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Dipolar quasi-invariants in *H NMR of nematic thermotropic liquid crystals
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We analyze the experimental conditions needed for creating two kinds of dipolar order, namely, intrapair and
interpair order in thermotropic liquid crystals. By adapting to the case of liquid crystals the model of weakly
coupled spin pairs first developed for oriented hydrated salts, we obtain that the dipolar signal at every
preparation time can be regarded as a weighted sum of the pure intra- and pure interpair signals; the weights
being determined by the amount of each kind of order resulting from the preparation sequence. The dipolar
signal predicted by the model is symmetric in the preparation and observation times and the intrapair compo-
nent is, in a good approximation, proportional to the time derivative of the FID, regardless of the number of
different dipolar couplingsinequivalent pairspresent in the molecule. From this model we obtain a prescrip-
tion for preparing the different dipolar orders both when the pairs are strictly equivalent or when they are not.
The applicability of the spin thermodynamics approach in liquid crystals is tested in two typical thermotropic
nematic samples: PAdy (methyl deuterate@-azoxyanisolgand 5CB(4’-pentyl-4-biphenyl-carbonitrile
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I. INTRODUCTION In these hydrated salts the spin system consists of equiva-

Because of their high degree of orientational order, ther!em pairs of strongly dipolar coupled spﬁmucla belonging

motropic liquid crystals(LC) exhibit a strong residual to the same water molecule, weakly coupled with protons of

I X . . . the other molecules. The dipolar part of the spin Hamiltonian
nuclear spin dipole-dipole energy associated with the inter: . ) . . .
is then a sum of the intrapair and the interpair interactions.

actlon petwgen protons belonging to the.sam.e molegule;' thII'Izﬁue to the noticeably different magnitude of the two kinds of
interaction is not averaged out by the individual diffusive dipolar couplings, four independent quasi-invariants are ex-
molecular motions. Like in the NMR of solids, in liquid ; ' e . .
crvstals the Zeeman enerav of the proton spin s’ stem has é)ected at high magnetic fields, namely the Zeeman, intrapair

ystals ; ergy proton spin Syste ipolar and interpair dipolar energies and the deviation of the
appreciable magnitude in thermal equilibrium provided that.

the external magnetic field is much larger than the loca !nglet state population from its equilibrium value. The fea-

fields (a few kilogauss On the contrary, the equilibrium sibility of measuring independently these quasi-invariants in

dipolar energy at ordinary temperature is too small to béypsum was demonstrated by Eisendrath, Stone, and Jeener

observed directly, being necessary to previously prepare t {]. The NMR spectrum of these systems shows a resolved

system in a state of higher dipolar order. Such a state can beOUbIet due to spin-spifintrapaiy interaction. The width

achieved for example by the Jeener-Broekad®) experi- gnd str_uc_ture of gach peak of the doublgt is attribqted.to the
ment[1], which consists of the rf pulse se uen(ﬂqi—t interpair interaction. The shape of the time domain dipolar
o b ) pulS q 12 ignal prepared with the JB sequence in hydrated salts is
~43,~15-43). The two first phase shifted pulses, se p""r""tecitrongly dependent on the preparation time because the Zee-
atime mteryaltlz, prepare the dipolar order and gth|rd, readnan order can be alternatively transferred to different kinds
pulse at a timey; from the second makes the dipolar order ¢ dipolar order. This behavior was successfully accounted
detectable. Studying the attenuation of the dipolar signal as r by the model of weakly interacting, equivalent pairs of
fur?ction' of tyg alloyvs, iln principle, to measure the dipolar strongly coupled protongs,g]. '
spin-lattice f_e'ff‘xa.“_on timeTyp [2-5]. Due to the important and yet unexploited potential of the
Several _S|m|Iar|_t|es are found_ between the proton NMR 0fdipolar order relaxation experiments in LC and other me-
thermotropic LC in the nematic phase as RRAmMethyl — gonhages in this work we aim to discuss the experimental
deuterateda—qzoxyamsolb[2]_ a.nd 5CBiy,; (chain deuterat.ed conditions needed for creating and measuring the evolution
4’-pentyl-4-biphenyl-carbonitrile[S] and some crystalline ¢ yhe two kinds of dipolar order in liquid crystals. The re-
hydrated salts like gypsuif6] or potassium o_xalate MONO- |axation time of intrapair dipolar order is very sensitive to
hydrate(POMH) [8]: The Zeeman free |ndu<_:t|on de_cay S19- the slow cooperative motions, even within the MHz Larmor
nals (FID) attenuate much faster than the irreversible spin requency range. This feature distinguishes the dipolar from
lattice processes and the dipolar signal shapes depend on

. ” The | behavior has b ibuted Zeeman relaxation rates since the latter reflects the indi-
preparation times,,. The latter behavior has been attributed iq,5| motions as well as the collective fluctuations at high

to the occurrence of two dipolar quasi-invariants, namelygeqenciegs,9-19. Accordingly, measurement of the intra-
intrapair and interpair. pair and interpair proton dipolar quasi-invariants as a func-
tion of externally controlled parameters such as temperature,
larmor frequency, sample confinement, sonication, etc., pro-
*Electronic address: gonzalce@famaf.unc.edu.ar vide independent parameters which may contribute to disen-
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tangling the underlying spectral densities of the superimwith the aim of describing the dipolar signals in liquid crys-

posed molecular motions. tals. From this analysis we deduce the conditions for prepar-
It is the purpose of this work to explore the applicability ing the different kinds of order in liquid crystals.

of the spin thermodynamics treatment previously developed |n LC, as well as in hydrated salts, the proton spin Hamil-

for solids[7], to describe the dipolar signals in LC. Since in tgnian at high magnetic fields can be written as
a wide class of liquid crystals the dipolar interactions can

also be grouped into intra- and interpair, we adapt the model B B

of weakly interacting spin pairs for liquid crystals. Hs=Hz+Hp=Hz+Hp+H,, 1)
The interactions relevant for proton NMR experiments in

LC differ from those in hydrated solidgi) The interpair  \where?, is the Zeeman Hamiltonian and the secular dipolar

contribution in hydrate_d salts originates in the interactionnteraction energy, averaged over the motion, is separated

between the proton spin belonging to a water molecule anghig two terms: a strong intrapair contributiéti and a term

all the other pairs in the sample while in LC, the dipolar yat accounts for the weaker interpair interactign Assum-

interaction between protons belonging to different molecule g that in 5CB and PAA&, the relation|H|>|Hp|>|H,|

averages to zero due to the characteristic mobility of th%olds (for high magnetic fields in a perturbative approach
mesophases, therefore only protons at the same molecule

have a residual dipolar interactiofi.) The number of spins we keep _only the part of the interpair Hamiltonian .th‘?‘t is
within each LC molecule is usually small and might not besecular with respect to the; andHp a_nd therefore S.at'Sf'e.S
enough for the spin thermodynamics approach to be appILHP'H']:O'_ This a_mounts_ to assummg_that _the dipolar in-
cable. (i) Each molecule bears several protons which havdrapair and interpair energies are quasi-invariants of the mo-
different dipolar couplings with their neighbors; in fact a tion[7]besides the Zeeman energy. In this pictitet Hpis
relatively simple LC molecule may have several inquivalent€garded as the unperturbed Hamiltonian and the weaker di-
spin pairs. Then it is meaningful to ask about the actuaPolar interaction between spins belonging to different pairs
number of quasi-invariants that can be experimentally distinas the perturbative effect of widening the unperturbed lev-
guished and how to prepare the ordered states. els. _ _ o _

An example of a simple LC that might be identified with ~ The secular part of the intrapair HamiltonianLC is
the case of weakly coupled, equivalent proton pairs is
PAAd;. These molecules have eight protons in two benzene -
rings. Only the ortho protons in each ring are strongly Hp=ﬂﬁ2y22<*@>(SI?IIQZ—IM-IAZ)
coupled while the coupling with those at positioretaand 2m A (ry2)
parais much weaker. In the nematic phase all the molecules 2
attain a similar average orientation with respect to the high = \/jﬁE w’ST’Q’O, (2
external field, so all the pairs can be considered as approxi- 3 A
mately equivalent. That is, each PAAmolecule has four
pairs of strongly coupled protons, the interaction of protonsyhere A1 andA2 label the two spins of each palr within
belonging to different pairs within the molecule being muchthe molecule; the brackets mean average over the distribu-
weaker. . tion of angles#,, and distances;’, through the samplgL6];

A different example is 5CB, whose molecules have 19TA’0:(2/\@)(3|91|/Z«2_|A1_|A2) is the second rank secular, ir-

. . . . 2
protons with very different dipolar couplings. However one reducible, tensor operator associated to the spin Aaand

realizes that the magnitude of the dipolar couplings could be a_ _ A3y ; )
grouped in two categories: The more strongly coupled pairs. P (3uofi /*18m)([1-3 coS(67,)]/ (11, is the dipolar fre

are the twoortho pairs in each benzene rifg918 Hz[13]- quency corresponding to the half splitting of the doublet, that
4477 Hz[14]) the CH, pairs and the Clin the alkyl chain may be different for each kind of pair in the molecule.

N The statistical operator of a spin system in thermal equi-
(3900, 3560, 3200, 2200, and 2400 H5)). The main in ﬁébrium in an external field,=Byz in the high temperature

teractions comprised in the second group are the couplin L T .
between the closest protons belonging to different ring pproximation ispo=[Z _’?OwOIJ/Tr{I}’ With e, the Larmor
requency ang3,=(kgT)™", T the sample temperature afid

(1742 H2 and betweemmetaand para protons within each ) ) .
fing (360 and 56 Hz, respectively the identity operator. The FID at timteafter a(w/2), pulse

Despite that the spin system of liquid crystals is differento” resonance and later evolution under the dipolar Hamil-
to that in solid hydrated salts, with the aim of describing thetoan is
dipolar signals and finding the appropriate experimental set-
tings for measuring the relaxation times, we adopt the picture - ~(h)Hpt) i) Hph — T
of weakly coupled spin pairs for LC and analyze its applica- S=MoTrilye P = Mo Tri (O}, (3)
bility. The similarity between the experimental behavior and _ o
the fact that the dipolar interactions may be grouped intoVhereMo=Bowoyh?/ Tr{Z} = yhC is the equilibrium magne-
stronger and weaker supports our assumption. tization and the symboly(t) stands for the spin operator
evolved in time with the truncated dipolar Hamiltonian,
Hp=Hp+H,. By writing the evolution undef{p explicitly

In this section we adapt the model of equivalent, weaklyusing Eq.(A1) from the Appendix, the FID can be rewritten
interacting spin pair§6,8] to the case of nonequivalent pairs as

II. WEAKLY INTERACTING SPIN PAIRS
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_ 2 _ 2
S,=Mg> Tr{lyl’ﬁ}cos(wét) + \/g Tr{Iy[Téo,I’é]}sin(wét), Bp = (HpNTriHe} and s = (H)ITrHIY, ®
A where the expectation values of the dipolar Hamiltoninan are
(4)  those given in Eq(6).

N S AL A2 _ However, during an interval comparable with the needed
where we definedy'= e """{(171+17%)el™t as the spin  for the coherences to decay the density matrix is obviously
operator of the spins belonging to tAgair, evolved in time  nondiagonal and the spin system cannot be represented by a
under the interpair Hamiltonian only. quasiequilibrium spin operator like the one of Eg). At this

In the particular case of equivalent pairs, the FID reducegoint we assume, because the experiments confirm this hy-
to the known expressidi8] of a damped oscillatory function pothesis, that if the observation pulse of the JB sequence is

of frequencywp applied after a time,s longer than the one needed for the
b ) coherence decay, the expectation value of any observable can
™ =M G(t)cogwet) + U(D)sin(wpt)], () be calculated by using the high temperature quasiequilibrium

form of density matrix given by Eq.7).

with The dipolar signal at time after the read pulse is the
1 ~ component of the magnetization which is in phase with the
G(t) = ﬁ Tr{l Iy}, read pulse of the JB sequence. We find that it is a sum of the
Y two terms involving the dipolar parts of the Hamiltonian:
i ~ = =
U(t) = —Tr{|2} Tr{|y[T20'|y]}_ S)(t) ')’h Tr{Pf(t)ly} Sntra + Sntera (9)
y with p(t) =e /Moty p Py ifi7ot and
The correlation function& andU measure the adiabatic loss
of coherence due to the evolution under the static interpair Shira = 370 Bp(ti) THLI, Hpll (O},

Hamiltonian. The autocorrelation functio@(t) is an even

function of time, as evident from its definition, whild(t) is N

an odd function whose time dependence is, to the lowest Siter = Y1 B (t12) THP H Py 1y (D)}, (10
order, proportional td>.

In the general case of weakly interacting spin pa&itst  where we used Eq$A2)—(A4) of the Appendix. The ampli-
necesarily equivalentthe density operator at a timeafter  tudes of these dipolar signals are proportional to the corre-
the two(on resonandepreparation pulses of the JB sequencesponding inverse temperature, which give a measure of the
is amount of order that can be transferred from the Zeeman to
the dipolar thermal reservoirs through the JB sequence.

According to the definition of the inverse temperatures of
Egs.(8) and (6), the dipolar signal predicted by E¢LO) is
symmetric in the preparation and the observation tinigs,
andt respectively. It is worth to point out that this symmetry
is also a consequence of assuming the validity of spin ther-
1 _ modynamics in this spin system. The most important feature
(Hp) = Tr{Hpp(t15 7} = EC Tr{{ly, Hpll(t1p)}, of Eq. (.9) is that the d|pola_r _S|gnal obtalngd at every prepa-

ration time is the superposition of a pure intrapair signal and
a pure interpair component. The weight of each of them is
(Hy) = Te{Hyplta, D} = C THPYH, Py Iy (1)}, determined by the amount of each kind of order resulting
from the preparation sequence. This description has previ-
ously been proposed by Dumont, Jeener, and Broekégrt
(Hz =0. (6) for interpreting the dipolar signal at any preparation time in

These quantities depend on the preparation time but are irlg:rystalllne gypsum as a combination of the dipolar intramo-

dependent of the time elapsed after the second pulse, as aécular and intermolecular components.
cor?se uence of havin keptonl the secular artpof thé intra- It is convenient for our subsequent analysis of the signals
and in(tqer air Hamilton%ansp Hov)\:ever the wiIFI) change withako make evident the relationship between the intrapair part of

pair ¥ T : y wi 9 the dipolar signal and the FID. With this purpose we write
the evolution time,; due to spin lattice relaxation processes. . o

: ) ""the time derivative of Eq(3) as

The mean dipolar energy at any time after the preparation
pulses is formally identical to that calculated with a spin ds,
temperature density matrix that represents a state of equilib- =
rium with “dipolar inverse temperature$l,7,17,18 dt

pltyp ) = e—(i/h)HDTPZye—(i/h)HDtlzl ye(i/h)HDtlZPZye(i/ﬁ)HDr,
whereP;, =exp"!y™* and its action ovet{; is written in Eq.
(A2) of the Appendix. The mean dipolar energy calculated
with this density operator i§Hp)=(Hp)+(H,), with

%w@anuw% +H) 1}, (12)

pe=1Z - BsH;— BeHp— B/H, T}, (7)  where we used the invariance of traces under cyclic permu-
tations. Then, by comparing Egkll), (8), and(6) we can
with write the intrapair inverse temperature as
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~ In summary, the former are the conditions that should be
Brp Trilly, Helly(tio)} used to prepare the maximum intrapair and the pure interpair

= 2

2T{He} signals in the general case of weakly interacting spin pairs.
_ C -ids Under the mentioned conditions all the order present in the
- 2Tr{H§,} y_CE tlz_A(tH) ' (12) spin system after the initial Zeeman polarization may be

transferred either into the mostly pure intra- or into the pure

where A(t)=Tr{[l,, HI]Ty(t)}- interpair states.

The intrapair dipolar signal is then a function of the time

derivative of the Zeeman signal: ll. EXPERIMENT
ds,| ds ds, ds, In this section we show the experimental dipolar signals
Shira = K{al —| —+ az( — | Al ‘A(tlz)_) from PAAdg at 27 MHz and 5CB at 300 MHz in the nematic
dt o dt dt tio dt phase and compare them with the predictions of the model of

weakly interacting spin pairs. Then we use the prescription
+ a3A(t12)A(t)] , (13)  for preparing mostly pure intra- or interpair signals for mea-
suring the relaxation times of each dipolar quasi-invariant
separately in PA#g at 16 MHz.
where we definedy=(-1/Mo); a,=i/%; ag=My/#? andK Experiments at 27 MHz were carried out in a homemade
=3/(83awp’). The leading term of Eq(13) is the first one; NMR spectrometer; a Bruker MSL300 was used for mea-
the others are much smaller, at most of ord&f|/|Hp  surements at 300 MHz. Every experiment begins observing
+H,| compared with the first. the FID of the isotropic phase to find the on-resonance con-
Summarizing, we find that in weakly coupled spin pairsdition and to set the receiver phase so that all the signal
the dipolar signal is symmetric in the preparation and obsertZeeman is in one channel. In the isotropic phase no dipolar
vation times and the intrapair component is, in a good apsignal appears after the observation pulse of the JB sequence.
proximation, proportional to the time derivative of the FID. When the temperature is lowered to the nematic range, the
These two qualities are common with the case of ordinaryhannel which is in phase with the read pulse has the dipolar
solids with a regular distribution of spifi4] (like the *°F in signal while the Zeeman signal is in the 90° out of phase
CaF,) where there is only one dipolar quasi-invariant. channel. When increasirtg; the dipolar signal attenuates to
According to Eqgs.(12) and (13), one should expect to zero while the Zeeman signal rises to a maximum. It is then
prepare themaximum amount of intrapair dipolar order for crucial to keep them in separate channels to have a good
ty» at the maximum of the derivative of the FID general quality measurement of the relaxation times, especially in the
systems of weakly coupled spin pairs. Under this experimeninterpair case where the S/N ratio is lower. In the LC ana-
tal condition the spin system is put in a state where the oblyzed in this work we observed that the dipolar sign@s
servable related to the intrapair Hamiltonian attains its maxiany fixedt;,) keep the same shape at every evolution time
mum expectation value. As shown in Sec. lll, in the studied,;, provided the observation pulse comes after the coher-
examplesS; anddS;/dt are proportional and the maximum ences have decayed.
intrapair order that can be prepared is atgactically pure
intrapair order because the interpair contribution is negligible A PAAG
within that experimental conditions. It is worth mentioning : 6
that this method for preparing the intrapair order, as well as The FID of nematic PA&g is a damped oscillatory func-
the symmetry int;, andt hold, regardless of the number of tion: the solid line of Fig. (a) is the signal at 402 K and
different dipolar couplingginequivalent pairspresent in the 27 MHz. The dashed line shows that within the first two
molecule. periods(t <380 us) the FID can be approximately described
With regard to the preparation of the interpair order, it canby an attenuated cosine function of one well defined fre-
be seen from Eqg12) and (4) that By is a sum of trigono- quency of 33.8 kHz. The terG(t)coq wpt) of Eq. (5) leads
metric functions of a number of frequencies. It is an oscilla-the behavior of the FID at short times, which is consistent
tory function oft;, both in cases in which the spin system is with assuming that PAdg is a case of equivalent pairs.
composed by strictly equivalent pairs or when the intrapaiHowever, Eq.(5) fails in describing the signal at longer
dipolar couplings are not very disperse. Beiig,(t) pro-  times where, according to this model, the telht)sin(wpt)
portional to the intrapair inverse temperature, choosing thghould be appreciablg8]. This might indicate that PAdy
preparation time so thap(t;,) crosses through zero assureshas an insufficient number of protons for the solidlike ap-
the selection opure interpair order S;=Syer- proach for the coherence decay to be valid. We see that the
The case of equivalent pairs is contained within themodel of weakly interacting spin pairs describes accurately
former prescription. In that case, the maximum derivative ofthe early evolution of the FID, that is the time interval which
the FID coincides with the first zero of the FID occurring atis relevant for preparing the maximum amounts of dipolar
t=m/(2wp), provided the functionG(t) attenuates slowly. order.

ThereforeBp crosses through zero whespt;,=7 and then It has been reported that the shapes of the dipolar signals
the pure interpair signd, =S, can be prepared by choos- depend noticeably on the preparation time of the JB se-
ing t;, to fit this condition. guencd 2]. We also observed this feature and found that the
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amplitude (arb. units)

FIG. 2. Waterfall plot of the dipolar signals in nematic 5CB at
308 K, as a function of the preparation time of the JB pulse se-
guence. The signal shape changes with the preparation time.

pure interpair character and is plotted as a solid line in Fig.
0 500 400 600 800 1(b). This pure interpa[r signal is 90° out qf phase with re-
time (us) spect to the intrapair signal. In PAIAt,=2t, in accordance
with the description of the FID in terms of equivalent pairs
FIG. 1. (a) FID signal of PAAG (solid) and a fitting(dotted ~ of the preceeding paragraph. Also it is worth to notice that
line) with Eq. (5). (b) Dipolar intrapair signalsmall circle3 and  the amplitude of this interpair component tatt, is negli-
dipolar interpair signalsolid). The intrapair signal coincides with gible, then, the signal prepared with=t, can be considered

the amplitude(square of the dipolar signals at different prepara- as apure intrapair signal, besides being the largest.
tion times. There is also coincidence with the time derivative of the

experimental FID(noisy solid ling at every time. B. 5CB

Figure 2 shows a collection of dipolar signals of nematic
largest dipolar signal occurs &f,=t,=(40+3) us. This is 5CB obtained at 300 MHz and 306 K at different preparation
precisely the preparation time at which the numerical timetimest;,. In all these signalt; is fixed at 4 ms. This interval
derivative of the FID has its maximum and the FID crossess large enough to allow the coherences to decay but small
through zero because it coincides with the conditiast, = compared with the spin lattice relaxation timed;,
=r/2. According to the model described in the former sec-=634 ms andT;,=247 ms. The amplitude of the dipolar
tion, the dipolar signal so preparézero FID and maximum signals grows with increasirg, and then decreases, keeping
derivative contains the largest possible intrapair componenthe same shape in the rangeu5<t;,<55 us. The maxi-
that can be observed in this compound by the JB sequencenum amplitude is obtained with,=31 us. Fort;,>55 us
The curve in small circles in Fig.(ft) is the dipolar intrapair the signals change their shape. This behavior is consistent
signal corresponding to a preparation titpe=40 ws and the  with the occurrence of more than one dipolar quasi-invariant.
(noisy) solid line over it is the numerical time derivative of  The FID of nematic 5CB at 308 K is the solid line of
the FID (multiplied by a scaling factgr These curves coin- largest amplitude in Fig. 3. In the experiment, the condition
cide at all acquisition times. for preparing maximum dipolar signéashed line of Fig. 3

The squares in Fig.(b) that also coincide with the curve and open circles in the inset of this figliie met for a prepa-
in circles for times shorter than 1305, represent the ampli- ration time equal to that of the steepest RIi,=31 us at
tude of the dipolar signal at a fixed time40 us obtained T=308 K), as predicted by Eq(13). Notice that this time
with different preparation times. The coincidence shows thatliffers from the first zero of the FID which occurs &
the dipolar signals are symmetric in the preparation and evo=46 us, because 5CB is not a case of equivalent pairs. The
lution times, in agreement with E¢Q). Because of the sym- numerical derivative of the experimental FID multiplied by a
metry, this is an alternative way of scanning the shape of thecaling factor is the solid linéehind the circlesin the inset
dipolar signal for times shorter than the dead time of theof Fig. 3. This figure shows the complete coincidence with
receiver[1], as shown by the squares that corresponti4o the measured pure intrapair signal for every time. This indi-

<20 us in Fig Ab). cates that the terms iA(t) in Eq. (13) are in fact negligible
Now we look for the timet=t, at which the intrapair in comparison with the one that involves the intrapair energy.
signal crosses through zero, that is, wh@s(t;,)=0. The The intrapair dipolar signal is symmetric in the prepara-

signal obtained with a preparation tirhg=t,=80+5 us has tion and evolution times as shown in the inset of Fig. 3,
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FIG. 4. Time at which the dipolar signals cross through zero as
a function of the preparation time of the JB pulse sequence. Open
circles: from the experiment, squares: reconstructed from the
weighted sum of the experimental pure intra- and interpair signals.
The signals undergo a&/2 phase change when going from intrapair
through interpair.

0 100 200 300 . . .
time (us) factors are the intra- or the interpair amounts of order that
can be prepared in the sample, as predicted by(8gAn
FIG. 3. Zeeman FID signal of nematic 5GRBurgest solid ling estimation of these amplitudes should involve the calculation
the dipolar intrapair signaldashed and dipolar interpair signal of Bp and g, which is a heavy task for 5CB because of the
(solid) have lower amplitude. Inset: the intrapair sigreircles huge number of degrees of freedom involved. However,
coincides with the time derivative of the FIBolid line superim- making use of the symmetry in the preparation and evolution
posed to the circlgsThe interpair signal is the solid, lower ampli- times, one can assume that the amplitude of the pure intra-
tude line. Coincidence with the squares for times less thaps80 and the pure interpair signals at a given time is proportional
shows the symmetry respect to the preparation and the observatiqg the intra- and to the interorder that can be prepared with
times. t1, equal to that given time. If this is so, one might reproduce

. . the plot of Fig. 4 using only the “mostly pure” signas,,
where the plot in squares represents the amplitude of thgnd Shier- The curve in squares in this figure was calculated

f."po't‘?“ S|gr]rarll_at a fixed t|me=31d,ust for dlf{erlent ;grepa_ra— in this way. Of course it does not coincide with the curve in
|?nF_|mezs. it IS .C“T‘(;e corrﬁlsp:ﬁn 'sto acu gonlg fllaaigls circles for times larger than 8Q@s because the symmetry
or Fg. 2. It coincides wi € intrapair: signai 1or Uimes 554 fajls in this interval. In PAA; we could also reproduce

shorter th_an_ 8Qus; at longer preparation t|m_es the c!rcles the phase of the dipolar signals as a function of the prepara-
follow a similar shape but have smaller amplitude. This facttion time, with the same procedure used in 5CB

may be due to other attenuation processes that are not taken In this way the larger component leads the resultant signal

into account by. this plosec'ijspin system approach. The Syms'hape. The phase changes from the one of the intracompo-
mettry tat ;hgt times Is vgrl?e(? lgorEevththat is, for differ- nent to that of the intercomponent within the short interval
ent cuts in F1g. pas predicted by | q9). . where both components have comparable weight. In 5CB
The first zero of the intrapair signal, that is also the CON-his happens for 5s<t<70 us (as seen in Fig. 3 This is
dition for haymg pure interpair order_, ocqurstaﬂz #s al 4156 consistent with the fact that the pure interpair signal is
308 K. The dipolar signal obtained with this preparation time_ 5o the one with lowest amplitude. That is, the greater the

is the lowest amplitude curve in Fig. 3. : N . . :
The change in shape of the dipolar signals for diffetent ;t]tg)se’véloltmra amplitudefinter-amplitude, the steeper the

can be displayed by plotting the tinigat which the dipolar
signal crosses through zero as a function of the preparation
time. The open circles of Fig. 4 are the experimental values
of t, for 5CB at 308 K. The curve slope changes sharply Once we have a prescription for finding the most pure
within a narrow time interval near thig, values needed for intra- or interpair signals, we use it for measuring the sepa-
preparing the interpair order. The time at which the changeate relaxation times. The signal attenuation as a function of
occurs depends on temperature according with the order p&s3 is a single exponential when measured in the former con-
rameter(or the dipolar frequengyof the nematic. This char- ditions. This fact suggests that no appreciable cross relax-
acteristic curve can be explained by recalling that the dipolaation occurs between the intra- and interquasi-invariants nor
signal obtained for each preparation titpeis the weighted with the unobserved singlet stateontrarily to the case of
sum of the intra- and interpair contributions. The weightinghydrated salt§6]). The temperature dependence of the relax-

C. Relaxation times
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FIG. 6. Fourier transforms of the Flxircles, the intrapair

FIG. 5. Relaxation times of the intrapasquaresand interpair ~ dipolar signal(solid), and the interpair dipolar signatiotted of
order (circles in PAAdg in the nematic phase at 27 MHz. 5CB in the nematic phase.

) ) ) o ) ~ ferred to more than one intrapair quasi-invariant. However,
ation time of each dipolar quasi-invariant at 27 MHz in jn the nematic compounds analyzed in this work only two
PAAdg is shown in Fig. 5.Tipine (circles is noticeably  dipolar quasi-invariants can be distinguished. This is consis-
lower thanT,py, (Squaresin the whole(nematig tempera-  tent with the fact that the criteria for preparing the pure intra-
ture range and their temperature dependences are also diffetnd interpair orders yielded by this model basically rely only
ent. In 5CB at 27 MHz the difference in the temperatureon the fact thafHp|>|H,|, which is also a common charac-
behavior of the two relaxation times is more marKéd,  teristic in ordinary thermotropic LC. In terms of the under-
possibly because the motion of the methyl groups in thdying spin thermodynamics that we adopted for describing
alkyl chain might be a more efficient mechanism for relaxingthe signals, the experiment suggests that protons attain a
the intrapair order. These characteristic features show th&ingle spin temperature when they are brought into a state of
the measurement of each parameter can provide distinct intra- or interpair order. )
formation to study the different molecular motions that drive _f the different couplings are not widely spread one could
relaxation. At the present, to our knowledge, there are nélill expect signal shapes as the one of 5CB; however, if the
theoretical models in the literature that describe the temperdliPolar couplings are continuously spread over a wide range,
ture or the Larmor frequency dependencd gf .. Besides, 1€ overall shape may be very different to the former case.
the theory forTp that is based on the high temperature 1€ case of the smectic phase might be this limit.

o : . An alternative way of recognizing the intra- or interchar-
fjvggi‘:(i (:ir(;jr?)o?ri)tzr?r)gmuat;ﬂr?cn, ggegnrgg r[%)\g?]e a SE]ltISf"ﬂCtoryacter of the dipolar signals is through their Fourier trans-
P q y aep e forms. As clearly shown by Eisendrath, Stone, and Jeléfer

for the ideal case of an ensemble of weakly coupled equiva-
IV. DISCUSSION lent spin pairs, the Fourier transform 8f,, the intrapair
order has one component of the doublet in absorption and the
In this work we verified that it is possible to bring the other in emission while the interpair order manifests as a
proton spin system of a liquid crystal into states of intrapairspectrum that is emissive on one side of the line and absorp-
and interpair states of dipolar order through the JB sequenda@veon the other side. When choosing the preparation times
and to measure their relaxation times separately. By assunaccording to the criteria shown above, the spectra of the FID
ing that in liquid crystals the proton spin system can be conand the dipolar signals of 5CB show these characteristic fea-
sidered as a set of weakly coupled spin pairs, we deduce thares, as shown in Fig. 6. This fact reinforces the conclusion
experimental prescription needed to create these states of dhat it is correct to treat 5CB within the spin thermodynamics
polar order. After successfully tried in PAlj and 5CB, we-  approach of weakly coupled spin pairs. In spite of the fact
can anticipate the applicability of this thermodynamic ap-that the simple molecule of PAdy looks as a good example
proach for a wide class of similar liquid crystals. of this weakly-interacting-pairs model, the spectra of its Zee-
In PAAdg, the timet, needed for preparing the maximum man, intrapair and interpair signals do not have the expected
amount of intrapair order coincides with the first zero of thecharacteristics: all of them have an unavoidable phase
FID. This feature indicates that the modelegjuivalent pairs change and no phase shift causes them to be neither in ab-
is well justified in this compound. In 5CBt, is the one sorption nor in emission. This failure is consistent with the
predicted by Eq(13), which shows the adequacy of consid- fact that the time domain signals could not be described by
ering the spin system of 5CB as formed by weakly interactthis model either fort>350 us. Conceivably, this simple

ing pairs. spin system cannot be considered as closed during the whole
In the case of nonequivalent pairs, the Hamiltonian has altlecoherence time.
the (commuting terms with indicesA of Eq. (2), therefore, In Fig. 5 the relaxation time of each quasi-invariant has a

the initial Zeeman polarization could in principle be trans-different value and different temperature dependence, indi-
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cating that each one reflects differently the various relaxatiosimpler and more accurate solution is to perform the mea-

mechanisms. This feature was also observed in nematic 5C8irements at a lower external field, where the chemical shift

at 16 MHz[5] where the difference in the temperature de-is negligible.

pendences of dipolar relaxation times is more marked than in

PAAds. One could take advantage of this fact because it

implies that another experimental parameter is available for

studying the relaxation mechanisms associated with molecu- This work was financed by SECYT—Universidad Nacio-

lar motion. nal de Cérdoba and Fundacién Antorchas, Argentina. We
The ratio of dipolar intra- to interpair signal amplitudes is thank J. Jeener for drawing our attention to the possibility of

M =3 in 5CB while in 5CRl,, it is smaller:M =1.6[5]. The  extending to liquid crystals the results obtained on gypsum

only difference between these two compounds is that SCBy him and his collaborators, and A. Pines for enlightening

intrapair signal originates in the coend in the chain pro- i ssions about NMR of manv-spin svstems
tons while in 5CRl;; both the intrapair and the interpair y-spin sy '

signal come only from the core protons. This suggests that
the interpair signal is mainly originated in the cores, with

almost no contribution from the chains. This idea is consis- Heare we summarize some relations useful for the calcula-
tent with having different sensitivity to the various relaxation tjons in the body of the paper. Evolution of a spin operator

mechanisms. o o under the truncated dipolar Hamiltoniéintra- and interpajr
A further experimental detail is worth mentioning: In Eq.

(9) we assumed that the irradiation pulses are on—resonanq"g(t) = e—(i/h)Hlt(e—(i/h)Hpqye(i/h)Hpt)e<i/h>H|t
with the Larmor frequencygw,. For sufficiently low fields
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APPENDIX

Ho, all the nuclei have the same resonance frequency, how- = '('/ﬁ)H'tEA(@COS(wét) —i\%[Téo,I?]sin(wpt))e("ﬁm't.
ever, at higher fields the chemical shifts are observable. For (A1)
example, the resonance line of 5CB in the isotrajtiguid)

phase is of 1 kHz width when observedaai~ 30 MHz but Effect of a 4% pulse on the intrapair Hamiltonian

it is a structured spectrum of 4 kHz width ay=300 MHz. _ T3 A A Fe A
This fact makes it very difficul{and in some compounds P4yHPPZy‘ﬁ‘/gEA“’PpélyTZOPZyﬁ\’ 3ZaAwp

impossiblg to measure the dipolar relaxation time in the 1

interpair condition at higher fields. The dipolar signal is de- X| = \/%(TS\Z-TQ_Z) + ZT’QOH\E(T’QI—T’Q_Q ,
tected in the same direction of the first preparation pulse.

Under ideal conditions the Zeeman signal is 90° out of phase (A2)

respect to the dipolar signal at every evolution tie how- whereT,; are the spherical tensors of rank 2.

ever, due to the chemical shifts, the optimal preparation™ po o\ se of the commutation relationsladnd T, it is
times are not the same for every dipolar pair and part of the

Zeeman signal contaminates the dipolar signal especially at (Tor— Toop) == 201y, Tyl (A3)
longer t,5. Although this fact is not a problem when just

recording the dipolar signaléecause this is done at short In the calculation of the intrapair dipolar signal we used

ty3, whenBz=0) it is a major difficulty when measuring the Tr{e (/WHotT, &MHpY L= THT,i.} =0,
relaxation times. Due to the fact that the dipolar and Zeeman Y Y
signals have opposite time evolutidthe first decreases and Tr{e MMl (T,, ~T,_,) e(”ﬁWDtly} -0,

the second grows with,3), depending on the relative values
of T;p and Ty, there is a “window of opportunity’{21]

where the detection of the dipolar can be restricted to. A Tr{[ly, Toolly} = TH{[ly, Toolly}- (A4)
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