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Local molecular order in the biaxial smectic mesophase of HpAB:
A proton- 1N cross relaxation study

E. Anoardo and D. J. Pusiol
Facultad de Materiica, Astronorma y Fisica, Universidad Nacional de ‘@oba, Ciudad Universitaria, 5000 @doba, Argentina
(Received 11 September 1996

Proton spin-lattice relaxation dispersion has been carefully measured at the Larmor frequency range from 3
kHz to 4 MHz in the smecti€© mesophase of 4'4is-heptyloxy-azoxy-benzerielpAB). Measurements were
carried out by means of the fast field cycling NMR technique. The stability and precision of the low relaxation
magnetic field has been tested by scanning the proton resonance with a second irradiation frequency. Three
chemically inequivalent nitrogen nuclei have been detected, denoting the existence of two nonequivalent
molecules. We conclude that a bimolecular structure can be associated with the elemental liquid crystalline
unit. [S1063-651X97)15505-3

PACS numbsg(s): 61.30.Eb, 42.70.Df, 64.70.Md, 61.30.Gd

I. INTRODUCTION ground. Table | presents the results obtained by different
authors.
Cross relaxation nuclear quadrupole resonafé@R) In order to check the existence of QD's as a physical

spectrum in liquid crystalé.C’s) has been established to be Phenomena, and not as an undesirable consequence of the
a powerful technique for studying local molecular ordering,Cc.’rglpI'Caf‘.teé'j faS,t f'gld cycling NMR It?\cl:l\r;lr;que, we r?;ently
i.e., local order parametef4,2]. The main advantage is due tried to find QD’s by a conventional experimei)

) e . . The 4-chlorophenyl 4-undecyloxybenzoate is a smectogen
to the easy |c_ient|f|cat|on of the NQR nuclel specirum Incompound having a chlorine atom bounded to the benzene
comparison with the always complex proton NMR spectra.ring_ The quadrupole moment of tH&CI nuclei is approxi-

Conventional NQR experiments in liquid crystalline me- mately an order of magnitude higher than thé&N one.
sophases have, up to now, been unsuccessful, mainly due f®erefore, dip frequencies have been found in the range
two facts: (i) the relative low abundance of quadrupole nu-15-30 MHz.

clei even in the simplest LC molecules, afid the strong In a recently published work13], we have studied the
averaging of electric field gradientEFG’s) at the quadru- smectic€ phase (Sm-C) of 4,4'-heptyloxyazoxybenzene
pole sites. However, NQR has been indirectly measured viéHpAB), with special attention in the experimental aspects
both crossover relaxation in the laboratory frame at a fixegvhich could distort the shape and frequency of QD's:
relaxation period1], and proton Zeeman-quadrupole cross (1) Stability and precision of the Zeeman field during the

relaxation technique$3,4]. We used the latter because it Igvel crossm% p()jetnogT ent;poral (\j/arlatlons f[)f rglaxectjtlor_l field "
allows us to obtain information about the spectral densities " are expected 1o be observed as an extra broadening In the

: ; . : . ~QD shapes.
Quadrupole dipgQD's) appear in the proton spin-lattice (2) Temperature gradient along the sampkes has been

relaxation dispersiofiTy(v)] when "H and quadrupole nu-  yreviously showr{8], x and 5 vary with temperature; gra-
clei relax through level crossini@]. By scanning the exter- gients might then distort both width and central frequency.
nal magnetic field,*H nuclei will undergo a second relax- (3) Purity of the samplelmpurity molecules could con-
ation process just when both level systems match. This effegtibute to an extra dispersion of the electric field gradients at
produces a dip in th&,(v) dispersion curve. In the case of the “N sites, producing an extra broadening of the NQR
N nuclei sensing an EFG with a nonzero asymmetry paline.
rameter, three QD’s are generally expecféfl one at low The experimental conditions of our experiment allow the
frequency and a doublet at higher frequency. detection of eight high frequency QD's, instead of the previ-
A few years ago!N QD’s were measured in several ously reported fouf3]. The widths are similar to those mea-
well-known smectogen and nematogen liquid crysiplra-  sured by Dvinskikh and by Zollino. The number of QD’s we
azoxyanisolgPAA), cyano-biphenyl$CB), and oxy-cyano- om0 .
biphenyls (OCB) serieg [3,7,8. Due to the relative short diﬁlft;?llt_iul’[.h;i)AB at T=82°C quadrupole dips, measured by
spin-lattice relaxation time of protons in those samples, the i
experiments were carried out using the fast field cyclingahor
NMR techniqud9,10]. QD’s presenting smaller widths were

vg v_ vy Width(v_.) Compound T °C

also measured in ethoxybenzidenbutylaniiBEBBA) by  Pusiol 13 250 2300 150 HpAB 82
Dvinskikh and Molchanoy11]. In order to verify previous . 23 510 2600
data, new measurements were performed at Stuttgart usingZ&!in° 18 gg’g 10 HpAB 82

new field cycling spectrometé¢l2]. The results do not keep o

agreement in the QD spectral parameters, i.e., between thgly'r_'Sk'kh 16.6 649 668 8 EBBA 40
widths, frequency positions, and peak shapes. Although the ollino 84 641 654 2 EBBA 40
is reasonable agreement between values ofTtf{e) back-
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FIG. 1. Magnetic field and rf pulse sequence used to check the
relaxation magnetic field stability. The magnetization of a sample of -
water is destroyed during the relaxation period by irradiating the
protons at the low field Larmor frequency. ‘

report in this work indicates that there are two chemically
nonequivalent molecules in the Sth-of HpAB. The phe- \\//

nomenon is explained assuming that the mesophase is com-
posed of bimolecular units. In the present work, details of the
experiment, and data for the low frequency dips are given. ‘ AIR FLUX

II. EXPERIMENT FIG. 2. Experimental setup used to check temperature gradients

The above last three experimental requirements werélong the sample. Fol-type calibrated thermocogplt_as have beerj
achieved by a careful measurement of temperature gradienfated at the top and bottom of the sample, and inside and outside
along the sample volume, by proper data processing and e sample. A conic device was used to avoid overheating at the
repeated recrystallization of the sample as a purifying®®tom of the samplésee text
method.

We testedB, by means of a double resonance experiment Four K-type calibrated thermocouples have been located
in a sample of water where no QD takes place. During theat the top and the bottom and inside and outside of our liquid
relaxation period, the water is irradiated with a second rfcrystalline sampléFig. 2). A conic device was installed in
pulse of frequencyy, (Fig. 1). Absorption of the second the rf coil, so that the flux of hot air can circulate around it
frequency is produced just as the relatipB,= v, is met.  without overheating the bottom of the sample. This point
The quantityyAv,, which is extracted from the rf absorp- turns out to be very important. No gradients higher than 0.5
tion asv, is conveniently scanned, gives us a measure of theC/cm have been detected while the sample was heated up to
time dispersion o8B, . 150 °C.

The fast field cycling NMR spectrometer is based on a Data reduction was carried out by both homemade and
specially designed air cored 0.5-T low resistance electromagsommercial software. Commercial E. Merck HpAB was re-
net [14]. The electronics of the magnetic field switch andcrystallized several times from a solution with pure
control was entirely homemade in our Laboratpip]. The  proanalysis ethanol, until a yellow and crystalline solid was
17-MHz high field NMR transmitter-receiver is a Matec obtained. After each recrystallization, fusion and clearing
Mod. 6600. The free induction decay signal is digitized by apoints were checked. Only after no changes in both melting
computer-controlled Biomation Mod. 805 wave form digital and clearing points were detectable was the purification pro-
recorder. The second frequency source is a Schlumbergeess stopped.

Mod. 4431 synthesizer which is pulsed by a home-made The thermal treatment of the sample was the same as in
pulse programmer. previous experiments. It was heated to the isotropic phase

The same rf coil is used for irradiation at both and and maintained af =130 °C for about 10 mirn(a narrow
v, . A reed relay bank connects that coil with the respectiveNMR line was used to check the liquid isotropic sjata the
high and low frequency resonant circuits. following step, the sample was cooled to the Smme-

A personal computer controls the main spectrometer funcsophase after crossing the nematic phasé=a82+=0.5 °C.
tions. A second computer is used to run the spectrometeht this stage, the NMR signal was again used to check the
security system. successive phase transitions. Before startingitf{e, ) mea-

Additional pulsed coils are used for shimming the detecsurements, the sample was left at the working temperature
tion magnetic field. The earth magnetic field is compensatedor about 1 h. During the thermal cycle the sample was lo-
for by an external pair of dc-driven Helmholtz coils. cated in the probe head, with the spectrometer magnetic field

In the frequency range of interest we have a dispersion iset at 100 mT. The purity of the sample was always checked
B, of approximately 0.5%for »,=400 kH2 and 0.1%(for  after measurements, and data taken on decomposed samples
v,=2 MHz), respectively. Very fine adjustments of tBe ~ were discarded. Several experiments at different cooling
electronic control were necessary before reaching the finaktes(lasting for 20, 90, and 180 mintaken from the iso-
performance. tropic phase, were carried out in the high frequency range
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QD’s. Within experimental errors th&,(v,) curves were O_iD 2 o_
found to be almost independent of the cooling rate. Q2= [31z-10+D], Vz=(12)eq
§1=—eQ\/€[IZI++I+IZ], V,1=0,
Ill. RESULTS AND DATA ANALYSIS 4 -
I ' i 1 i 1 -+ eQ\/g -+
Nine QD’s can be distinguished from the experimental 272= 5 12, V52=(1/2\/5) neq.

T,(v) dispersion plotted in Fig. 3T;(») shows a dip cen-
tered at 30 kHz. Also, a doublet at Larmor frequencies close;c_(ez ; ;
A " -~ k=(e“qQ)/h is the quadrupolar coupling constant amnthe
to 450 kHz can be distinguished. In addition, a second pair Oésymmetry parameter of the electric charge distribution

QD's was found in the neighborhood of 700 kHz. In the 5,0und the nucleus. The irreducible quadrupolar tensor com-
MHz regime other two doublets are resolved. The observe onentsQY are defined in the laboratoryk(,y, ,z,) frame

widths are approximately 20 kHz, in agreement with Zolli- yith the z,_ axis parallel to the direction of the external mag-

no's data[12]. A _ netic fieldH,. The components of the electric field gradient
The total Hamiltonian of thé“N nuclei can be expressed tensorv,™ are defined in the principal axis frame. In the
asH=Hq+Hy with [10]: limit of weak Zeeman field, we had to consider the possibil-

ity thatH), and off diagonal elements &f, are comparable.
In this case, the high frequency resonanced fol spin are

2
Ho= 2 Q5V,™, @ y+=%[3A+ RO co®)+(An?l, (2

h v =i[3A—¢(ﬁQ co)?+(An)?]
wnere - omh 7)1
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A=(e?qQ)/4=(mhk)I2,Q1=yyH,, Whereyy is the magne- TABLE Il. NQR parameters of the detected dips calculated
togiric ratio of “N nuclei, and® is the angle between the from the analysis described in the text.

z principal axis and laboratory frameaxis.

These expressions are valid for a monocrystalline sample. N1 N Naa
As liquid crystals molecules are oriented by the external field,, (kHz) 2840 3800 880
due to their magnetic anisotrop§6], we can think the me- (kHz) 2260 3300 825
sophase as a monocrystalline sample rather than a powdgg (kHz2) 560 485 30
one. In a powdered sample the values@®fare randomly g (deg 65.9 76.3 68
distributed, but in the smectiC- under the application of a x (KH2Z) 3400 4733.3 1136.7
magnetic field, molecules can be aligned along the fi¢id 0.33 0.2 0.05

(we can think of an average® over molecular ordering
distributions. In the case of magnetic field cycling, the sys-
tem reaches an equilibrium orientational configuration. In or- Taple II summarizes dip frequency assignations to the
der to begin the experiment with molecules oriented with thepree resolvedfour nonequivalent N and their calculated
field, the sample was heated to the clearing point immersegg|yes of®, x, and 7. The measured, value of nitrogen 3

in a constant field of about 100 mT, and then cooled to theyas about 30 kHz, in close coincidence with previous data
smectic. This is an important procedure to guarantee a good 1 13. As can be observed in Fig. 3, the dips of 880 and
orientational order in the external field before starting meagos kHz have double the intensity of the others, indicating
surements. For example, important differences in the  that two nonresolved nitrogens can be associated with them.
spectra taken in the smectiEswere observed between re-  These results suggest that bimolecular groups are present
corded signals before and after the mentioned heatingn the smectic HpAB. The same order was previously found
cooling proces$18]. Fields up 6 1 T were reported to be i similar liquid crystalline compounds in the soli@3]. In
necessary to orient molecules in smect@$19]. However,  this reference, it can be clearly observed that thdine of

we have found that few tens of mT are enough to inducgpAA and HOAB s also split into three dips. Moreover, the
molecular order in HpAB. Once the smectic director is ori-sgjid effect double resonance spectravgfshows a central
ented in the field, we can suppose the magnetic field timingine with double the intensity of the other two, corresponding
is faster than the molecular response times. This last stat¢y an evident nonresolved pair of nitrogens of the same bi-
ment will be valid depending upon the viscosity coefficientsmglecular unit cell.

of the compound in the smect{e-[20]. However, in this Transforming the EFG tensor from the principal system to
mesophase, the polar viscosity is of the same order as that ¢§e pimolecular frame with the axis pointing along the
nematic viscosity21]. Additionally, polar rotational reorien- |ongitudinal symmetry axis, and from that frame to the labo-
tgtions are ex_pected to be slower than magnetic field Vari%tory, 7 can be expressed in terms of the Euler angles of the
tions (see for instance referen¢22] for the case of nemat- (qtations[24]. Taking the Euler angles of the first rotation as

ics). . (a,B,7), and that corresponding to the second one as
At the limit of small ®,A», and% () co®® can be com- w,a, ), 7 can be expressed
0

parable. Taking into account the fact that the occurrence

v, and v_ of each nonequivalent nitrogen is at different 7= 2{sira cos28[(cos2h(1+ cod)cos2))
Zeeman external fields, we consider@n and() _ for each ) )
line of the doublet: —2(sin2¢ cosd sin2i)]

— 2 sin2a sinB[(cos2p sind cos sing)
+(sin2¢ sind cosy)]+(sirfd cos2p)(3coda—1)}

1
(vi—vo)= m[\/(ﬁﬂ+cos®)2+(A7])2

+V(HQ _cod)?+ (An)?], (3) x{(3cogh—3)(3coga—1)} L.
from which, approximately, If the bimolecular group rotates about the longitudinal
) axis in a nearly unhindered fashion, but fast compared with
(v, —v_ )2~ A2c0L0 + ZA”) } (4) the experimental time scale}/%wQ), all values ofys have
T (2m)? fi the same probability. As a consequence, the previous expres-

sion simplifies to
whereA2=02 + 02 +202 and Q= (Q, +Q_)/2. From
Eq. (4), and from the fact that»= wfi vy, Wherev, is the 3(sir’0 cos2p)
low frequency resonance ¢f=1 NQR (not affected by the 7= " 3cogh—1 ©®)
Zeeman tern) we have
) In this case,n becomes independent of the positions of
T different nitrogens in the groufthe final expression in this
Co ==V = v )" ® " imit does notgdepend on t%e fi?st rotatbow\c?:ording to this
limit, » should be the same for all nitrogens. As is clear from
Finally, the values of the quadrupolar constant and the asyniFable I, this is not the present case, and it can be concluded
metry parameter can be calculated frars 3(v,+v_) and that there exists a rotational freeze-out due to the biaxial
n=2v)/ k. character of the Sn@ topology. As shown in Table Il, the
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unresolved nitrogens have a smalkgrand therefore, these TABLE IIl. Parameters used to simulate the shape of the nine
can be associated with sites not bounded to the oxygen &D's for the smectic phase of HpAB at=82 °C. Brackets signify
each molecule. The other nitrogens have similar asymmetrowers of ten.

parameters, and correspond to the oxygen bonded sites. >
The PAA molecule, which has the same molecular core aésp (kH2) ~a  b(kHz™%) x a; (kH2) o v (kH2)

HpAB, has an angle of about 55° between the=NN bond 34 0.6 0.2 10 —1[-3] 3 305
and the longest molecular axis. In fact, the measured angle ig 1.1-3] 65-3] 10 —1.7-2] 40 490
not this one, nor is the tilt of the mesophase. So there is NBso 65-4] 19-2] 10 -7[-3] 40 561

reason to suppose the=NN bond direction to be that of the - . o
EFG. We are studying this point by means of quantum semigzg 12[1 _3:3] 135[ _22]] ig _ 122: _22]] gg ggz
empirical molecular electrostatic maps. ‘ ' :

T,(v) dip shapes could be explained by the semiempiricaf2°° 38-4] 1€-4] 10 -3~3] 250 2300
model we described in a previous wok]. The model is 2840 46-4] 27-4] 10 —24-3] 250 2858
based on an idea reported by Blinc to explain NMR ang>300 46-4] 1.1-4] 10 F-3] 250 3340
NQR line shapes of incommensurate systef@5]. The 3800 65-4] 6[-4] 10 -2[-3] 250 3825
model was later extended to NQR line shapes of a bidimen-
sional incommensurate molecular systg?6], a molecular IV. CONCLUSIONS
glassy alloy[27], and a liquid crysta[4], and for glassy
and crystalline coexisting structures in powder samples of oyr measurement coincides very closéily both width
As,0; [28]. The statistical distribution of electric field gra- gpq shapewith that of Zollino, but he did not detect the
dients at the'“N sites[ f(u)] in the liquid crystal is expanded second peak in the paifd2]. The earliest experimental re-
in series of an order parameter representing the field of meagyits[3], using an old fast field cycling spectrome{@&0],
displacement of such nuclei with respect to the perfeckhowed broadened QDigbout 150 kHx Probably, in that
square rigid latticef). The density of the spectral NQR line q|d spectrometer the instabilities of the relaxation field were
p(vq) is linearly related tof(u) [6]. The shape of QD’s not successfully controlled.

F(v) is therefore deduced in some favorable cases by com- The nine QD’s we found in HpAB indicate at least three
bining p(vq) with the level-crossing conditiong29]. The  chemically nonequivalent*N nuclei in the SmE liquid

final expression of(») for dip shape fits are crystalline phase of HpAB. Therefore, two molecules are
nonequivalently arranged in the smectic layers, like pairs. In
F(v ) =F (vp)+F_(v), (7) our knowledge there are no previous NQR spectrum studies
of HpAB in the solid state. However, NQR studies carried
where out on several liquid crystals in the solid state have been
reported. Both 4,4azoxyanizol, 4,4anisalazine, and dihep-
(x* &) tyloxyazoxybenzene show two nonequivalent molecules in
F{— X__z_} the crystalline unit cel[23]. Comparing the similar molecu-
0 20 lar geometry of both HpAB and PAA, it could be inferred

Ft(VL):aazf

= 1+b[v — VLO_az(fz_Xz)]zdg' ®

that nine NQR resonances should be detected in the solid
phase of HpAB. Therefore, it should be reasonable to con-
5 12 clude that the bimolecular structure, assumed existent in the
§=(X2+ = (v - )) ’ (9) solid state, is still preserved in the mesophase. .
ay o The three chemically nonequivalent nitrogen sites can
also be explained by assuming the sample composed by
a, two—or even more—coexisting mesophasesTat82 °C.
— (100 We may assume that Nand N, could correspond to a
monotropic ordered mesophasmte that the values of and
) _ 7 listed in Table Il are closely related to that typical of solids
wherevL0 is the frequency corresponding to the maximum of[23])’ while N5 and N, (having much smaller values aof
the *N NQR line. The solid lines in Fig. 3 represent the and ) may be assigned to a rather fluid Stnmesophase.
computer simulation of the QD’s, following E€B). It shows  Nevertheless, supercooling of a solidlike structure should be
a reasonable agreement with our experiment. The fitting padiscarded for the following reasons:
rameters are summarized in Table lIl. (1) The above described thermal treatment was applied to
It can be noted that the model was used to fit data withouthe sample: the Sr@- phase was always reached from the
defining the explicit form of the distortion field. Physical isotropic liquid.
information about the fitting parameters is precisely con- (2) The number of QD’s is independent of the cooling rate
tained in this functioru=u({), where{ specifies the distor- from the isotropic phase.
tion sensitive variables. If the form of the distortion field is  (3) The high purity of the sample used in the experiments.
known, the parameters of the model can be calculated and (4) The long time(about four daysthe sample was kept
compared with the corresponding fitting values. From thisat the working temperature during experiments=@82 °C).
comparison, it is possible to speculate fine details of the local We can conclude that both the bimolecular local structure
molecular order. This work is in progress and all details will of the SmE, together with the two molecular unit generally
be published soon. observed in solid$23], implies that the molecule-molecule

X:azv
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