms.
The sample temperature was set just belowNHetransition

temperature Ty;) and a burst of 4096r pulses with 10us  gingle decaying exponential function, in liquid crystals the
spacing was applied with a repetition time of 10 sec, thqgng-time evolution of the signal can be fitted as a sum of
signal was acquired after the last pulse. A transition from thgyo exponential functions with different decay constants. As
N to thel phase could be observed in the NMR lineshapementioned in Sec. 11, this feature could be associated with
The repetition time was varied until the transition was none presence of more than one dipolar quasiinvariant in lig-
longer induced:; this situation corresponded to a delay of 2Qjiq crystals. In fact, we verified that a combination of two
sec. All the experiments shown were performed with a repexponential functions perfectly fits the long-time evolution
efition time of 50 sec. As the sequence used to probe thgf the magnetization, with decay constants differing nearly
sample heating by rf pulses was the most d|sadvantageo%§, a factor of 5. Fom=3 and7=10 us, we obtain values
one (due to the long rf trains used and the short spacing 24 and 5 ms for the relaxation times. We could observe
between pulsgswe can assure that the temperature of thenat the behavior of the two relaxation times as a function of
samples was not appreciably affected by the irradiation dur; s qualitatively the same, showing the two parameters the
ing the actual multipulse experiment. dependence 2. The short relaxation time exhibits a notice-
able experimental dispersion for high values of being

IV. RESULTS AND DISCUSSION rather difficult to determine its value accurately in this range.

§ereinaﬁer we refer only to the longer relaxation time as

In this section we describe the results obtained by th
application of the generalized Ostroff-Waugh sequence to 2¢°
different liquid crystals in thél and SmA phases as well as

the verification of the resonance condition. B. Resonance condition
We now analyze the situation in which the resonance con-
A. Decay of the magnetization dition is met. We study the resonance for=3, which de-

fines an effective resonance frequeney= /3. If a pulse

The relaxation rate$,. were determined by direct obser- g: /3 is used, we obtain from Eds5)

vation of the amplitude decay of successive echoes during
pulse train employing a four step phase cycling scheme. One cod 7/3)

acquisition was taken in the center of the interval defined by COSAT= ————. (8
two subsequent pulses. Figure 1 shows the evolution of the

magnetization forr= 17|;“S and 63_“/3; tne offset fre-  \ye denote\ the radiofrequency that satisfies E8) for an
quency was set to 8.94 kHz, according to the resonance Colzyirary value ofr. Thus, a departuré of the irradiation

dition corresponding tm=3. The transverse magnetization o ,ency from the resonance condition can be expressed as
lasts for a time much longer tha, (40 us estimated by the

Hahn echo sequenceThe inset shows the transient period, 5=A—Ag. 9

in which the quasistationary state is established after a time

period of severall,. The occurrence of oscillations is an- When the effective Larmor frequenay, is greater than a

other common feature with solids. Such behavior could alsaypical dipolar frequencywp, under resonance conditions

be ascribed to oscillations of the magnetic energy back anthe whole energy from the external fields is transferred to the

forth between the Zeeman and dipolar reserviid. Zeeman bath, and a minimum in the decay time of the qua-
Contrary to the experiments in solid Gakvhere the time  sistationary state is to be expectgtl,12. To verify the

dependence of the magnetization can be represented withexistence of the minimum of the decay time, we varied sys-
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124 7 FIG. 3. T, vs 7 for nematic 5CB at 303 K at the resonance

10 ] condition withm=3 (effective frequencyw,= 7/37) and nutation
angle 6= /3. The irradiation frequency is varied in order to

81 O\o\ T satisfy the stroboscopic resonance conditié®,0. The solid line
5_' O\O_O/ ] shows the dependendg.oc 72 for 10 us< <40 us. T, is con-
— 7 stant for aboutr>70 us (w.<1.5X 10" rad/s). Taking into ac-
0.6 08 1.0 12 1.4 16 count the scaling factor of 0.5 of the effective dipolar Hamiltonian
6 [rad] (see the teyt the frequency cutoff is in agreement with typical

dipolar couplings of the 5CB molecule.
FIG. 2. Determination of the stroboscopic resonance condition

for m=3 in nematic 5CB at 303 K. Fow.=w/37 and 7  Note that the dipolar part of the unperturbed effective Hamil-
=20 ps, a valueAg=7.6 kHz is obtained from Ed8). (&) T2¢(4)  tonian is the secular dipolar Hamiltonian relative to the labo-
shows a minimum whe=0 for fixed values ofr and 6. (b) ratory frame scaled by the facté(s Coéa_l), wherea is
T2¢(6) also shows the expected minimum whér 7/3 for fixed  the angle between the directions of the effective field and the
valuesr andA. external magnetic field, namely, tan=n;/n,; according to
Eq. (6) [12—14. In our experiment this factor is 0.5. In 5CB
the dipolar coupling betweenrtho protons in the core is
2.46x 10 rad/s, and 3.08 10* rad/s for the proton pair cor-
responding to thex-carbon in the alkyl chain, at 300 K
?25,26]. Taking into account the factor 0.5 of the effective
dipolar Hamiltonian, the dipolar frequency associated with
the cutoff effective frequency is aboutdL0* rad/s, which is
in agreement with the values of the reported dipolar cou-
plings for different bonds in the molecule. In Figa#we
show theT,.(7) dependence for 8CB in thd phase at 310
R'for the same resonance condition as in nematic 5CB. The
same behavior is obtained as in the preceding case for the
) o Toex 7~ 2 power law with a similar value ofp .

C. Evolution of the quasiequilibrium state The results for 8CB in the SnA phase at 299 K are

In Fig. 3 we show the dependence Bj, on the pulse shown in Fig. 4b). While the presence of the square law can

separationr for 5CB in the N phase at 303 K when the be clearly identified for a wide range of values af two
resonance conditiof8) is met form=3 and 6= /3. For different aspects can be separately addressed with respect to
each value ofr, the offset in the irradiation frequency was the nematic phase. First, the departure from the square law
adjusted in order to satisfy E¢8), namely,A7=0.955. The for long times occurs at a smaller value gf, which seems
behavior T,ex7 2 is observed over the wide range Most reasonable taking into account that the most ordered
10-40pus of values ofr, which corresponds to effective Pphase has a bigger dipolar coupling. From Fig)4using a
frequencies in the range XA0°—2.6x 10 rad/s. Forr  Vvalue of 7=45 us the frequency plateau can be estimated,
~40 us a departure from the square law in the relaxatiorgiving 4.6x 10* rad/s. The dipolar couplings for the S
rates occurs],, becoming constant for=70 us (w,<1.5 Phase can be estimated from the order parame$ewsa the
X 10" rad/s). A feature like this should be expected takingrelation
into account that when the effective frequency is similar to or
smaller than a typical dipolar frequency, the rate of the cross wD(TSmA/TNI)ZwD(TN/TNI)S(TsmA/TNI) . (1D
relaxation should not depend @»,. Then, a plateau should S(Tn/Twr)
be expected fowe~ wp, i.€.,

tematically the irradiation frequency arourd; in order to
obtain a measure df,.(5). For w.=m/37 and =20 us a
value Ag=7.6 kHz is obtained from Eq8). The results of
this experiment for 5CB in the nematic phase at 303 K ar
shown in Fig. 2a). The presence of a minimum () is
clearly observed fos=0. The resonance condition for the
nutation angle can be verified in similar way. Figuré)2
shows the result of different experiments in which the irra-
diation frequency is fixed at = 7.6 kHz and the pulse length
is varied for the same sample at the same temperature. Agai
a minimum of T,¢(6) is obtained ford= /3.

where the reduced temperatui®sm,/ Ty =0.952 corre-
we=T/3Tp~wp. (10 sponds to 299 K and /Ty, =0.975 corresponds to 306 K;
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Another way to interpret the limits in the behavior of the
magnetization as a function afis by comparing the pulse
spacing with the characteristic microscopic decay time,
which is associated with the dipolar dynamics. When the
pulse spacing is much shorter than the characteristic time of
the “time correlation function” corresponding to the cross-
relaxation process, which is of the orderTgf, the evolution
of the many-body spin interactions in the intermediate inter-
vals between pulses has a small effect on the general behav-
ior of the magnetization. In terms of the Floquet theory, in
this limit the operatoiP(t) does not play a role in the long-
time evolution of the magnetization. For these values-of
T,. becomes sensitive to the spectral distribution of the di-
pole reservoir, especially in the winf&4,29. For increasing
values ofr, the many-spin dynamics begins to play a role in
the intervals between pulses, as a consequence of which the
behavior of the magnetization presents thermodynamic char-
acteristics, such as the cross-relaxation between the reser-
voirs. For 7 going to zero the dipolar interactions do not

vlsec] evolve in time between the pulses, and the thermal baths do

FIG. 4. (8) T, Vs 7 for nematic 8CB at 310 K at the resonance NOt exchange energy. In this limit, the problem can be con-
condition withm=3 and a nutation anglé= /3. The irradiation ~ sidered as a conservative one, except for the influence of
frequencyA is varied in order to satisfy the stroboscopic resonancespin-lattice relaxation. By a similar reasoning, whenis
condition, 5=0. In concordance with the results of nematic 5CB, longer than the correlation time, it can be expected that the
the dependenc@&,.x7 2 is verified for 10us<7<40us, and a  cross-relaxation rate will not depend on the length of the
similar behavior for values of>40 us is observed(b) T, vs 7 interval between pulses.
for smecticA 8CB at 299 K for the same resonance condition asin  Due to the possibility of detecting cross relaxation by
the nematic phase. The departure from the square law occurs foreans of the pulsed spin-lock experiments in liquid crystals,
value of 25us, and the plateau corresponds ®.~4.6  this technique can be used for determining the frequency
X 10* rad/s, which is consistent with the dipolar couplings in this range where cross relaxation is likely to occur when Zeeman
phase. and dipolar reservoirs are put in thermal contémttween

them and with the lattige as can happen within the low
at this temperature, is nearly the same as for nematic 5CB magnetic field range in fast field-cycling experiments. Con-
at 300 K. The values for the order parameter were taken fromgidering the scaling of the dipolar Hamiltonian in the multi-
the literature[27]. The dipolar couplings obtained are 2.9 pulse experiment, the power lalis.> 7~ 2 is observed in the
X 10* rad/s for theortho pair and 3.6 10* rad/s for the pro-  *equivalent” frequency ranges 8—30 kHz and 13—30 kHz in
ton pair corresponding to the-carbon in the alkyl chain. the nematic and smectic phases, respectively. As already
Second, it is observed to be a faster relaxation of the quasmentioned, the literature shows many examples where the
equilibrium state. Presumably this fact is related to theT,(v) data fall below the profiles predicted by any molecular
former feature. motional driven relaxation mechanism for Larmor frequen-

The existence of three regimes B, as a function ofr  cies lower than about 25 kH2—6]. The coincidence of this
(or we), clearly shown in Figs. 3 and 4, can be understoodange with the frequency interval where the cross-relaxation
resorting to the thermodynamic picture. When the effectives observed in pulsed spin-lock experiments suggests that the
Zeeman frequency becomes similar to or lower than the dianomalies off;(») are due to nonadiabatic energy exchange
polar frequency,w.<wp, the probability of transitions between the spin reservoirs. This effect could become notice-
which conserve the total energy becomes independent of thgble in the Larmor frequency range, where the energy trans-
effective field. In this range, the process is governed by théer between the Zeeman and dipolar reservoirs takes place at
dipolar transitions. In the opposite limityo> wp, the pro-  alower rate than the cycling of the magnetic fig3@]. Since
cess of thermal mixing between the reservoirs becomes inethe experimental technique involves the rapid lowering and
fective because of increasing effective field, transitions inraising of the external magnetic field applied to the sample,
which a Zeeman quantum is compensated by a dipolar trarnthe possibility exists that at low Larmor frequencibst still
sition become less and less probable as they involve the réigher than the dipolar frequencjethe mechanism of inter-
arrangement of a high number of spins. In this range of efnal equilibration of the whole spin system is not efficient
fective frequencies, the reservoirs get decoupled, and thenough to maintain a state of semiequilibrium during the
processes involving energy exchange with the lattice couldycling of the external field. In such a case, the effects of
become appreciable in the behaviorTof,. In the limit of  cross relaxation between Zeeman and dipolar reservoirs
7—0, it can be expected that,.—T;, [28]. Finally, the could be superimposed on spin-lattice relaxation during the
process of cross relaxation is dominant in the intermediatéree evolution of the system, appearing as an extra source of
range, where a clear dependefigg= 7 2 is observed. relaxation.
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Summarizing, our experimental results clearly show thasystem due to the pulse spin locking experiment, the nature
the response of the proton spin system to the OW pulse sef these mechanisms still remains unknown. The long-lived
quence in liquid crystals is consistent with a thermodynamianolecular motions, which are characteristic of liquid crys-
view. In particular, the characteristic dependenceTef  tals, could have important effects on the evolution of the spin
« 72, clearly observed in “on-resonance” experiments, in- coherences in these systems.
dicates that the long-time evolution of the spin system can be
associated with cross relaxation between the effective Zee-
man and dipolar reservoirs. The fact Bj.(7) being inde- ACKNOWLEDGMENTS
pendent of the molecular dynamics, makes pulsed spin-lock
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