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Angular and frequency dependent spin relaxation study of liquid

crystalline cyanobiphenyls

by J. STRUPPE and F. NOACK*
Physikalisches Institut Teil 4 der Universitit Stuttgart, 70550 Stuttgart, Germany

(Received 27 March 1995, in final form 10 July 1995; accepted 21 October 1995)

NMR field-cycling measurements of the Larmor frequency (v) and angular (4) dependences of
the longitudinal proton spin relaxation time 7, for the nematic liquid crystals SCB and 8CB
allow a more detailed analysis of the underlying molecular motions than data available
previously. All T, (v, A) dispersion profiles essentially distinguish three frequency ranges where
T, is governed by either local field effects, collective motions (director order fluctuations), or
rotational and translational diffusion of individual molecules or molecular groups, respect-
ively. The angular dependence supports and extends previous conclusions about the signifi-
cance of the order fluctuation term at low (kHz) and high (MHz) Larmor frequencies; in
addition it is the basis for the disentanglement of local field effects, which involve Jeener’s
dipolar relaxation, and of the sophisticated rotational relaxation models suggested in the
literature by Dong, Nordio and Vold. It is found that Vold’s third rate concept gives the best
explanation of the measurements. The results on the rotational diffusion processes essentially
agree with deuteron studies from the literature, but also reveal clear distinctions with regard to
the anisotropy parameter o, essentially due to the improved separation from the order

fluctuation contribution.

1. Introduction

NMR spin relaxation measurements of liquid crystals
(LCs) provide rather detailed information about molecu-
lar motions like anisotropic rotational and translational
diffusion processes of single molecules, and in particular
about a peculiar feature of liquid crystalline phases,
namely collective molecular motions or order fluctuations
[1-3). However, the discrimination of these contributions
to the observed total relaxation rate, and even more the
distinction of effects coming from individual segments of
the non-rigid molecules, is not straightforward, so that
satisfactory results are only available for very few
selected systems such as some azoxybenzenes and cyano-
biphenyls. Up to the present, the most helpful means of
performing a reliable analysis of the various superim-
posed relaxation mechanisms contributing to the overall
magnetic resonance signal have been found to be:

(a) to study both the longitudinal Zeeman protor and
deuteron relaxation times T in selectively deuter-
iated molecules [1-3];

(b) to combine T; with dipolar and quadrupolar (T},
Tio) relaxation experiments using the Jeener-
Broekaert pulse sequence [1-4];

(c) to observe the Larmor frequency dependence
T, (v)(dispersion) of proton and deuteron relaxa-
tion times over a broad range by suitable field-
cycling techniques [2, 5, 6].

* Author for correspondence.

A means difficult to realize for reasons shown below
and hence relatively seldom used to improve the relax-
ation model analysis is to consider directly the aniso-
tropy of the underlying molecular reorientations by
observing the angular dependent spin relaxation of the
liquid crystal. As recently pointed out once more by
Morrison et al. [7], such a step considerably enriches the
amount of experimental data in order better to discrimi-
nate alternative models. This paper presents an extensive
study of both the frequency and angular dependence of
the proton spin relaxation time 7; for two nematogenic
liquid crystals (cyanobiphenyls), making use of more
powerful angular dependent field-cycling methods than
were available previously [8-10].

2. Experimental techniques

Measurements of the angular dependence of nuclear
spin relaxation times in low-viscosity nematic liquid crys-
tals, i.e. for different orientations of the nematic director
n relative to the external Zeeman field By, are difficult
because normally n aligns rather fast paralilel to B, (if the
anisotropy of the magnetic susceptibility is positive as
usual), and hence the mechanical rotation of the director
by a desired angle is generally too slow to obtain a well
defined quasi-stationary state with n oblique to B,. To
overcome this difficulty, several methods have been
described in the literature [11-13]; namely the spinning of
the sample with adequate speed about an axis perpen-
dicular to B, [11], the superposition of the Zeeman field

0267-8292/96 $12-00 © 1996 Taylor & Francis Ltd.
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by a strong electric field to incline the director against B,
[12], or the fast switching of the magnetic field direction
f13]. All three procedures involve problems, because the
director field may become inhomogeneous through elec-
tric conductivity or flow effects. However, such perturba-
tions can be most transparently controlled by the field
switching technique [10, 13].

In extension of previous work using fast field-cycling
techniques to adjust a selectable angle 4 between n and
B, {8-10], we have developed a more powerful device
which allows angular dependent spin relaxation
measurements over a broader Larmor frequency range.
The principle of the method is the following (figure 1): in
order to rotate the B, field from the initial orientation
parallel to the director to another angle and magnitude,
the field-cycling method must be applied to two magnet
coils with their fields orthogonal to each other, e.g.
parallel to the laboratory z- and x-axes, respectively.
Switching the relative magnitudes of the two fields B,
and B, rotates the total field from initially B, =B, to

B,=B,e.+B.,e, (la)
by an adjustable angle

B
A:arctan(l;‘), 0<A<90° (1b)

depending on the value of the components B, and B,.

The Larmor frequency adjustable by the field-cycling
technique in addition to the angle is

')7
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Figure 1. Principle of the fast field-cycling NMR method
for angular and frequency dependent relaxation time
measurements, where the orientation and strength of the
total Zeeman field B, are cycled periodically by means of
two perpendicular fields B, and B, relative to a selected
axis, which in this case is the liquid crystal director n.

where y is the gyromagnetic ratio of the examined spins.
Originally, we achieved the field rotation by mounting a
pair of Helmholtz coils outside the B, field cyclinder coil
with its axes perpendicular to the B, magnet axis [8].
Using a total available electrical power of 28kW,
together with a power splitting device to drive both the
main magnet (B, ..., =0-16T, corresponding to a proton
Larmor frequency v,,,, =6-8 MHz) and the additional
Helmholtz pair, we previously obtained a maximum field
B, max =0-047T [8] (which allowed 4=90° adjustments
up to v=2MHz). However, such a geometry proved
rather ineffective for work at still higher fields By, be-
cause it needs too much power for a desired magnetic
field rotation. Our more recent field-cycling concept
makes use of smaller, optimized cylindrical magnet geo-
metries which provide much stronger B, fields with less
electric power [14]. Following this concept, we combined
one of our present B, coils [10] (B, ,.,=021T, v_,,
=89 MHz) with an additional saddle coil [15, 16] inside
the cylinder bore to get the switchable perpendicular
field B,.

To provide a strong field B, at the probe, it is neces-
sary to keep the effective volume of the auxiliary magnet
small, to make the inductance as large as compatible
with the desired switching time [10], and to maximize the
allowed current according to the approximate field rela-
tions [10]

LN\1/2
(Bx)max = (%_) Imax ’ (2 a)
eff
dB u\12
x ~ 2
(0 e

where L is the coil inductance, V,; the effective field
volume, y the magnetic permeability in the bore, I, the
current through the wire, and U, the driving voltage.
Since the value of L is rather small in the present case,
equation (2 a) is the critical one. In order to reduce the
field volume, we looked for a possibility of mounting the
B, magnet inside the bore of our main B, magnet (figure
2). A suitable choice for that purpose is a saddle coil
[15, 16]. Since the inductance increases for higher num-
bers N of the windings, N should be as large as possible
in the available space. This number was restricted on the
one hand by the available cylindrical cross-section
(diameter = 36 mm) of the glass tube which separates the
cooling circuits of both magnets and by the outer dia-
meter (24-5 mm) of the sample dewar, and on the other
hand by the increasing resistance of the coil which is
proportional to the conductor length for a given cross-
section of the wire. To get a sufficient homogeneity of
B/AB > 10? over the sample, the length of the saddle coil
had to be chosen as 10cm [15]. The best field-to-power
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Figure 2. Schematic geometry and cooling circuits of the
air-cored cylinder coil (B,) and saddle coil (B,) combina-
tion for fast switching of both the orientation and strength
of the NMR Zeeman field up to B, =0-21T. The achiev-
able transit times are described in the text.

ratio of this prototype magnet, matched to a commercial
switchable 1 kW power supply (Heinzinger TN 100/10,
100V, 10 A), was found by calculating the resistance R,
of the coil at the estimated working temperature of 100
to 170°C. At these temperatures, realized by an oil cool-
ing circuit separated from that of the main magnet, R,
increases by a factor between 1-3 to 1-6 compared with
the copper resistance measured at room temperature.
Further, being restricted to commercially obtainable
copper conductors, we had to look for a favourable
compromise between voltage or current mismatch. The
best choice proved to be a wire with 0-5mm diameter
which, using 160 windings, gave a resistance of 4-5 Q at
room temperature and 6 Q at the working temperature.
This prototype magnet produces a field of B, =0-044T
(v=1-87 MHz) with the maximum available current of
11 A. By increasing the power from 1 to 3kW (Delta

Electronika SM [20/25, 125V, 25 A), changing the sad-
dle coil geometry somewhat for a larger wire diameter
(0-7mm) and slightly reducing the outer sample dewar
diameter (21-5 mm), we are going to strengthen the maxi-
mum field to B, =0-14T. With the presently operating
network, i.e. the prototype saddle coil and the 3kW
power supply, it is already possible to perform angular
dependent proton T; measurements at an angle 4=90°
up to v=4-5SMHz, whereas the new saddle coil will
extend the range for 4=90° up to v=6MHz and for
A=42-4° up to §-:9 MHz.

For higher Larmor frequencies, i.e. above the instru-
mental limitations described before, the angular depen-
dence of T, in LCs could still be measured by a
mechanical rotation of the LC with fixed oriented mole-
cules as a result of confinement effects [17, 18]. This was
achicved by filling the LC into anopore membranes.
Such materials form macroscopically aligned honey-
comb channels with approximately 0-2 pm diameter in
which the LC orients uniformly parallel to the channel
axes, even in high magnetic fields up to 4-7T [18]. We
could show [19] by comparison of both techniques at
Larmor frequencies between v=~4-5MHz and 5kHz,
over the range where both methods work, that the ano-
pore alignment gives the same results as the angular
adjustment by field-cycling.

The sample materials, 4-pentyl-4'-cyanobiphenyl
(5CB) and 4-octyl-4’-cyanobiphenyl (8CB), were pur-
chased from Merck Ltd, UK and sealed without further
purification after degassing by the usual freeze-thaw
method under vacuum. The 5CB anopore membrane
sample was kindly prepared by H. Schmiedel as
described elsewhere [18].

3. Results

Figure 3 shows details of the angular dependent field-
cycling T; sequence. In the first period I, the magnetiz-
ation M with the director orientation of the liquid crys-
talline sample parallel to the polarization field B, is
created. In the following period II, after rotating B, to
B,. the magnetization M exponentially decays with the
time constant T;(v, 4) in the relaxation field B, at the
orientation 4, e.g. 4, or A,, relative to the director n.
This decay is measured in period III as a function of |B,|
(=v) and 4 by the FID signal U;, following the n/2 rf
B, -pulse after the field is switched back to a magnitude
of B, which fulfils the resonance condition of the probe
circuit (v=_8-9 MHz).

Figures 4 and 5 iilustrate selected results of our
T (v, 4) measurements for SCB and 8CB, respectively,
namely the proton T, relaxation dispersion T,(v) at
different director orientations A (figure 4), and the
related angular dependence T (4) at selected Larmor
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Figure 3. Polarization, relaxation and detection periods (I, I1,
IIT) of the fast field-cycling experiment used for T, (v,4)
measurements of liquid crystals, showing schematically
two magnetization decays M(¢) in period II at different
angles A. The signal U, is sampled by means of a n/2
rf-field irradiation pulse B,(t) by the amplitude of the
free induction decay (FID), excited at the beginning of
period III.

frequencies v (figure 5). The measurements were per-
formed in the middle of the nematic temperature ranges
(30°C, 37°C) and exhibit the following characteristic
features:

(a) The relaxation dispersion shows at both orient-
ations (4=0°, 4=90°) the form typical for
nematics [5], i.e. (i) the low frequency square-root
regime T, ~v'/? (v<10% Hz) with a plateau below
va10* Hz at 4=0 and a minimum at A=90°; (ii)
the medium frequency range (10°<v<107 Hz)
where T, (v) approaches a high frequency plateau;
(iii) the high frequency range (v 107 Hz) with a
shallow but increasing T (v) slope.

(b) For v=20kHz the dispersion profiles are similar
for both orientations, but the angular dependence
decreases slightly with increasing Larmor fre-
quency from a factor of 2 in range (i) above
va~20kHz to a factor of 1-3 in range (iii). For
v<20kHz where the T,(v) minimum occurs, the
ratio T,(4=0°)/T(4=90°) becomes much larger

than 2, namely up to 5+ 30%. This is also demon-
strated by figure 5, which presents the full angular
dependence between 4=0° and 90° at 2, 50 and
500kHz for both materials, and for 5CB also at
10kHz and 28 MHz.

(c) The T,(v, A4) plots are almost identical for both
5CB and 8CB but the relaxation times are some-
what shorter in the second case.

As estimated from the root-mean square error of con-
trol measurements, the accuracy of the T, data shown is
+10% for v<10kHz and +5% for v>10kHz in the
case of the LC bulk samples. This error is slightly higher
in the case of the anopore confinement, namely +20%
and +10%, respectively, because the amount of LC
material in the anopore membranes was only one quarter
(0-2 g) of that in the bulk sample (0-8 g); it is also +20%
for the angular dependent data of all samples in the
range of the minimum.

4. Theory and discussion

4.1. General theory

Nematic liquid crystals are systems which usually exhi-
bit cylindrical symmetry about the nematic director n [1-
3}. For such systems, the orientation dependence of the
spin relaxation for any desired angle A between the
Zeeman field B4 and the director n can be obtained by a
model independent transformation [1-3,20] of the
motional spectral densities calculated for one special
angle, e.g. for 4=0. Up to the present, most of the

2 3
.1
10
5 2
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e 2}
o
2
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5 ‘ sce,30°c * T 0%
i s Ty, 9)
F o X Ty (15 0%
5 | i 8CB,37°C b 907
10-3 ....|2. l......13. ......14. s J;L,...Jﬁ. .......17. 8
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Figure 4. Larmor frequency dependence of the longitudinal
proton spin relaxation time T; of SCB and 8CB, respect-
ively, for two orientations A between the nematic director
n and the Zeeman field B4, at temperatures approximately
in the middle of the mesophase ranges (30°C, 37°C). The
diagram distinguishes at least three characteristic relaxa-
tion regimes. The full lines are model fits to the 5CB data
(for details see text and figure 6). On average, T, of SCB is
identical or slightly longer than T, of 8CB.
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Figure 5. Angular dependence of the longitudinal proton spin
relaxation time 7, of 5CB (top) and 8CB (bottom) at
different Larmor frequencies v to illustrate the character-
istic T, (A) changes between the three T (v) regimes. The
full lines are model simulations of the experimental data
points with the parameters listed in table 2. On average, T;
of 5CB at A=0° is slightly longer than 7, of 8§CB, but the
difference disappears for larger angles A.

calculations reported in the literature are primarily con-
cerned with the relaxation of deuteron (*H) spins, be-
cause deuterons allow one to separate different spin
positions on the molecules. This is not the case for
protons (*H), which means that in order to use the
relaxation models for protons, the relaxation rates have
to be averaged over many proton sites to allow an
analysis of the experimental data. On the other hand,
presently it is not yet possible to perform angular depen-
dent field-cycling measurements with deuterons as with
protons, because of instrumental limitations. The neces-
sary averaging procedure is briefly described below. It
implies that the LCs considered show a mono-
exponential proton magnetization decay due to fast spin
exchange between unlike positions.

Assuming for simplicity the case of fast magnetization
exchange between different kinds of dipolar coupled,

inter- and intramolecular proton pairs i,k (e.g. phenyl or
alkyl positions), and making use of standard high-field
relaxation expressions (Zeeman-field B, larger than local
dipolar field B,,.) for different types of molecular reor-
ientations M of such pairs (e.g. collective or individual
motions), gives for the Larmor frequency (v), and angu-
lar (A) dependence of the averaged, total proton Zeeman
relaxation rate [21] parallel (longitudinal) to the suffi-
ciently large external Zeeman field B,

Tl—Zl(v’A)ERIZZZRlMs €)
M

where the relaxation rate R,,, of one single process M
can be written in terms of two spectral densities
JP(pv, A) with p=1,2 in the standard form for [=1/2
spins [1-3,20]
2H\2

Ru(v4)= (”Tynh) [0, )+ 2v, 1)), (4)
with v given by equation (1 ¢). In equations (3) and (4)
Uo, 7, and A, denote the magnetic vacuum permeability,
the gyromagnetic ratio of protons, and Planck’s constant
divided by 2m, respectively. The two angular dependent
spectral densities J4(pv, 4), p=1, 2, are obtained from
three spectral densities J@(pv, 4=0°), g=0, 1,2, at the
particular orientation 4=0° (in the following we will
omit writing the angle, if 4=0°) by

T (pv, ) =Y F (D) (pv, A=0") =3 F (NI F (pv);
q q

&)
via the transformation matrix F,,(4) [1,20]. Explicitly
this means in equation (4) the angular dependences

JP (v, A)=1cos? (A)sin? (4) JQ(v)
+3(1—-3cos? (4)+4cos* (4)) I (v)
+4(1—cos* (1)) JiP (v) (6a)
and
J@(2v, A)=1%sin* (4) TP (2v)
+2(1—cos* (4)) J$P (2v)
+1(1+6cos? (4)+cos* () JF(2v), (6b)

respectively. As can be seen from equation (6), 7;(4)
differs for unlike M if the ratios JP: J{¥: JiP are not the
same for the considered motions. The special forms of
the spectral densities J'P(pv) used to discuss the
measurements of this paper are taken from the literature
with some necessary numerical modifications, and are
summarized in the Appendix.

Somewhat differently from deuteron relaxation
studies, frequency dependent proton measurements of
liquid crystals have shown significant effects of at least
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three kinds of mechanisms M, namely: Order director
fluctuation (OF), rotational diffusion (ROT) and transla-
tional self-diffusion (SD), which are essentially dis-
tinguished by their characteristic T;(v) profiles [5]. (The
significance of cross-terms has never been demonstrated
clearly, and quadrupolar cross-relaxation effects have
not been observed reliably in non-deuteriated SCB and
8CB [6,19].) By the T, dispersion, however, not all the
involved model parameters could be determined reliably.
Additional data on the angular dependence allow im-
provement of the model analysis.

In field-cycling experiments, where the external Zee-
man fields B, and B4 can become of the order of the
internal dipolar local field B,,. of the spins, the overall
observable relaxation time 7; becomes in extension of
equation (4) a weighted mixture of the Zeeman [21] and
Jeener’s dipolar [4] relaxation times Ty, and T;p, which
according to Goldman [22] should follow the expression

B3/T,,(v, )+ B}/ Tip (v, 4)

T !=R,= ,
L 1 Bj-*'Blzoc . (o
with
Va3 (B.+ B + B, (7b)

Neither the spectral densities for T, are available in the
literature to the same extent as for T;,, nor does there
exist a critical experimental examination of the validity
of equation (7), but approximate predictions about T;p
give in the spin-pair I =1 approximation [23]

Tfl)l("aA)ERm:ZR&M (8a)
M
with
27 [ po7*h\?
Rmmm=gﬁ%;)mWAx 8)

using the same notation as for T;. If B, <B,, the
dipolar contribution to the total relaxation rate 1/T;
=R, in equation (7) becomes negligibly small.

The order fluctuation terms J& (pv) with explicit model
parameters A, ver, Ven, €quations (9a, 9b), show the
characteristic square-root law [24] of the order fluctua-
tion spectral density J§2(v), where the amplitude A4,
equation (9a), is molecule dependent, and predict
J&(v)=0, equation (9a). This has been confirmed by
many previous T, (v) studies [5, 6]); however the high and
low cut-off frequencies vy and v, in equation (9b) or
the related mode wavelengths could not be determined
satisfactorily because of the difficult separation of the
Tior from other competing relaxation contributions, in
particular from local field effects. The angular depen-
dences expected by equations (4, 6), e.g. T or(v,0%)/

T108(v,90°) =25 for v<vg and T,op(v,0%)/ Tior (v, 90°)
=1-9 for v> v , become quite different when local fields
determine the relaxation profile and the approximations
involved by equations (7, 8) no longer hold. In this case
the ratio T,5-(0°)/ Ty or(45°) can become very large (up to
6) due to potential contributions of the J‘@ spectral
density, and even a T, (v, 4) minimum may occur with
decreasing Larmor frequency v or changing angle A,
respectively. Therefore the T, /T, ratio at the minimum
positions provide critical checks of the underlying relaxa-
tion model, in particular about the applicability of equa-
tion (8 b).

The rotational diffusion terms J.(pv) with explicit
model parameters Tyoy and g, equations (10 a-10¢), dis-
cussed in the literature for deuteron NMR-studies have
different forms. They essentially try to distinguish four
types of rotational reorientations effective for the relax-
ation rates, namely: (i) the simple Woessner {21,26]
approach of rotating ellipsoids; (i1) the rotational small-
step diffusion in an orienting potential (Nordio [27],
Brown [28]; (iii) the anisotropic viscosity model (Freed
[20]) in combination with fast spinning around the mole-
cular long axis (Vold [29]), the so called third rate model,;
and (iv) extensions of (ii) or (iii) which include correlated,
uncoupled chain mobilities (Dong [3, 30, 31]). Because of
only small differences, so far an unambiguous experi-
mental distinction between the two basically different
approaches, i.e. Nordio’s small step rotational diffusion
(i) and Vold’s third rate model (iii), could not be
achieved, but preferences are given to the extended third
rate model [3, 31].

In the Appendix, the spectral densities have been split
into the chain spin positions (N ,;,) and the ring spin
positions (N ;,.) for convenience, ecquation (10 @). Equa-
tions (10b, 10¢) show the averaging over the proton
positions (sum over i, j) and the spectrum of rotational
correlation times (sum over k). The inclusion of the chain
mobility contains the sum over n, the number of the
eigenvalues 4, of the rate matrix corresponding to the
number of chain conformations. The amplitude factors
in equations (10b, 10¢, 10g), namely Cn (i, j), Co, (i, j),
and C,(i,j), are determined by the molecular geometry.
The main differences between Nordio’s [27] and Vold’s
[29] models occur in the definition and the summation
over the basic correlation times t,,, equations (104,
10e). In the first case the 7, values are related to the
rotational diffusivities Dy, and Dy, perpendicular or
parallel to the molecular long axis, and in the second case
to the diffusion constants D,, Dy and D, where «, f and
y refer to the Euler angles between the director and the
molecular frame [29,31]. The distinctions modify the
ratios of the spectral densities J{&) and J2) and thus
finally lead to changes of the angular dependences of the
relaxation times for a given anisotropy ratio Ogrgic
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=Dg/Dr, OF Oyoyg=D,/Dy, respectively. At low Lar-
mor frequencies (extreme narrowing limit) T, (0°)/T,(90°)
can become rather high in Vold’s model, namely for, e.g.
o> 10 larger than 3 instead of a maximum of 2 (neglect-
ing chain motions) for Nordio’s model, where the relax-
ation anisotropy is almost independent of 6. Therefore it
is in principle easy to find a preference between the
disputed models, if the measured anisotropy becomes
larger than 2, in spite of the drawbacks due to the
averaged proton spin signal, compared with deuteron
studies.

The translational diffusion terms J(pv, 4) with the
explicit model parameters B, 14, & equations (11a,
11 b), calculated by Vilfan and Zumer [32] for nematic
LCs are not strongly different from the simple Pfeifer-
Abragam [21] treatment of isotropic liquids, but bring
into play a small, yet very characteristic angular depen-
dence T,5p(v,0°%)/Tisp(v,90%). According to equation
(11qa) this ratio depends mainly on the anisotropy
¢=D]| /DL of the diffusion constants D; and D, for
translational motion parallel and perpendicular to the
director. It is nearly constant as a function of v for
jumping times gy, in the limit 2nvtg, < 1; in this case with
¢ between 1 to 3, it varies from 0-94 to 0-73. For a typical
experimental result of ¢=2, it can be approximated by
0-8 [33] over the whole available Larmor frequency range
from 0 to 100 MHz. The most pronounced feature of the
Vilfan-Zumer SD-model is the fact that the predicted
ratio Ti5p(0°)/Ty5p(90°) is smaller than one in contrast to
T 10 (0°)/ T},6:(90°), which in the same limit is equal to or
larger than two. So the angular dependence of T, in
principle becomes a sensitive tool to separate intermole-
cular from intramolecular relaxation contributions [34].

4.2. Discussion

The measured longitudinal relaxation times T, (v, 4)
were fitted to the model expressions T, (v, 4) listed in the
Appendix by a standard Levenberg-Marquardt least-
square optimization procedure (Micromath Scientist) of
the 8 model-parameters (A, v¢p, Veu; Trots 63 B, Tsp» and
B,,.). Table 1 summarizes the best set obtained under the
additional constraint that the same parameters should fit
both the T;(v, 4=0°) data and the T;(v, 4=90°) data
with the same quality. This constraint improves the relia-
bility of the obtained parameters considerably. Even the
limited 8CB T, (v, 4=90°) data up to only v=4-6 MHz
allow one to separate reliably the inter- from the intra-
molecular motions by using the theoretically predicted
angular dependences. Additional curve fits were pro-
duced using on the one hand calculated values of the Cs
(see §4.2.2), and on the other hand experimental data for
B, [35]; the cut-off frequency vey was generally esti-
mated from the shortest OF-mode determined by the
molecular length. In this way the number of adjustable

constants could be reduced from 8 to 5. Analysing typi-
cally about 30 Larmor frequencies, the underlying data
sets make use of up to 50 data points at constant
temperature.

The quality of a model fit to the experimental
'H—T,(v, 4) data is illustrated for SCB at two orient-
ations, i.e. 4=0° and 4=90°, by figure 6. It is obvious
from the experimental relaxation times shown in figure 4
that the related analysis of 8CB cannot lead to significant
distinctions. The results support our previous work [6] at
A=0° where it was found that the collective motions
dominate the T; relaxation dispersion at low vs up to
about 500kHz, and the importance of the individual
molecular motions increases at higher vs. But the new
data reveal many more details; they are explained below.

4.2.1. OF-term

Due to the broad T, square-root regime in the kHz
range, the obviously dominating relaxation by order
director fluctuation can be fitted rather precisely to the
experimental data with a standard deviation for the
normalized amplitude Age=A4-Z of about +10%,
where the factor

9 2h 6
Z=> (”‘” >2 =6-408-10"%° ':'—2 (12a)

8 4n

Table 1. Relaxation model parameters obtained by the
Levenberg-Marquard fit optimization for SCB and 8CB.
Obviously both data sets are rather similar, which demon-
strates that the fitting process is reliable and reproducible.
Based on the experimental findings of Boden et al. [40] that
the seccond moments of 5CB and 8CB chain protons are
identical within 5%, we used the C& s calculated for 5CB
also to optimize the rotational parameters 7,,, and ¢ of
8CB. The o value in the case of Nordio’s model was taken
from the literature [30] because in this work a critical
evaluation proved impossible.

5CB 8CB
Equation (T=30°C) (T=37°C)
App (53D (9a)  4635+125 4806+ 144
veL (Hz) (9b) <2400 <2100
tear(10-%5) Yold (10€) 334017 28402
rOT Nordio (10d) 2174012 194011
. Vold (10€) 29403 29408
Nordio  (104) 30 30
D, (10857 1) (101) >5 >6
B, (10%s2) (11a) 38409 42411
Tep (10 105) (11b) 3654045 5741078
BLoc(1075T) (7a) 6433 5419
ag(s 1) (14) 383165 383420
a,(s™) (14) 428473 121+12
a,(s71) (14) —41THT1 —431£42
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5CB, 30°C Tixor
TR TITT RN R T | Aaas

-3 Lud
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Figure 6. T,(v,0°) and T,(v,90°) model fits (full lines) of
equations (3-9, 10a-10¢, 10e, 11, 13 and 14) to the 5CB
measurements (circles and triangles) of figure 4 with model
parameters listed in table 2. The six broken lines show the
individual relaxation contributions by order fluctuations,
self-diffusion and rotational diffusion.

10

is included for convenience, e.g. for SCB at 30°C we
obtain Agy =4671 +400 %2, Taking into account simul-
taneously the observed angular dependence over the
square-root regime, gives in this case a reduced standard
deviation of only +5%, namely A,p =4635+1255%2;
both values are slightly smaller than our previous result
[6]. These numbers have to be compared with the theore-
tical expression [6]
nl/’Z k T 1/2

Ao =" Cavy? ™2 (12b)
and known data for the mean elastic constant K(1-52
x107'"'N+15% at 30°C) [36], mean viscosity §
(0-043 Pas +10% at 30°C) [37], and mean experimental
splitting {4v> of the 5CB proton spectrum, which was
determined from the FID signal as 17360 Hz + 10% con-
sistent with data from the literature [35] and our own
data. From equation (12) there follows Ager=3911
+12005%72, a value in good agreement with the relax-
ation measurements within the error limits.

In spite of the higher temperature of the nematic 8CB
phase, the measured value of 4o is somewhat larger than
for 5CB, namely Aqor = 4806+ 144 at 37°C. But again the
result is in good agreement with the theoretical prediction
by equation (12), namely Aor =4440+ 1470532, using
K=16x10"""N+15% [36], n=0-045Pas [37] and
{Avy=18800Hz+ 10%. Since one should assume that
the error limits for the ratios of the various parameters are
smaller than for the absolute T,, K, n and (v> measure-
ments, the observed ratio Agp(SCB)/Ayr(8CB)=0-96
allows a more critical examination of the .theory. The
respective ratio calculated by equation (12) is 0-97.

This demonstrates once more, that the T, concept is
basically correct.

Whereas the low frequency plateau in the relaxation
dispersion at 4 =0° can be interpreted either by assuming
a longest cut-off mode via equation (9 b) or a local field
effect via equation (7 a), the new data for 4=90° clearly
reveal that the second effect dominates, considering the
following argument: a finite local field B,,. along the
z-axis [38] entails locally an effective angle 4., between
the director n along the z-axis and the resulting field B,
different from A in equation (1), namely

B
A =arct e 13
off = arC an(BZ+B ), 13)

foc

which means that for B, comparable or smaller than B,
the angle A, becomes smaller than the externally
adjusted angle A (e.g. 90°) between n and B,. In our
calculation of the angular dependence, 4., was used
throughout even where the local field effect is completely
negligible. As seen in figure 4, T;(v) runs through a
minimum near B, = B, since with decreasing v=yB, the
angle 4 also necessarily decreases and thus finally
T,(v,4=90°) approaches T;(v,4=0°). However, the
observed low field behaviour is only in qualitative agree-
ment with this concept on the basis of equations (7, 8)
because the experimental T, gr (v, 4 =0°)/Tor(v, 4=90°)
ratio considerably exceeds the maximum value of 2-6
predicted by equations (6a, 6b; 9a, 9b) in the case of
Ver. > 7By /2. This implies that the common approxi-
mation of T}, by equations (8 a, 8 b) cannot be valid. A
possibility of producing a stronger angular dependence
in the OF-model can be achieved by including the spec-
tral density JE2(v,4) and JE(v,4) in addition to
JSE(v, 4), in the T,p term. Using in replacement of
equations (8 a, 8 b) the gencralized expression given by
Morrison et al. [7]

Tin =dap+a,/P(cos (A.)) +az/Pa(cos (), (14)

where a,,, a; and a, are adjustable model parameters and
P, and P, are the Legendre polynomials of 2nd and 4th
order, it becomes possible to describe the form of the
observed T, (v) minimum much better. But in this case
the B, value involved in equations (7, 13, 14) for the
best fit shown in figure 4 turns out considerably too smalil
(By,. - 7/(2m) = 2400 Hz) relative to estimations from the
high-field proton spectrum (B, -y/(2n)=17360 Hz).
This could indicate that the slowest, large amplitude
order fluctuations partially average the dipolar field.
Alternative model optimizations obtainable with higher
B,,, values and by means of the simpler T}, relation [23],
equation (8 b), in replacement of equation (14) are illus-
trated in figure 7. All resulting curve parameters con-
sidered in the relaxation plots for both materials are
summarized in table 2.
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As a consequence of the strong local field effect, the
low cut-off frequency v¢; , attributed previously as a rule
to the low-field plateau, can no longer be evaluated
exactly. But the dominating local field effect in the kHz
regime requires, in order to obtain the T, (v, 4) minimum,
that v, should be smaller than yBy,./2m, i.e. approxi-
mately 2-5kHz for both materials. Similarly, the high
cut-off frequency vy is almost hidden within the experi-
mental error limits by the two other relaxation contribu-
tions Tjgor and Tgp. Nevertheless, assuming that the
square-root dispersion profile for T, o is valid at least up
to frequencies where the T,gr contribution amounts to
still 30% of the total T, value, on the one hand the lower

T . 1
5
s
L .
[
2 } ..,o"'/ =
© 2 > -‘.\ ..... ,—‘.."'M -
—10%F, TR
[y s
B 5 ///’,/ a
L—“G;{?‘, & A
e - - Ty Bloom, Eq. (14), B,,. small
2} ° — T, Bloom, Eq. (14), By, large 1
5CB,30 C ——— T, Vold, Eq. (9), By, small
N IR 1 . L s aal . .
10 a
s 100 2 s 100 2 s
v/ Hz

Nordio T, total
e
— 0!
2 5CB, 30° C Vold T:no’r
-2 . N N PEPEPIPE | 2 A M
10
100 2 s 100 2 s 10°
v/ Hz

Figure 7. Enlarged view of the low- and high-frequency
ranges of the 5CB data with alternative model curves. Top:
low frequency measurements from figure 6 with the best
model fit (dotted line) as in figure 6; a simulation (full line)
using equations (7, 14) with a stronger local field (=v,,,
=14kHz in replacement of 2-4kHz); and a simulation
(broken line) using equation (8) in replacement of equa-
tion (14). Bottom: high frequency measurements with fits
from figure 6 and fits using Nordio’s model (dotted line,
equation (104)) in replacement of Vold’s model (full line,
equation (10 e)) to demonstrate the preference of the Vold
approach, where the standard fit deviation X is smaller by
a factor of approximately 0-8.

limit of vcy should be larger than 30 MHz for SCB and
10 MHz for 8CB, respectively. On the other hand, using
the results for the rotational correlation time tgoy
=(6Dg )" ! (see §4.2.2), the upper limit of vy should
not exceed (2ntror) !, the frequency where individual
reorientations about the short axis are faster than the
collective ones; this gives limits of approximately 40 and
60 MHz.

4.2.2. ROT- and SD-term

The disentanglement of the rotational and translation-
al diffusion relaxation terms from the total T; (v, 4) is less
straightforward than the analysis of the order fluctuation
contribution, because there exists no frequency range
where T, (v) is unambiguously dominated by a character-
istic power law of either Tigor or Tysp. However, the
rather strong angular dependence at Larmor frequencies
v>=10MHz, where the T,qr-term no longer governs the
dispersion profile, indicates not only that the rotational
relaxation term is more effective than the other two
processes, but also shows that Vold’s model, equations
(10a-10¢, 10e, 10f), is more appropriate than Nordio’s
concept, equations (10a-10d, 10f). To calculate the
curve fits shown for 5CB in figure 4, and similar plots for
8CB not shown, we proceeded in the following way.

First, the rotational quantities C%,, b\ and C,, (9=0,
1,2; m=0,1,2) were calculated numerically from the
molecular geometries with the formalism of Woessner
[26] and Vold et al. [29], respectively, using the proton
pair separations rcy,=178-10""m, rcp, =2-48-
107'%m, the polar angles ¢ and ¢ of the CH, pair-
orientations in the tetrahedral lattice frames (a,b,c,d;
a',b,c’,d’) according to Wittebort et al. [39], and the
CeqHg para-pairs parallel to the molecular long axis.
These angles are listed in table 2. For simplicity intra-
pair interactions were taken into account on the basis of
Boden’s experimental finding for SCB and 8CB [40] that
the ratio between dipolar inter-pair and intra-pair inter-
actions is close to one. The amplitudes C$), (n=1 to 51)
and eigen values 4,(k), which take into account the chain
mobility, were calculated following Dong [30, 41],
assuming that the one- and two-bond jumps have an
equal rate constant k and neglecting the effect of three-
bond jumps (as in Dong’s paper [41]). With this simplify-
ing assumption, the eigen values A,(k) are proportional
to k. Then, with the calculated quantities and previous
experimental results on the translational diffusion pro-
cess [33], i.e. for D, and the diffusion anisotropy &
=D|/D,, model simulations and curve fits were per-
formed by means of the Levenberg-Marquardt pro-
cedure [42]; such steps allowed optimization of the
rotational correlation time tgor of the model, the under-
lying rotational anisotropy o, and the open translational
parameters B and t5p. Fitting D, (related to three K5
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Table 2. Ch, group polar angles (8, ¢) of the proton-proton
separation vectors in the n-CB chain configuration frame
(N-frame) calculated from the basis vectors for the alcyl
chain (letrahedral) lattice in both the unprimed, right
handed (a, b, ¢, d) and the primed, left handed (a’, b, ¢', d")
system following the notation of Wittebort et al. [39].

Spin spin vector g @
a-b 35-25° 60°
a-c 35-25° 180°
a-d 35-25° —60°
b-¢ 90° —150°
b-d 90° - 90°
c-d 90° 150°

a’-b’ 144-75° —120°
a’—¢’ 144-75° 0°
a’-d’ 144-75° 120°
b'—¢’ 90° 30°
b'-d’ 90° 90°
o-d’ 90° 150°

of Vold’s model), and the isomerization rate constant k
of the considered two types of correlated chain jumps did
not work satisfactorily because of the too small effects on
T; (v). But the explicit dependence of the rotational jump
times 7,,, on the third rate process parameter K, and of
the spectral density on k makes it possible to determine
the slowest limits of the y-motion and of the chain
isomerization rate k, where a further slowing down
considerably deteriorates the fit. Essentially due to the
proportionality between 4, and k, the low-frequency T,
plateau reflects the values of both the K.,,s and k, and
this dependence is responsible for the good agreement
between the calculated and fitted spectral densities in the
limit of v—0. To separate both effects, the value of D,
was estimated using the results of tzor and a in the
approximation that D, =Dy, Dy =Dy, .

Similarly to the treatment of the OF-term, B was
normalized by multiplication with Z from equation
(12a) to By, =B-Z. All steps were repeatd for the com-
peting rotational concepts, and finally the results were
analysed in terms of the obtained fit qualities for the
Nordio, Vold and Woessner models, respectively. Table 1
lists the evaluated best model parameters.

The involved standard deviations X between suitably
weighted calculated and observed data [42] allow rather
clear conclusions about the effective type of rotational
process because the Xs are different for the two favoured
alternative models, namely by a factor of 1-2 (Zy,4
=0-014; Zn4r4i0 =0-017) when comparing the result of
equation (10d) with that of equation (10e). Woessner’s
approximation can be easily excluded without a detailed
calculation, because of the absent anisotropy. Neverthe-
less it should be noted, that the calculated C,, amplitudes
are in satisfactory agreement with the measurements, in

particular the summations for the longer chains of 8CB
compared with SCB result in an increase of the Woessner
contribution to the overall relaxation rate by a maximum
of 5% in accordance with the experimental findings. As
demonstrated by figure 7 for SCB, Vold’s third rate
model [29] allows the best interpretation of the measure-
ments, mainly due to the rather large relaxation time
anisotropy above v=500kHz, whereas Nordio’s ex-
pression does not fit the T, (v, 4) data between v=1 MHz
and 20MHz with the same quality. This conclusion
improves Dong’s analysis by deuteron relaxation studies
[30,41], which for 5CB failed to give a clear preference
for one of the two concepts.

The reorientation time tggy ~(2:5+04)-107%s and
the rate constant kx~(44+2)x 10! s ! determined by
our study are almost identical with Dong’s findings for
5CB, whereas the anisotropy parameter ¢ based on
Vold’s concept turns out much larger (2-9) than Dong’s
results (1-8) in this case. This difference is essentially the
consequence of the importance of the OF-team to the
overall relaxation in the high-field regime which was
neglected in the deuteron study. It should be noted that
in the present case neither the order fluctuation contribu-
tion nor the translational self-diffusion term entail a
significant uncertainty of the fitting procedure, because
the related parameters Ag,e and ¢ are rather exactly
determined by the performed experiments.

Dong’s more recent refinements [43] of Nordio’s
theory, by taking into account the coupling between
reorientations of the chain and of the whole molecule,
have not been treated in this work because of the too
small changes of the proton spectral densities. Further-
more, the interesting behaviour of 7,y at the transition
from the nematic to the isotropic phase (35:3+0-2)°C
could not be evaluated more critically than in previous
work because of the vanishing angular dependence of 7;.
However, simple estimates by means of the isotropic
Woessner model, equation (10 g), indicate that the domi-
nant rotational correlation time, i.e. for diffusion about
the short axis, becomes shorter by a factor of about two.

The authors thank Dipl. Phys. H. Gotzig for frequent
experimental help, I. Sauter and St. Kohle for their
contributions to the development of the saddle coil, and
Professor H. Schmiedel for preparing the SCB anopore
sample. The financial support of this work by Professor
G. Klose, Sonderforschungsbereich 294 Leipzig, and by
the Deutsche Forschungs Gemeinschaft, is gratefully
acknowledged.

Appendix
Spectral densities J{P(pv) used in the model fitting
procedure to the 7, measurements of figures 4-7. The
amplitudes (A, B), correlation times (tgor, Tsp), mode
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cut-off frequencies (vey and v ), and further specific
model parameters (g, £ and 2) are defined in the refer-
ences given in the text. N =N, + Ncnain are the respec-
tive numbers of protons per molecule, e.g. for 5CB
Niing =8, Ncpain = 11. In the case of 5CB the number of
eigen values is n,,, =51. The prefactors f, are f, =6,
fi=1, and f, =4 [21]. Since the Woessner model was
derived for an isotropic fluid, Jpor'® of equation (10 g) is
valid for any angle 4, in particular for 4=0. In this case,
the angular dependence by the factors of equations (6 4,
6 b) also disappears [28].

Order fluctuation terms [24, 25]:

A
= W |:1 —GCL(V/VCL)*GCH(V/VCH)] )

I (pv)=0, JO(pv)=0; O

1 (2PV/VCL)1/2
Ca= _% {atan [(1 _PV/VCL):I

1/27]
+ atanh [(2"“/ ver) }+5, ©b)

(1+PV/VCL)

G __1 t (2PV/VCH)1/2_
= L L= pv/ven)
2 1/27]
(2pv/ven) }+5,

(A +pv/vey) | ©c)

+atanh [

and

o0=1 forpv<vg
else 0.
p=1 forpv>vqy

Rotational diffusion terms [3, 27-30]:
For Nordio’s and Vold’s models

Tr (V)= J(PV)i&ng + 0V Einy» 4=0,1.2; (100)

605

and
o = b, 75t =(6Tror) " [6+m* (0 —D)]
(Nordio [27]), (104d)
T ® =(bM1,) " + K,
N =(6'TR0T)_1[6+‘I (e—1)
(Vold [29)), (10e)
where
tror =(6D,)!, 0=Dg;/Dg.,
K, =0, K, =D,, K,=4D,. (10/)
For Woessner’s isotropic model [26]
@ S
e (=1 ,Z,-
Z Coliod) [ ey (109)
where
Ty =(btpor) '[6+m?*(c—1)], 6=Dg;/Dg,. (10h)
Translational self-diffusion terms [32]:
JB(pv)=B-15p- j(pv, Tsp, & 1), (11a)
where
OSNL TRRS VAT

Note added in proof

After submission of this paper, R. Y. Dong (private
communication, 1996) reported errors in the original

with

Nring 2
JOPVIring = fo 5
Rioe ‘N i<j mg()
—l(h)
Z‘ Cam(0-1) (2npv)2+(r’”h’ 2> (109)
1 Nchain 2 Mnax 3
J(q)(pv)Chain=f;1N Z Z Z ngn(i,].)
i<j m=0 n=1h=1
ol 4 (1 (k
[4a (k) (10¢)

T Qrpy) + (1 ™ + 1A (KD

papers for equations (10d) and (10e), which change the
definition of the correlation times 1y, of Nordio’s and
Vold’s model. As a consequence the factor (¢ — 1) in both
equations must be multiplied with b{}), in addition to the
b dependence of the equations used in the Appendix.
As the factors b} are smaller than 1, the anisotropy
ratio ¢ has less influence on the correlation time tggy
than before. However, this leads to only minor correc-
tions of the tgor model fit data listed in table 2, namely,
e.g. for 5CB from 3-30ns to 3-31ns (Vold) and from
2-17ns to 2:11 ns (Nordio). The correction of ¢ is larger,
namely from 2-9 to 4-4.

Evidently these results do not change our conclusion

“about the preference of Vold’s model; more than that
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with the corrected formulae the preference becomes
slightly better.
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