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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 couplingssinequivalent pairsd present 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: PAAd6 smethyl deuteratedp-azoxyanisoled and 5CBs48-pentyl-4-biphenyl-carbonitriled.
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I. INTRODUCTION

Because of their high degree of orientational order, ther-
motropic liquid crystals sLCd exhibit a strong residual
nuclear spin dipole-dipole energy associated with the inter-
action between protons belonging to the same molecule; this
interaction is not averaged out by the individual diffusive
molecular motions. Like in the NMR of solids, in liquid
crystals the Zeeman energy of the proton spin system has an
appreciable magnitude in thermal equilibrium provided that
the external magnetic field is much larger than the local
fields sa few kilogaussd. On the contrary, the equilibrium
dipolar energy at ordinary temperature is too small to be
observed directly, being necessary to previously prepare the
system in a state of higher dipolar order. Such a state can be
achieved for example by the Jeener-BroekaertsJBd experi-
ment f1g, which consists of the rf pulse sequence:s90x

° − t12

−45y
° − t23−45y

°d. The two first phase shifted pulses, separated
a time intervalt12, prepare the dipolar order and a third, read
pulse at a timet23 from the second makes the dipolar order
detectable. Studying the attenuation of the dipolar signal as a
function of t23 allows, in principle, to measure the dipolar
spin-lattice relaxation time,T1D f2–5g.

Several similarities are found between the proton NMR of
thermotropic LC in the nematic phase as PAAd6 smethyl
deuteratedp-azoxyanisoled f2g and 5CBd11 schain deuterated
48-pentyl-4-biphenyl-carbonitriled f5g and some crystalline
hydrated salts like gypsumf6g or potassium oxalate mono-
hydratesPOMHd f8g: The Zeeman free induction decay sig-
nals sFIDd attenuate much faster than the irreversible spin-
lattice processes and the dipolar signal shapes depend on the
preparation timest12. The latter behavior has been attributed
to the occurrence of two dipolar quasi-invariants, namely
intrapair and interpair.

In these hydrated salts the spin system consists of equiva-
lent pairs of strongly dipolar coupled spin-1

2 nuclei belonging
to the same water molecule, weakly coupled with protons of
the other molecules. The dipolar part of the spin Hamiltonian
is then a sum of the intrapair and the interpair interactions.
Due to the noticeably different magnitude of the two kinds of
dipolar couplings, four independent quasi-invariants are ex-
pected at high magnetic fields, namely the Zeeman, intrapair
dipolar and interpair dipolar energies and the deviation of the
singlet state population from its equilibrium value. The fea-
sibility of measuring independently these quasi-invariants in
gypsum was demonstrated by Eisendrath, Stone, and Jeener
f7g. The NMR spectrum of these systems shows a resolved
doublet due to spin-spinsintrapaird interaction. The width
and structure of each peak of the doublet is attributed to the
interpair interaction. The shape of the time domain dipolar
signal prepared with the JB sequence in hydrated salts is
strongly dependent on the preparation time because the Zee-
man order can be alternatively transferred to different kinds
of dipolar order. This behavior was successfully accounted
for by the model of weakly interacting, equivalent pairs of
strongly coupled protonsf6,8g.

Due to the important and yet unexploited potential of the
dipolar order relaxation experiments in LC and other me-
sophases, in this work we aim to discuss the experimental
conditions needed for creating and measuring the evolution
of the two kinds of dipolar order in liquid crystals. The re-
laxation time of intrapair dipolar order is very sensitive to
the slow cooperative motions, even within the MHz Larmor
frequency range. This feature distinguishes the dipolar from
the Zeeman relaxation rates since the latter reflects the indi-
vidual motions as well as the collective fluctuations at high
frequenciesf5,9–12g. Accordingly, measurement of the intra-
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-
vide independent parameters which may contribute to disen-*Electronic address: gonzalce@famaf.unc.edu.ar
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tangling the underlying spectral densities of the superim-
posed molecular motions.

It is the purpose of this work to explore the applicability
of the spin thermodynamics treatment previously developed
for solidsf7g, to describe the dipolar signals in LC. Since in
a wide class of liquid crystals the dipolar interactions can
also be grouped into intra- and interpair, we adapt the model
of weakly interacting spin pairs for liquid crystals.

The interactions relevant for proton NMR experiments in
LC differ from those in hydrated solids:sid The interpair
contribution in hydrated salts originates in the interaction
between the proton spin belonging to a water molecule and
all the other pairs in the sample while in LC, the dipolar
interaction between protons belonging to different molecules
averages to zero due to the characteristic mobility of the
mesophases, therefore only protons at the same molecule
have a residual dipolar interaction.sii d The number of spins
within each LC molecule is usually small and might not be
enough for the spin thermodynamics approach to be appli-
cable.siii d Each molecule bears several protons which have
different dipolar couplings with their neighbors; in fact a
relatively simple LC molecule may have several inquivalent
spin pairs. Then it is meaningful to ask about the actual
number of quasi-invariants that can be experimentally distin-
guished and how to prepare the ordered states.

An example of a simple LC that might be identified with
the case of weakly coupled, equivalent proton pairs is
PAAd6. These molecules have eight protons in two benzene
rings. Only the ortho protons in each ring are strongly
coupled while the coupling with those at positionmetaand
para is much weaker. In the nematic phase all the molecules
attain a similar average orientation with respect to the high
external field, so all the pairs can be considered as approxi-
mately equivalent. That is, each PAAd6 molecule has four
pairs of strongly coupled protons, the interaction of protons
belonging to different pairs within the molecule being much
weaker.

A different example is 5CB, whose molecules have 19
protons with very different dipolar couplings. However one
realizes that the magnitude of the dipolar couplings could be
grouped in two categories: The more strongly coupled pairs
are the twoortho pairs in each benzene rings4918 Hzf13g–
4477 Hzf14gd the CH2 pairs and the CH3 in the alkyl chain
s3900, 3560, 3200, 2200, and 2400 Hzf15gd. The main in-
teractions comprised in the second group are the coupling
between the closest protons belonging to different rings
s1742 Hzd and betweenmetaand para protons within each
ring s360 and 56 Hz, respectivelyd.

Despite that the spin system of liquid crystals is different
to that in solid hydrated salts, with the aim of describing the
dipolar signals and finding the appropriate experimental set-
tings for measuring the relaxation times, we adopt the picture
of weakly coupled spin pairs for LC and analyze its applica-
bility. The similarity between the experimental behavior and
the fact that the dipolar interactions may be grouped into
stronger and weaker supports our assumption.

II. WEAKLY INTERACTING SPIN PAIRS

In this section we adapt the model of equivalent, weakly
interacting spin pairsf6,8g to the case of nonequivalent pairs

with the aim of describing the dipolar signals in liquid crys-
tals. From this analysis we deduce the conditions for prepar-
ing the different kinds of order in liquid crystals.

In LC, as well as in hydrated salts, the proton spin Hamil-
tonian at high magnetic fields can be written as

HS= HZ + HD = HZ + HP + HI , s1d

whereHZ is the Zeeman Hamiltonian and the secular dipolar
interaction energyHD averaged over the motion, is separated
into two terms: a strong intrapair contributionHP and a term
that accounts for the weaker interpair interactionHI. Assum-
ing that in 5CB and PAAd6 the relationuHZu@ uHPu@ uHIu
holds sfor high magnetic fieldsd, in a perturbative approach
we keep only the part of the interpair Hamiltonian that is
secular with respect to theHZ andHP and therefore satisfies
fHP,HIg=0. This amounts to assuming that the dipolar in-
trapair and interpair energies are quasi-invariants of the mo-
tion f7g besides the Zeeman energy. In this pictureHZ+HP is
regarded as the unperturbed Hamiltonian and the weaker di-
polar interaction between spins belonging to different pairs
has the perturbative effect of widening the unperturbed lev-
els.

The secular part of the intrapair Hamiltonianin LC is

HP =
m0

2p
"2g2o

A
K1 − 3 cos2su12

A d
sr12

A d3 Ls3Iz
A1Iz

A2 − I A1 · I A2d

=Î2

3
"o

A

vP
AT2,0

A , s2d

whereA1 andA2 label the two spins of each pairA within
the molecule; the brackets mean average over the distribu-
tion of anglesu12

A and distancesr12
A through the samplef16g;

T2,0
A =s2/Î6ds3Iz

A1Iz
A2− I A1·I A2d is the second rank secular, ir-

reducible, tensor operator associated to the spin pairA; and
vP

A=s3m0"g2/8pdkf1−3 cos2su12
A dg / sr12

A d3l is the dipolar fre-
quency corresponding to the half splitting of the doublet, that
may be different for each kind of pair in the molecule.

The statistical operator of a spin system in thermal equi-
librium in an external fieldB0=B0ẑ in the high temperature
approximation isr0=fI−b0v0Izg /TrhIj, with v0 the Larmor
frequency andb0=skBTd−1, T the sample temperature andI
the identity operator. The FID at timet after asp /2dx pulse
on resonance and later evolution under the dipolar Hamil-
tonian is

SZ = M0 TrhIye
−si/"dHDtIye

si/"dHDtj ; M0 TrhIyI ỹstdj, s3d

whereM0=b0v0g"2/TrhIj;g"C is the equilibrium magne-

tization and the symbolI ỹstd stands for the spin operator
evolved in time with the truncated dipolar Hamiltonian,
HD=HP+HI. By writing the evolution underHP explicitly
using Eq.sA1d from the Appendix, the FID can be rewritten
as
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SZ = M0o
A

TrhIyIy
ÂjcossvP

Atd +Î2

3
TrhIyfT20

A ,Iy
ÂgjsinsvP

Atd,

s4d

where we definedIy
Â;e−si/"dHItsIy

A1+ Iy
A2desi/"dHIt as the spin

operator of the spins belonging to theA pair, evolved in time
under the interpair Hamiltonian only.

In the particular case of equivalent pairs, the FID reduces
to the known expressionf8g of a damped oscillatory function
of frequencyvP

SZ
equiv = M0fGstdcossvPtd + UstdsinsvPtdg, s5d

with

Gstd =
1

TrhIy
2j

TrhIyI ŷj,

Ustd =
i

TrhIy
2j

TrhIyfT20,I ŷgj.

The correlation functionsG andU measure the adiabatic loss
of coherence due to the evolution under the static interpair
Hamiltonian. The autocorrelation functionGstd is an even
function of time, as evident from its definition, whileUstd is
an odd function whose time dependence is, to the lowest
order, proportional tot3.

In the general case of weakly interacting spin pairssnot
necesarily equivalentd, the density operator at a timet after
the twoson resonanced preparation pulses of the JB sequence
is

rst12,td = e−si/"dHDtP4y
− e−si/"dHDt12Iye

si/"dHDt12P4y
+ esi/"dHDt,

whereP4y
± ;exp±iI yp/4 and its action overHP is written in Eq.

sA2d of the Appendix. The mean dipolar energy calculated
with this density operator iskHDl=kHPl+kHIl, with

kHPl = TrhHPrst12,tdj =
1

2
C TrhfIy,HPgI ỹst12dj,

kHIl = TrhHIrst12,tdj = C TrhP4y
+ HIP4y

− I ỹst12dj,

kHZl = 0. s6d

These quantities depend on the preparation time but are in-
dependent of the timet elapsed after the second pulse, as a
consequence of having kept only the secular part of the intra-
and interpair Hamiltonians. However they will change with
the evolution timet23 due to spin lattice relaxation processes.
The mean dipolar energy at any time after the preparation
pulses is formally identical to that calculated with a spin
temperature density matrix that represents a state of equilib-
rium with “dipolar inverse temperatures”f1,7,17,18g

re = fI − bZHZ − bPHP − bIHIg/TrhIj, s7d

with

bP ; kHPl/TrhHP
2j andbI ; kHIl/TrhHI

2j, s8d

where the expectation values of the dipolar Hamiltoninan are
those given in Eq.s6d.

However, during an interval comparable with the needed
for the coherences to decay the density matrix is obviously
nondiagonal and the spin system cannot be represented by a
quasiequilibrium spin operator like the one of Eq.s7d. At this
point we assume, because the experiments confirm this hy-
pothesis, that if the observation pulse of the JB sequence is
applied after a timet23 longer than the one needed for the
coherence decay, the expectation value of any observable can
be calculated by using the high temperature quasiequilibrium
form of density matrix given by Eq.s7d.

The dipolar signal at timet after the read pulse is the
component of the magnetization which is in phase with the
read pulse of the JB sequence. We find that it is a sum of the
two terms involving the dipolar parts of the Hamiltonian:

SDstd = g" Trhr fstdIyj ; Sintra + Sinter, s9d

with r fstd;e−si/"dHDtP4y
− reP4y

+ esi/"dHDt and

Sintra = 1
2g"bPst12dTrhfIy,HPgIystd̃j,

Sinter = g"bIst12dTrhP4y
− HIP4y

+ Iystd̃j, s10d

where we used Eqs.sA2d–sA4d of the Appendix. The ampli-
tudes of these dipolar signals are proportional to the corre-
sponding inverse temperature, which give a measure of the
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
Eqs. s8d and s6d, the dipolar signal predicted by Eq.s10d is
symmetric in the preparation and the observation times,t12
andt respectively. It is worth to point out that this symmetry
is also a consequence of assuming the validity of spin ther-
modynamics in this spin system. The most important feature
of Eq. s9d is that the dipolar signal obtained 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
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 Broekaertf6g
for interpreting the dipolar signal at any preparation time in
crystalline gypsum as a combination of the dipolar intramo-
lecular and intermolecular components.

It is convenient for our subsequent analysis of the signals
to make evident the relationship between the intrapair part of
the dipolar signal and the FID. With this purpose we write
the time derivative of Eq.s3d as

dSZ

dt
=

M0i

"
TrhI ỹstdfIy,sHP + HIdgj, s11d

where we used the invariance of traces under cyclic permu-
tations. Then, by comparing Eqs.s11d, s8d, and s6d we can
write the intrapair inverse temperature as
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bP =
C

2TrhHP
2j

TrhfIy,HPgI ỹst12dj

=
C

2TrhHP
2jSU − i

gC

dSz

dt
U

t12

− Ast12dD , s12d

whereAstd=TrhfIy,HIgĨ ystdj.
The intrapair dipolar signal is then a function of the time

derivative of the Zeeman signal:

Sintra = KFa1UdSz

dt
U

t12

dSz

dt
+ a2SUdSz

dt
U

t12

Astd − Ast12d
dSz

dt D
+ a3Ast12dAstdG , s13d

where we defineda1=s−1/M0d; a2= i /"; a3=M0/"2, andK
=3/s8oAvP

A2d. The leading term of Eq.s13d is the first one;
the others are much smaller, at most of orderuHIu / uHP
+HIu compared with the first.

Summarizing, we find that in weakly coupled spin pairs
the dipolar signal is symmetric in the preparation and obser-
vation times and the intrapair component is, in a good ap-
proximation, proportional to the time derivative of the FID.
These two qualities are common with the case of ordinary
solids with a regular distribution of spinsf1g slike the 19F in
CaF2d where there is only one dipolar quasi-invariant.

According to Eqs.s12d and s13d, one should expect to
prepare themaximum amount of intrapair dipolar order for
t12 at the maximum of the derivative of the FIDin general
systems of weakly coupled spin pairs. Under this experimen-
tal condition the spin system is put in a state where the ob-
servable related to the intrapair Hamiltonian attains its maxi-
mum expectation value. As shown in Sec. III, in the studied
examplesSD anddSZ/dt are proportional and the maximum
intrapair order that can be prepared is alsopractically pure
intrapair order because the interpair contribution is negligible
within that experimental conditions. It is worth mentioning
that this method for preparing the intrapair order, as well as
the symmetry int12 and t hold, regardless of the number of
different dipolar couplingssinequivalent pairsd present in the
molecule.

With regard to the preparation of the interpair order, it can
be seen from Eqs.s12d and s4d that bP is a sum of trigono-
metric functions of a number of frequencies. It is an oscilla-
tory function oft12 both in cases in which the spin system is
composed by strictly equivalent pairs or when the intrapair
dipolar couplings are not very disperse. BeingSintrastd pro-
portional to the intrapair inverse temperature, choosing the
preparation time so thatbPst12d crosses through zero assures
the selection ofpure interpair order. SD=Sinter.

The case of equivalent pairs is contained within the
former prescription. In that case, the maximum derivative of
the FID coincides with the first zero of the FID occurring at
t=p / s2vPd, provided the functionGstd attenuates slowly.
ThereforebP crosses through zero whenvPt12=p and then
the pure interpair signalSD=Sinter can be prepared by choos-
ing t12 to fit this condition.

In summary, the former are the conditions that should be
used to prepare the maximum intrapair and the pure interpair
signals in the general case of weakly interacting spin pairs.
Under the mentioned conditions all the order present in the
spin system after the initial Zeeman polarization may be
transferred either into the mostly pure intra- or into the pure
interpair states.

III. EXPERIMENT

In this section we show the experimental dipolar signals
from PAAd6 at 27 MHz and 5CB at 300 MHz in the nematic
phase and compare them with the predictions of the model of
weakly interacting spin pairs. Then we use the prescription
for preparing mostly pure intra- or interpair signals for mea-
suring the relaxation times of each dipolar quasi-invariant
separately in PAAd6 at 16 MHz.

Experiments at 27 MHz were carried out in a homemade
NMR spectrometer; a Bruker MSL300 was used for mea-
surements at 300 MHz. Every experiment begins observing
the FID of the isotropic phase to find the on-resonance con-
dition and to set the receiver phase so that all the signal
sZeemand is in one channel. In the isotropic phase no dipolar
signal appears after the observation pulse of the JB sequence.
When the temperature is lowered to the nematic range, the
channel which is in phase with the read pulse has the dipolar
signal while the Zeeman signal is in the 90° out of phase
channel. When increasingt23 the dipolar signal attenuates to
zero while the Zeeman signal rises to a maximum. It is then
crucial to keep them in separate channels to have a good
quality measurement of the relaxation times, especially in the
interpair case where the S/N ratio is lower. In the LC ana-
lyzed in this work we observed that the dipolar signalssat
any fixed t12d keep the same shape at every evolution time
t23, provided the observation pulse comes after the coher-
ences have decayed.

A. PAAd6

The FID of nematic PAAd6 is a damped oscillatory func-
tion: the solid line of Fig. 1sad is the signal at 402 K and
27 MHz. The dashed line shows that within the first two
periodsst,380 msd the FID can be approximately described
by an attenuated cosine function of one well defined fre-
quency of 33.8 kHz. The termGstdcossvPtd of Eq. s5d leads
the behavior of the FID at short times, which is consistent
with assuming that PAAd6 is a case of equivalent pairs.
However, Eq.s5d fails in describing the signal at longer
times where, according to this model, the termUstdsinsvPtd
should be appreciablef8g. This might indicate that PAAd6
has an insufficient number of protons for the solidlike ap-
proach for the coherence decay to be valid. We see that the
model of weakly interacting spin pairs describes accurately
the early evolution of the FID, that is the time interval which
is relevant for preparing the maximum amounts of dipolar
order.

It has been reported that the shapes of the dipolar signals
depend noticeably on the preparation time of the JB se-
quencef2g. We also observed this feature and found that the
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largest dipolar signal occurs att12= ta=s40±3d ms. This is
precisely the preparation time at which the numerical time
derivative of the FID has its maximum and the FID crosses
through zero because it coincides with the conditionvPta
=p /2. According to the model described in the former sec-
tion, the dipolar signal so preparedszero FID and maximum
derivatived contains the largest possible intrapair component
that can be observed in this compound by the JB sequence.
The curve in small circles in Fig. 1sbd is the dipolar intrapair
signal corresponding to a preparation timet12=40 ms and the
snoisyd solid line over it is the numerical time derivative of
the FID smultiplied by a scaling factord. These curves coin-
cide at all acquisition times.

The squares in Fig. 1sbd that also coincide with the curve
in circles for times shorter than 110ms, represent the ampli-
tude of the dipolar signal at a fixed timet=40 ms obtained
with different preparation times. The coincidence shows that
the dipolar signals are symmetric in the preparation and evo-
lution times, in agreement with Eq.s9d. Because of the sym-
metry, this is an alternative way of scanning the shape of the
dipolar signal for times shorter than the dead time of the
receiverf1g, as shown by the squares that correspond tot12
,20 ms in Fig 1sbd.

Now we look for the timet= tb at which the intrapair
signal crosses through zero, that is, whenbPst12d=0. The
signal obtained with a preparation timet12= tb=80±5 ms has

pure interpair character and is plotted as a solid line in Fig.
1sbd. This pure interpair signal is 90° out of phase with re-
spect to the intrapair signal. In PAAd6 tb=2ta in accordance
with the description of the FID in terms of equivalent pairs
of the preceeding paragraph. Also it is worth to notice that
the amplitude of this interpair component att= ta is negli-
gible, then, the signal prepared witht12= ta can be considered
as apure intrapair signal, besides being the largest.

B. 5CB

Figure 2 shows a collection of dipolar signals of nematic
5CB obtained at 300 MHz and 306 K at different preparation
timest12. In all these signalst23 is fixed at 4 ms. This interval
is large enough to allow the coherences to decay but small
compared with the spin lattice relaxation timessT1Z
=634 ms andT1D=247 msd. The amplitude of the dipolar
signals grows with increasingt12 and then decreases, keeping
the same shape in the range 5ms, t12,55 ms. The maxi-
mum amplitude is obtained witht12=31 ms. For t12.55 ms
the signals change their shape. This behavior is consistent
with the occurrence of more than one dipolar quasi-invariant.

The FID of nematic 5CB at 308 K is the solid line of
largest amplitude in Fig. 3. In the experiment, the condition
for preparing maximum dipolar signalsdashed line of Fig. 3
and open circles in the inset of this figured is met for a prepa-
ration time equal to that of the steepest FIDst12=31 ms at
T=308 Kd, as predicted by Eq.s13d. Notice that this time
differs from the first zero of the FID which occurs att0
=46 ms, because 5CB is not a case of equivalent pairs. The
numerical derivative of the experimental FID multiplied by a
scaling factor is the solid linesbehind the circlesd in the inset
of Fig. 3. This figure shows the complete coincidence with
the measured pure intrapair signal for every time. This indi-
cates that the terms inAstd in Eq. s13d are in fact negligible
in comparison with the one that involves the intrapair energy.

The intrapair dipolar signal is symmetric in the prepara-
tion and evolution times as shown in the inset of Fig. 3,

FIG. 1. sad FID signal of PAAd6 ssolidd and a fittingsdotted
lined with Eq. s5d. sbd Dipolar intrapair signalssmall circlesd and
dipolar interpair signalssolidd. The intrapair signal coincides with
the amplitudessquaresd of the dipolar signals at different prepara-
tion times. There is also coincidence with the time derivative of the
experimental FIDsnoisy solid lined at every time.

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-
quence. The signal shape changes with the preparation time.
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where the plot in squares represents the amplitude of the
dipolar signal at a fixed timet=31 ms for different prepara-
tion times. This curve corresponds to a cut along thet12 axis
of Fig. 2. It coincides with the intrapair signal for times
shorter than 80ms; at longer preparation times the circles
follow a similar shape but have smaller amplitude. This fact
may be due to other attenuation processes that are not taken
into account by this closed-spin system approach. The sym-
metry at short times is verified for everyt sthat is, for differ-
ent cuts in Fig. 2d as predicted by Eq.s9d.

The first zero of the intrapair signal, that is also the con-
dition for having pure interpair order, occurs att=72 ms at
308 K. The dipolar signal obtained with this preparation time
is the lowest amplitude curve in Fig. 3.

The change in shape of the dipolar signals for differentt12
can be displayed by plotting the timet0 at 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 t0 for 5CB at 308 K. The curve slope changes sharply
within a narrow time interval near thet12 values needed for
preparing the interpair order. The time at which the change
occurs depends on temperature according with the order pa-
rametersor the dipolar frequencyd of the nematic. This char-
acteristic curve can be explained by recalling that the dipolar
signal obtained for each preparation timet12 is the weighted
sum of the intra- and interpair contributions. The weighting

factors are the intra- or the interpair amounts of order that
can be prepared in the sample, as predicted by Eq.s9d. An
estimation of these amplitudes should involve the calculation
of bP andbI, which is a heavy task for 5CB because of the
huge number of degrees of freedom involved. However,
making use of the symmetry in the preparation and evolution
times, one can assume that the amplitude of the pure intra-
and the pure interpair signals at a given time is proportional
to the intra- and to the interorder that can be prepared with
t12 equal to that given time. If this is so, one might reproduce
the plot of Fig. 4 using only the “mostly pure” signalsSintra
andSinter. The curve in squares in this figure was calculated
in this way. Of course it does not coincide with the curve in
circles for times larger than 80ms because the symmetry
also fails in this interval. In PAAd6 we could also reproduce
the phase of the dipolar signals as a function of the prepara-
tion time, with the same procedure used in 5CB.

In this way the larger component leads the resultant signal
shape. The phase changes from the one of the intracompo-
nent to that of the intercomponent within the short interval
where both components have comparable weight. In 5CB
this happens for 55ms, t,70 ms sas seen in Fig. 3d. This is
also consistent with the fact that the pure interpair signal is
also the one with lowest amplitude. That is, the greater the
ratio M =intra-amplitude/inter-amplitude, the steeper the
phase plot.

C. Relaxation times

Once we have a prescription for finding the most pure
intra- or interpair signals, we use it for measuring the sepa-
rate relaxation times. The signal attenuation as a function of
t23 is a single exponential when measured in the former con-
ditions. This fact suggests that no appreciable cross relax-
ation occurs between the intra- and interquasi-invariants nor
with the unobserved singlet statescontrarily to the case of
hydrated saltsf6gd. The temperature dependence of the relax-

FIG. 3. Zeeman FID signal of nematic 5CBslargest solid lined;
the dipolar intrapair signalsdashedd and dipolar interpair signal
ssolidd have lower amplitude. Inset: the intrapair signalscirclesd
coincides with the time derivative of the FIDssolid line superim-
posed to the circlesd. The interpair signal is the solid, lower ampli-
tude line. Coincidence with the squares for times less than 80ms
shows the symmetry respect to the preparation and the observation
times.

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 ap /2 phase change when going from intrapair
through interpair.
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ation time of each dipolar quasi-invariant at 27 MHz in
PAAd6 is shown in Fig. 5.T1Dinter scirclesd is noticeably
lower thanT1Dintra ssquaresd in the wholesnematicd tempera-
ture range and their temperature dependences are also differ-
ent. In 5CB at 27 MHz the difference in the temperature
behavior of the two relaxation times is more markedf5g,
possibly because the motion of the methyl groups in the
alkyl chain might be a more efficient mechanism for relaxing
the intrapair order. These characteristic features show that
the measurement of each parameter can provide distinct in-
formation to study the different molecular motions that drive
relaxation. At the present, to our knowledge, there are no
theoretical models in the literature that describe the tempera-
ture or the Larmor frequency dependence ofT1Dinter. Besides,
the theory forT1Dintra that is based on the high temperature
sweak orderd approximation, does not provide a satisfactory
description of its frequency dependencef19,20g.

IV. DISCUSSION

In this work we verified that it is possible to bring the
proton spin system of a liquid crystal into states of intrapair
and interpair states of dipolar order through the JB sequence
and to measure their relaxation times separately. By assum-
ing that in liquid crystals the proton spin system can be con-
sidered as a set of weakly coupled spin pairs, we deduce the
experimental prescription needed to create these states of di-
polar order. After successfully tried in PAAd6 and 5CB, we-
can anticipate the applicability of this thermodynamic ap-
proach for a wide class of similar liquid crystals.

In PAAd6, the timeta needed for preparing the maximum
amount of intrapair order coincides with the first zero of the
FID. This feature indicates that the model ofequivalent pairs
is well justified in this compound. In 5CB,ta is the one
predicted by Eq.s13d, which shows the adequacy of consid-
ering the spin system of 5CB as formed by weakly interact-
ing pairs.

In the case of nonequivalent pairs, the Hamiltonian has all
the scommutingd terms with indicesA of Eq. s2d, therefore,
the initial Zeeman polarization could in principle be trans-

ferred to more than one intrapair quasi-invariant. However,
in the nematic compounds analyzed in this work only two
dipolar quasi-invariants can be distinguished. This is consis-
tent with the fact that the criteria for preparing the pure intra-
and interpair orders yielded by this model basically rely only
on the fact thatuHPu@ uHIu, which is also a common charac-
teristic in ordinary thermotropic LC. In terms of the under-
lying spin thermodynamics that we adopted for describing
the signals, the experiment suggests that protons attain a
single spin temperature when they are brought into a state of
intra- or interpair order.

If the different couplings are not widely spread one could
still expect signal shapes as the one of 5CB; however, if the
dipolar couplings are continuously spread over a wide range,
the overall shape may be very different to the former case.
The case of the smectic phase might be this limit.

An alternative way of recognizing the intra- or interchar-
acter of the dipolar signals is through their Fourier trans-
forms. As clearly shown by Eisendrath, Stone, and Jeenerf7g
for the ideal case of an ensemble of weakly coupled equiva-
lent spin pairs, the Fourier transform ofSintra, the intrapair
order has one component of the doublet in absorption and the
other in emission while the interpair order manifests as a
spectrum that is emissive on one side of the line and absorp-
tiveon the other side. When choosing the preparation times
according to the criteria shown above, the spectra of the FID
and the dipolar signals of 5CB show these characteristic fea-
tures, as shown in Fig. 6. This fact reinforces the conclusion
that it is correct to treat 5CB within the spin thermodynamics
approach of weakly coupled spin pairs. In spite of the fact
that the simple molecule of PAAd6 looks as a good example
of this weakly-interacting-pairs model, the spectra of its Zee-
man, intrapair and interpair signals do not have the expected
characteristics: all of them have an unavoidable phase
change and no phase shift causes them to be neither in ab-
sorption nor in emission. This failure is consistent with the
fact that the time domain signals could not be described by
this model either fort.350 ms. Conceivably, this simple
spin system cannot be considered as closed during the whole
decoherence time.

In Fig. 5 the relaxation time of each quasi-invariant has a
different value and different temperature dependence, indi-

FIG. 5. Relaxation times of the intrapairssquaresd and interpair
order scirclesd in PAAd6 in the nematic phase at 27 MHz.

FIG. 6. Fourier transforms of the FIDscirclesd, the intrapair
dipolar signalssolidd, and the interpair dipolar signalsdottedd of
5CB in the nematic phase.
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cating that each one reflects differently the various relaxation
mechanisms. This feature was also observed in nematic 5CB
at 16 MHz f5g where the difference in the temperature de-
pendences of dipolar relaxation times is more marked than in
PAAd6. One could take advantage of this fact because it
implies that another experimental parameter is available for
studying the relaxation mechanisms associated with molecu-
lar motion.

The ratio of dipolar intra- to interpair signal amplitudes is
M .3 in 5CB while in 5CBd11 it is smaller:M .1.6 f5g. The
only difference between these two compounds is that 5CB
intrapair signal originates in the coreand in the chain pro-
tons while in 5CBd11 both the intrapair and the interpair
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-
tent with having different sensitivity to the various relaxation
mechanisms.

A further experimental detail is worth mentioning: In Eq.
s9d we assumed that the irradiation pulses are on-resonance
with the Larmor frequency,v0. For sufficiently low fields
H0, all the nuclei have the same resonance frequency, how-
ever, at higher fields the chemical shifts are observable. For
example, the resonance line of 5CB in the isotropicsliquidd
phase is of 1 kHz width when observed atv0,30 MHz but
it is a structured spectrum of 4 kHz width atv0=300 MHz.
This fact makes it very difficultsand in some compounds
impossibled to measure the dipolar relaxation time in the
interpair condition at higher fields. The dipolar signal is de-
tected in the same direction of the first preparation pulse.
Under ideal conditions the Zeeman signal is 90° out of phase
respect to the dipolar signal at every evolution timet23, how-
ever, due to the chemical shifts, the optimal preparation
times are not the same for every dipolar pair and part of the
Zeeman signal contaminates the dipolar signal especially at
longer t23. Although this fact is not a problem when just
recording the dipolar signalssbecause this is done at short
t23, whenbZ.0d it is a major difficulty when measuring the
relaxation times. Due to the fact that the dipolar and Zeeman
signals have opposite time evolutionsthe first decreases and
the second grows witht23d, depending on the relative values
of T1D and T1Z there is a “window of opportunity”f21g
where the detection of the dipolar can be restricted to. A

simpler and more accurate solution is to perform the mea-
surements at a lower external field, where the chemical shift
is negligible.
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APPENDIX

Here we summarize some relations useful for the calcula-
tions in the body of the paper. Evolution of a spin operator
under the truncated dipolar Hamiltoniansintra- and interpaird

I ỹstd = e−si/"dHItse−si/"dHPtIye
si/"dHPtdesi/"dHIt

= e−si/"dHItSA„Iy
A cossvP

Atd − iÎ2
3fT20

A ,Iy
AgsinsvPtd…esi/"dHIt.

sA1d

Effect of a 45y
o pulse on the intrapair Hamiltonian

P4y
− HPP4y

+ = "Î2
3SAvP

AP4y
− T20

A P4y
+ "Î2

3SAvP
A

3F− Î 3
32sT22

A − T2−2
A d +

1

4
T20

A + iÎ3
8sT21

A − T2−1
A dG ,

sA2d

whereT2j are the spherical tensors of rank 2.
Because of the commutation relations ofI andT2j, it is

sT21 − T2−1d = − 2ifIy,T20g. sA3d

In the calculation of the intrapair dipolar signal we used

Trhe−si/"dHDtT20e
si/"dHDtIyj = TrhT20Iyj = 0,

Trhe−si/"dHDtsT22 − T2−2desi/"dHDtIyj = 0,

TrhfIy,T20gI ỹj = TrhfI ỹ,T20gIyj. sA4d
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