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Investigation of the Dynamics of Two Chiral Smectogens by Means dH NMR
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In this article we report a dynamics investigation of two chiral smectogens, 1-methylhégi/!l-aA-
decyloxybenzoyloxy)biphenyl-4-carboxylate (10B1M7) and [4-(2-methylbutyloxycarbonyl) phenyieptyl-

biphenyl carboxylate (MBHB), whose structural and ordering properties were studied previously by our group.
The deuterium Zeemaii{z) and quadrupolarTio) spin—lattice relaxation times of two differently deuterated
isotopomers of 10B1M7 and one of MBHB have been measured across the whole mesophasic range by
means of the broadband JeenBroekaert pulse sequence. The trends against temperature of the spectral
densities obtained from the relaxation times have been discussed qualitatively in the phases in which the
molecules do not align along the external magnetic field, whereas a quantitative interpretation in terms of
diffusion coefficients of internal and overall molecular motions has been attempted for the smectic phases for
which theoretical models were available. The results obtained for the two smectogens are discussed and
compared with those of other smectogens reported in the literature.

Introduction

/o B
4
. o . ) C10H2,O@'C\ P
Chiral smectogens giving rise to ferroelectric and antiferro- o & I
O-CIH—CaHm
D CH,

electric phases constitute a class of compounds of great interest

because of their possible technological applications. Moreover,

many efforts have been made in trying to overcome the D

difficulties of fully rationalizing the link between their macro- L

scopic behavior and their structural and dynamics microscopic ~ CoHzi0 %o C//O I
properties. Recently, we investigated the structure and orien- 5 \O~C[H—CGH,3

tational order of two different optically pure chiral smectogens, CHy
1-methylheptyl 4(4"-n-decyloxybenzoyloxy)biphenyl-4-car-

boxylate (10B1IM7) and [4-(2-methylbutyloxycarbonyl) phenyl] PP P
4-n-heptyl-biphenyl carboxylate (MBHBpY means ofH NMR CoHog C,(o o
spectroscopy. Two different isotopomers of 10B1M7, deuterated OO—C 01
on either the phenyl or biphenyl moieties, were purposely b b0DD D O_CHZE: CHeCHs
synthesized, whereas a molecule fully deuterated on the biphenyl ) :
group was available in the MBHB. Different behavior of the = Figure 1. Chemical structure of 10B1M@, (I andil ) and MBHB ds

" > ).
two compounds within the magnetic field was clearly observed.
In 10B1M7 the molecules progressively tilt with respect to the bent with respect to the molecular long axis and motionally
magnetic field as the smectic C* phase is entered on cooling. hindered, thus also affecting the spinning motion mentioned
On the contrary, for MBHB a 13temperature range of an above’

7N

unwound smectic C* phasai(— ) is present below the We report here a study of the dynamics of MBHB and
smectic A, given by the tilt of the smectic layers, rather than of 10B1M7 based on the measurement of deuterium-shittice
the molecules, from the magnetic field direction. Zeeman Tiz) and quadrupolarTyg) relaxation times. These

To better understand the behavior of chiral smectogens, and,gxpenmental quantities and the connected spectral densities

. . . - o . implicitly contain all the dynamic information. Therefore, their
in particular, of the rich polymorphism giving rise to several

N . : interpretation can be attempted by analyzing the spectral
subsmectlc.C phasgs, a combined analysis of the Sm.JCtur.aldensities in terms of suitable theoretical models, which allow
and dynamic properties must be performed. Some points in

feul dtob led. O the rotati fmdividual diffusional coefficients to be obtained for specific
particular need to be unravelied. One concerns the rotation oliyo na) and overall molecular motions. Models that apply to a

the whole molecule around its molecular long axis (SpinNiNg yarjety of cases have been devi§eBlbut unfortunately none
motion), which is believed to be highly restricted in ferroelectric g currently available for tilted smectic C* phases. Moreover,
phases. The possibility, moreover, of a high hindering of the greater experimental efforts should be required to highlight the
spinning with respect to the tumbling motion in the smectic A yolecular dynamics in the tilted phases than in those in which
phase of chiral liquid crystals has been proposed recéithe molecules are aligned with the magnetic field. Therefore, in
second point deals with the structural and dynamic behavior of the tilted smectic phases, we shall limit the discussion to a
the chain containing the chiral center, which can be strongly qualitative analysis of the spectral densities, whereas a quantita-
tive application of the available diffusional models will be

* E-mail: verax@dcci.unipi.it. reported in the smectic A and unwound smectic C* phases.
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Experimental Section used in the relaxation measurements, depending on the amount
of sample available and on the number of deuterons per
molecule. Temperature was controlled within @CL To check

a possible dependence of the results on the spectrometer features,
some measurements were repeated using a Bruker AMX-300
spectrometer with a 90-degree pulse ofuB) the two series of
spectra gave consistent results Tap and T1o.

The optically pure MBHB and 10B1M7 isotopomers inves-
tigated, available from previous studies, and shown in Figure
1, exhibit the phase transitions reported in Scheme 1.

?H NMR spectra of the samples had been recorded previ-
ously1? The spectra of all compounds show a large deuterium
quadrupolar splitting. Moreover, in the proton-coupled spectra
of I andll, the components of the quadrupolar doublet are split
by theortho—metadeuteron-proton dipolar coupling, whereas,
in the spectra ofil , they show a more complex shape, because  The following relationships link the experimental relaxation
of small differences between the quadrupolar splittings of the timesT;z andTiq to the spectral densitieh(wo) andJx(2wo)”:
deuterons on the biphenyl fragment and various small dipolar

Theory

interactions. This was verified by simulating the experimental 1 = Jy(wg) + 4y(2w) (3)
line shape by an adapted version of the LEQUOR computer Tiz
program?°

°H Zeeman T1z) and quadrupolarTyg) spin—lattice relax- 1 _ 33,(wy) (4)
ation times were measured, under proton decoupling, using a Tio

broadband version of the Jeen@roekaert pulse sequente, .

90p-271-67.570-271-4590-71-4500-72-450, Wherety is a delay of wherewo/27 is the Larmor frequency. L i

8.5us, experimentally determined to optimize the inversion of _ SPectral densities contain all the dynamic information, but
one component of the quadrupolar doublet whewvanishes; in a quite implicit form. Therefor_e_ it would be us_eful_to_express
1, is a variable delay time, ranging from 28 to 200 ms. The them_ in terms of other quantities that can_dlscnmlnat_e the
sum M) and difference M) of the integrals of the two contributions to the relaxation arising from different motional

components of a quadrupolar doublet, reported as a function ofProcesses. In fact, the complex dynamics of liquid crystals is

72 give Tz and Tiq, respectively, through the two fitting c_haracterized by t_he co_mbined effect of three types_ of mo-
equations: tions: overall reorientations of the whole molecule, internal

rotations or jumps of segments of the molecule, and collective

T motions.
M (z,)=3all—b ex[{—_l_—z)] 1) Several theoretical models have been proposed to describe
1z the overall motions of cylindrical molecules in uniaxial phases,

the most important being themall-step rotational diffusion
M_(r,) =c+d exr{—k) 2) model by Nordio and Busolihthe anisotropiceviscositymodel
Tig by Polnaszek and Freédand thethird-rate extension of the
latter by Vold and Vold, to which in this article we will refer
which differ slightly from those predicted theoreticafyo take as “Nordio”, “Freed”, and “Vold” models, respectively. More-
account of both incomplete inversion at vanishing variable over, additional models have been proposed to take into account
delays and small spectral asymmetriés. either asymmetric molecules in uniaxial ph&ses uniaxial
Deuterium NMR experiments were performed for the three molecules in biaxial phases wifb,, symmetry? In this work
samples at variable temperature across the whole mesophasiave deal with two types of phases, in which molecules are either
range. A Varian VXR-300 spectrometer, working at 46.04 MHz aligned G andu — &) or tilted (various subphases of the
for deuterium, was used. The 90-degree pulse wag21A smectic C* and more ordered smectic phases) with respect to
relaxation delay of 200 ms and a number of acquisitions of 800, the external magnetic field. In the first case the models for
2000, and 200 for samplds Il, andlll , respectively, were cylindrical molecules in uniaxial phases can be applied confi-
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a " spectral densities can be neglected Rér@ther kinds of
W T T collective motions take place in smectic C* phases, because of
L sC SA ] the formation of an helicoidal structure through the smectic
50 — . — planes, known as Goldstone and soft modes, which represent
r 1 fluctuations of the helix about the azimuthal and tilt angles,
ol o 8§ ° h respectively:® These too are low-frequency motions and should
i Ly o ] not affect the spectral densities at 46.04 and 92.08 MHz.
T (ms) - ] To find an expression of the spectral densities in terms of
0 - SC*u g 3 individual motional parameters, such as diffusional coefficients
C L ] D;, we must adopt an expression for the autocorrelation functions
20 [ R 3 Om.my (t) relative to the overall molecular motions. Agostini et
L SI* or . ] al. originally used a single-exponential approximatiériut
L x| SF* “? ] subsequently Vold and Vold considered a more suitable sum
10 - # ] of decreasing exponential functidns
o Lol v v v b b v ey ] M =c (1) ex _L (5)
320 340 360 380 400 420 440 Gy, () = G, JzamL"‘M 0
T(K) M My
b L B B L L BN R | LI LI B LA B The corresponding spectral densities can thus be obtained as
- - the Fourier transforms of such autocorrelation functions. The
Br C* SC* * ] spectral densitiesmm, are then combined in an expression
L 2 ; o ] giving the experimental quantitiek, which appear in egs 3
20 L ° ] and 47 Before these last two steps, the rotation of the aromatic
L o ] fragment about itgara axis must also be taken into account
C 0900 ] for aromatic deuterons. This can be done by “superimposing”
15 0e®®| 00 4 ¥ ¥ 7 the internal motion on the overall molecular motion, that is by
T, (ms) [ o® JPovw ] takmg_ the produc_t of' the respective aut_ocorrelatlon funct_lo_ns.
w0 L . oooov v' h If the internal motion is congdered obeylng the strong collision
: 0“000 - 1 model?° the spectral densities can be written eventuallylas:
i .o"°. T A SA 1 372 2 2
- 1) [*3v<"a4 —~
 p .gw,qzeooerﬁ L nmed=T 00 Y 5 onnldlal
[ ]
0lllllilljlIl‘lllIlllllllllllleJllllllkl 2 2
320 330 340 350 360 370 380 390 [l m, a1
T K) ) 1 —
Figure 2. (a)?H Zeeman (empty circles) and quadrupolar (full circles) 0 (TmLmM) + (1-0mr)Dr
spin—lattice relaxation times of MBHB as a function of temperature; z My ) (6)
the uncertainties increase from 0.2 to 6 ms with increasing temperature. ] (mLa)O)2 + [(rﬂ{mM)_l + (1—(3mR)DR]2

(b) 2H Zeeman (empty symbols) and quadrupolar (full symbols)-spin
lattice relaxation times of 10B1M7 as afunction of temperature. Circles  Here vq is the quadrupolar coupling Constamfs are the
refer to samplé (deuterated on the biphenyl fragment) and triangles reduced Wigner matriceg is the anale between the-D
to samplell (deuterated on the phenyl fragment). The uncertainties 9 . RQR . 9 .
increase from 0.1 to 3 ms with increasing temperature. bond and theparq aX'S_ of the aromatic fragmer’yﬁ,M,B 1S the
angle between this axis and the molecular long axis,2g
dently, because molecular biaxiality has been estimated to pethe diffusion coefficient relative to the internal rotation of the
substantially negligiblé2 In the second case, however, no a(Jr)omatlc fragment about itpara axis. The time constants
models suitable for relaxation times analysis have been proposedmm, ¢an be expressed as a function of the diffusional
yet. Therefore, we will focus here on the models that have been coefficients, depending on the model chosen for describing the
used to treat the dynamics in the first type of phases_ Ovel’all molecular motions. In pal"[ICU|aI', fOI’ NOI’dIO, Fl’eed and
Internal motions, in particular rotation of the aromatic Vold mOd(_%'S,T%mM can be written as reported in egs 7, 8, and
fragments about thepara axes, will be considered decoupled 9, respectively:
from the overall reorientations of molecules.

Collective motions can contribute in principle to spiattice .1 = G_DD + ml\/IZ(DII - D) (7
deuterium relaxation. Theories exist that describe the contribu- r%mM bﬂ{mM
tion to the spectral densities of order director fluctuations,
considering them not coupled to reorientational motions. Such 1 6D, +m2D —D 8
a contribution is predicted to vanish fd52we) and to show a L0 - ) m (D, ﬁ) (8)
typical frequency dependence fdi(wo).1* However, not only m My ™ My
is the contribution td;(wo) usually very small in smectic phases 1 6D
at the usual Larmor frequencies of the order of Mi%but it = ——F + m?D, — D) + &m,)D 9)
is also proportional to the geometrical term (3%6<L)?, where TSJn)LmM bpn)mm !

p is the angle formed by the-€D bond and the long axis of

the rigid fragment under examination; such a factor is almost ~ The coefficientsa? . , bY _ and c¢nm,, Which appear in
vanishing for aromatic deuterons, for whighr 60°. For this egs 5-9 have been calculated and reported in ref 7 as a function
reason the influence of order director fluctuations on aromatic of the principal order parameter for a Mai€8aupe potential.
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In both Nordio and Freed models the reorientational molecular a LML U A L ] R DAY MM B I
motions are treated as small-step rotational diffusions in the 100 SA SC* U4
presence of an ordering MaieSaupe potential; but, whereas
in the Nordio model the motion is described by a diffusion tensor
that is diagonal in a molecular fixed frame, in the Freed model
the diffusion tensor is diagonal in the laboratory frabgand . .."
Dp represent the principal components of the diffusion tensor (¢ . 0P b
in the Nordio model and describe the motions of spinning and o * o
tumbling of the molecular long axis, respectively, and Dg or
(=Dp) represent the principal components of the diffusion tensor r e ©
in the Freed model, and correspond to the precession and [
tumbling motions of the molecular long axis in the laboratory L /
frame. When the principal order parameter, which affects the L SF* or
values of the coefficien (J)mM, b?n)L , andcm m,, is very high SI*

(for instance, 0.9), the rotation rrgiﬁusion problem becomes IR IV WIS EIVAFIIE PARF SVET P WA P W
insensitive to the choice of the frame in which the rotation 23 24 25 26 27 28 29 3 3.4
diffusion tensor is diagonalized and the Nordio and Freed 1000M(K")

models can be used indifferently. The Vold model is an

extension of the Freed model, in which an additional motion, b [777 77T T LT TT R T T IIE T T T
the rotation of the molecule about its molecular long axis, 100 SA SC v ': .
referred to agy motion, is taken into account and considered L v"' %°* % ¢
independent of the andf motions. If the strong collision model [ wy ** o
is used for they motion, in eq 9£(My) is (1 — dm,), whereas L v ..;OOQOOBOwoOO

E(myv) = m, for small step diffusior?? . v','v' o 00aE° v :
, , JsH | af 48,08 1
Results and Discussion vv 8307
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The deuterium spinlattice relaxation timesT;z and Tiq, IR oo
measured at variable temperatures by means of the broadband
JeenerBroekaert pulse sequence, are shown in Figure 2 for 10 L
MBHB (325-423 K) and 10B1M7 (319389 K). Relaxation C
measurements have been performed over the whole mesophasic i
range, with the exception of the most ordered smectic phases PP EUUVIUENE [T EATITITIN] PRI EATETIT B
(smectic F* or I* in MBHB and smectic J* in 10B1M7) because 25 26 2.7 2.8 2.9 3 3.4 3.2
of the dramatic line broadening that occurs in these cb3es. 1000/T(K™)

The two relaxation times are of the order of some milliseconds, Figure 3. Logarithmic plots of the spectral densitidg(wo) (full

and Tyz = Tig for each deuteron of the two samples at each symbols) andly(2wo) (empty symbols) of MBHB (a) and 10B1M7 (b)
temperature. Moreover, the increasing trend of relaxation timesvs 1000T. The same symbols as in Figure 2 have been used. In all
with increasing temperature indicates a motional narrowing cases the estimated uncertainty is between 1 and; Sypical values
regime {uozc < 1) for the motions mainly contributing to the ~ € £2 5™

relaxation, which are therefore fast motions with correlation . . . .

times shorter than 1@ s. These features are usually found for |nfluenced*by motions N the kHz regime, at the qnset of the
aromatic deuterons in nematic and less ordered smectic phaseSMectic C* phase and in the more ordered smectic phases.
No jumps or evident changes in the relaxation time trends can As stated previously in the theory section, a more detailed
be observed at the phase transitions for both liquid crystals. interpretation of the deuterium spiifattice relaxation times

We can try to improve our analysis of the dynamics by could be given just for thesy andu — & phases through
looking at the spectral densitigh(wo) and J(2wo) obtained thec_)retlpal model_s _that express t_he spectral densities in terms
from the measured relaxation times by means of eq 3 and 4, of diffusional coefficients. To this aim, the experimental spectral
The logarithmic plots ofl against 10007, reported in Figure  densities were fitted by eq 6 combined with eq 7 or 8. Bhg
3, in all cases highlight regular linear trends. No discontinuities angle was always fixed to the standard value df. e fr o
can be revealed except that for therends of both phenyl and ~ angle was 0 for compounds andlll , for which thepara axis
biphenyl deuterons of 10B1M7, the slope of which substantially Of the deuterated fragment was considered parallel to the
decreases to less than 343 K, that is in $rero phase. This ~ molecular long axis. For compoundiy g was fixed to 14.5,
may indicate some changes in the “fast” dynamics, but also the Which is the value of the angle between thera axes of the
occurrence of a tilt angle between the local molecular director Phenyl and biphenyl fragmentsAs already noted, the coef-
and the magnetic field is expected to contribute to this effect, ficients a,('n)LW b% andcm m, are given in ref 7 as a function
as can be estimated roughly following ref 15, for instance. Such of the principal order parameter, the values of which are reported
a contribution might be negligible for compourtd , which for the compounds under examination in refs 1 and 2 in the
exhibits a tilt angle of about 15 degreand appreciable for ~ temperature ranges studied here. In the fitting of the spectral
compoundsl and Il, where the tilt angle reaches about 27 densities to obtain diffusional coefficients, in principle, two
degree:23Changes in the slower, collective motional processes different strategies are possible: either performing a fitting and
should also occur below th& — S transition, but they could ~ determining the diffusion coefficients at each temperature
not affect spir-lattice relaxation times. In effect, the previous (“single-point” approach) or imposing an Arrhenius trend for
studies performed on both MBHEand 10B1M? highlighted the diffusion coefficients against temperature and performing a
a remarkable increase of tRel line width, which is mainly simultaneous fitting of the experimental data at all temperatures

[ )
Y sc*
o

o) anti 7
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Figure 4. Experimental and fitted spectral densities of MBHB. Full
and empty squares refer Sg(wo) and Jx(2wo), respectively.
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method mandatory. Moreover, given the absence of disconti-
nuities or slope changes in the spectral densities trends vs
temperature at th& — uS transition, we decided to impose
the same Arrhenius parameters in the two phases, analyzing all
the data available in botBy andu — & ranges at the same
time, thus exploiting the availability of experimental data over
a relatively large temperature range of almost.80

A first attempt at fitting the experimental spectral densities
by means of Nordio and Freed models without considering the
internal motion was performed, but this did not allow good
reproduction of experimental data, thus confirming the decisive
contribution of this motion to théH spin—lattice relaxation.
Fittings of very good quality@ ~ 0.25, see Figure 4 as an
example) were obtained by using the Nordio model for overall
molecular motions and the strong collision model for the internal
rotation of the biphenyl fragment. However, comparae
values, corresponding to different sets of best-fit parameters,
D., andE,, and to very similar reproduction of the experimen-
tal spectral densities, could be reached starting from different
initial values for the fitting parameters. In spite of this, some
important conclusions could be drawn from a deep data
analysis: D andDr are always between-80° and 21010571

(“global-target” approach). In the global-target approach the hroughout the temperature range investigated, whereas values
parameters to be obtained will be one preexponential coefficient o b "yp to 210° s~ are compatible with the experimental

(D.) and one activation energ§y) for each motion taken into
account by the model.

data, strongly different values ddy being compensated by
minor changes db, andDr. Diffusion coefficient trends against

The relaxation data have been analyzed using a suitabletemperature corresponding to three cases with very different
software based on a nonlinear least-squares fit routine, minimiz-p , yalues are shown in Figure 5.

ing the sum-squared errors, or the quality fac@odefined by:

z (J;:alc _ erxp)z

100

Q (10)

5 @Y

Because the principal order parameter is less than 0.79 at
each temperature involved in our analysis, we also tested the
Freed model, which gives substantially the same results
presented above for the Nordio model. This is not surprising
considering thaDg = Dg, Dr refers to the same motion and
only D, and Dy, correspond, in principle, to different motions.

10B1M7. The availability of two differently deuterated

MBHB.We had one deuterated site for MBHB, and therefore molecules for 10B1M7 allowed us to measure four different
two experimental spectral densities for each temperature, spectral densities at each temperature. Unfortunately, in this case,
whereas the models that we have taken into account provide ata much narrowe8, range (about 20C) and nou — S phase
least three diffusion coefficients to be determined (spinning or are present. A single-point procedure could be applied in
precession, tumbling, and internal rotation of the aromatic principle by solving a system of four equations, because four

fragment around itpara axes), thus making the global-target
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Figure 5. Logarithmic plots of the diffusion coefficients obtained for MBHB using the Nordio model vs T0@wlid, dashed, and dotted lines

refer toDy, Dg, andDg, respectively.
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Freed models, two relative to spinnin,§ or precession,)
and tumbling D) molecular motions and two for the internal
rotations of the deuterated aromatic fragmemsg;(and Dgro,

J. Phys. Chem. A, Vol. 105, No. 1, 20039

substantially indetermined below this limit. Diffusion coefficient
trends against temperature corresponding to three cases with
very differentDp values are reported in Figure 7. In all cases,
the rotation about thpara axis is faster for the biphenyl than

for the phenyl fragment. Again, the use of the Freed model
instead of the Nordio model gave analogous results.

Some considerations should be made concerning both MBHB
and 10B1M7. First of all, it must be pointed out that the use of
either Nordio or Freed models, in combination with strong
collision for internal rotations, gives rise to an excellent
reproduction of the experimental spectral densities, thus making
the attempt to use the Vold model useless, which adds one more
diffusion coefficient, that is two fitting parameters, to the Freed
model. This can introduce a remarkably higher uncertainty in
the determination of single diffusional coefficients.

Despite the indeterminacy ddp, it is possible to give a
reliable estimate of the order of magnitude of all the other
diffusion coefficients (see Figures 5 and 7). The comparison of
our results with those obtained B4 NMR for other liquid
crystals reveals a good agreement between the values found
for Dy, Dy, and Dr.2* This suggests that the chirality of the
molecules does not particularly affect the spinning moton.

(or Dp) is usually smaller thad, andDg, even though, at least
in one case, the possibility @5 > Dy has been proposédn
our cases, the upper limits found r; rule out the occurrence

relative to biphenyl and phenyl fragments, respectively). The of tumbling motion; much faster than spinning ones. The results
uncertainties on diffusional coefficients obtained following this Shown here, relative to two different experimental data sets,
procedure would be remarkably higher than those produced byStrongly suggest that the problem of the indeterminacy of the
a global-target fitting, owing to the non-negligible error present diffusion coefficient relative to the tumbling motion could be

on experimental relaxation times; therefore, we applied this last More general and might not have been recognized yet. On the
method even for 10B1M?7. other hand, such indeterminacy could be removed performing

As in MBHB, a good fitting of the spectral densities could Measurements at different Larmor frequencies and/or at variable
not be performed without taking into account internal rotations. orientations between the phase director and the external
The fitting procedure based on the Nordio and strong collision magnetic field® In any case, a comparison with findings from
models for overall and internal motions, respectively, gave a different techniques can be helpful: dielectric relaxation
good reproduction of the experimental spectral densities with measurements performed in thephase of similar ferroelectric
quite lowQ values of about 0.45 (see Figure 6). The results are liquid crystals yielded values at least 3 orders of magnitude
in agreement with those found for MBHB, with,, Dr;, and smaller for the characteristic frequency of the tumbling motion
Dr2 between 710° and 610° s~1 throughout the smectic Arange  than for that of the spinning moticii.Moreover, the frequency
investigated andDg with an upper limit at 61¢° s, but values reported give correlation times of about®010~° and
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1075 s for the spinning and tumbling motions, respectively, k(4) Yoshida,kS(.j; Jin, B.; Takanishi, Y.; Tkokumaru, K; Ishika\;]va, K,
i ; ; Takezoe, H.; Fukuda, A.; Kusumoto, T.; Nakai, T.; Miyajima JSPhys.
which are compatible with our results. Soc. Jpn1999 68, 9. Jin, B.; Ling. Z.; Takanishi, Y.; Ishikawa, K ; Takezoe,

H.; Fukuda, A.; Kakimoto, M.; Kitazume, TPhys. Re. E 1996 53, 4295.

Conclusions Ouchi, Y.; Yoshioka, Y.; Ishii, H.; Seki, K.; Kitamura, M.; Noyori, R.;
. | . | . Takanishi, Y.; Nishiyama, IJ. Mater. Chem1995 5, 2297.
Deuterium Zeeman and quadrupolar spiattice relaxation (5) Nordio, P. L.;. Busolin, PJ. Chem. Physl971 55, 5485. Nordio,
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