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ABSTRACT 

Deuterium magnetic resonance measurements of four members of the 

homologous series p-alkoxybenzylidene-p-alkylaniline(noom) , perdeuterated 

in their alkoxy chains, are reported. The compounds studied were 40°7, 

50 0 7, 60°7 and 70°7. For 50·7 various isotopic species specifically 

deuterated in the alkoxy chains, as well as in the benzylidine moiety, were 

prepared and their DMR studied. These measurements allowed a complete 

assignment of the resonances from the alkoxy chain. The spectrum of all 

four compounds was studied over their whole mesomorphic regions. In most 

phases well resolved spectra were obtained yielding the various quadrupole 

splittings and in many cases also the dipolar interactions within the 

methylene and methyl groups. Using double quantum spectroscopy dipolar 

splitting between different methylene deuterons could also be resolved. 

The methylene quadrupolar splittings and the dipolar interaction within 

the methylene groups decrease along the chain towards the methyl end in a 

characteristic stepwise manner. This behavior is attributed to chain 

reorientational freedom and is quantitatively interpreted in terms of two 

structural factors: (i) Fast dynamical equilibrium between the all-trans 

conformation of the alkoxy chains and chain conformations involving one 

or more kinks, and (ii) A molecular model in which the aliphatic chain axis 

is inclined with respect to the molecular long axis. The characteristic 

pattern of the splitting can then be reproduced by assuming a monotonically 

increasing kink probabilities along the chain towards its methyl end. This 

interpretation is used to estimate the kink probability distribution in the 

alkoxy chains in the various compounds and mesophases. No significant 

effect of the mesophase structure on the kink statistics was found. 
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I. INTRODUCTION 

Nuclear magnetic resonance spectroscopy has been used extensively to 

study molecular structure and ordering of liquid crystalline phases. The 

earlier workers
l

,2 used proton magnetic resonance, but this spectroscopy 

is hampered by the complexity of the spectrum caused by excessive number 

1-6 
of protons per molecule and the large dipolar interaction between them. 

The NMR spectrum may sometimes be simplified by using other nuclei such 

as 19F in fluorinated liquid crystals,7 or l3C using enhancement techniques. 8 ,9 

10 
Particularly useful is deuterium magnetic resonance of deuterated 

compounds. The first application of this technique was made by Rowell 

et al.
ll 

in 1965 on the nematic phase of a number of liquid crystals. More 

recently this approach has been extended and used to study molecular order-

. 12-19 . 20-35 
ing in a wide variety of thermotrop1c and lyotrop1c mesophases. 

An extensive review on deuterium NMR including an essentially complete 

literature coverage of the liquid crystal work was recently published.
36 

In the present paper we report a deuterium magnetic resonance study 

on four members of the homologous series, p-alkoxybenzylidene-p-alkylaniline 

(CnH2n+lOC6H4CHNC6H4CmH2m+l) commonly referred to as no·m. The compounds 

studied were 40 0 7, 50 0 7, 60·7 and 70·7. 
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The higher members of this series are polymorphic and exhibit a number 

37-42 
of different mesomorphic phases. The compounds studied were deuterated 

in their alkoxy chains, and we attempted to use their deuterium resonance in 

order to study the conformation equilibria of the chains, and determine 

whether any correlation existed between the chain conformation and the 

structure of the mesophases. 

The thermodynamic properties of this homologous series were studied 

previously by calorimetric methods and some of the mesophase's structures 

d . db· 1 . d h . 37-:42 were eterml.ne y. optl.ca ml.croscopy an X-ray tec nlques. The phase 

diagrams for the four compounds studied in the present work are given in 

Table I. The assignment of the smectic phases in 50'7 and 70·7 were 

established by X-ray spectroscopy.4l (In 40'7 we found both by microscopy 

as well as by the NMR behavior of the spectrum an extra phase over a 

narrow temperature range between the smectic A and B phases, which by 

analogy with the other members of the series we tentatively identified 

as smectic C.) It may be seen in Table I that the transition temperatures 

for the deuterated compounds are lower (in the case of 70'7 by more than 

ten degrees) relative to the literature values. In part, this is due to 

deuterium isotope effect on the phase transition temperature, but it may 

also be due to the presence of impurities. 

Using a superconducting high field magnet and fast Fourier Transform 

techniques we obtained high quality spectra in which the various methylene 

(and methyl) resonances were often well resolved. The NMR techniques and 

the synthesis of the deuterated compounds are described in Section II. 

For one compound (50·7) we made an unambiguous peak assignment using various 
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isotopically substituted compounds. This analysis is described in Section 

III. In most phases the resolution was sufficient to resolve some of the 

deuterium-deuterium dipolar interaction between pairs of methylene deuterons, 

and in 40·7 and 60·7 also between the methyl deuterons. A further improve

mentin the resolution was achieved by using a double quantum spectroscopic 

technique recently developed in this laboratory.43-45 With this method 

"long range" dipolar interaction of the type a-y could be resolved. The 

dipolar structure of the spectrum in both the single and double quantum 

regimes is described in Section IV. Finally in Sections V and VI we 

describe the temperature dependence due to the alkoxy chain deuterons for 

all compounds over the whole liquid crystalline region. It is shown that 

both the quadrupolar and dipolar interaction constants decrease along the 

chain towards its end in a typical stepwise fashion. These results are 

interpreted in terms of conformation equilibria of the chain structure. 

It is shown that they are consistent with a dynamic model in which kink 

defo'rmations are the major structural defects of the chain, with a probability 

distribution which increases monotonically towards its methyl end. These 

deformations are rapidly equilibrated by zipping up and down the alkoxy 

chain. The characteristic stepwise decrease in the splitting constants 

along the chain results from a combined effect of the above dynamic model 

and an assumed rod-like structure for the liquid crystal molecules, in 

which the chain axis is tilted with respect to the long molecular axis. 

Using this model we estimate quantitatively the kink probability distribution 

in the various chain; segments. 
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II. EXPERIMENTAL 

A. Materials 

All compounds studied were of type no·7 with n = 4, 5, 6, and 7. The 

compounds were synthesized by mixing equimolar amounts of p-n-heptylaniline 

(commercial grade) with various isotopically labeled species of p-n-alkoxy-

benzaldehyde in absolute ethanol, refluxing for four hours, and purifying 

by repeated crystallization from 9S% ethanol. 

The (isotopically labeled) p-n-alkoxybenzaldehydes were synthesized 

from p-hydroxybenzaldehyde and the corresponding l-bromoalkanes according 

46 
to 

(11.1) 

For the no·7 compounds,perdeuterated in the alkoxy chain, commercial 

(Merck, Sharp & Dohm) perde~terated l-bromoalkanes, C
n

D
2n

+1Br, were used. 

Several 50·7 compounds deuterated specifically in either the benzylidene 

group or the alkoxy chain were prepared from the corresponding dueterated 

alkoxybenzaldehyde: The methine deuterated compound was prepared by 

reducing p-n-pentyloxybenzoic acid (Eastman) with LiA~D4 to the corresponding 

47 
alcohol-d2 followed by oxidation to the aldehyde-d

l 
with lead tetraacetate, 

LiA~D4 

• C5HllOC6H4CD20H 
Pb(CH3COO)4 

------'---.... C SHU OC 6H 4 CDO. (II .2) 

rheny1.-d 4 - pentyloxybenzaldehyde was pr'epared from perdeuterated phenol 

(Stohler Isotopes) by converting it to p-hydroxybenzaldehyde'with 

dichloromethylene sulphide
48 
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CHC9.Z-S-CH
3 

" HOC 6D4CHO (II. 3) 

and proceeding according to (II.l). 

The 50·7 compounds specifically deuterated in the pentyloxy chain were 

synthesized from the corresponding deuterated l-bromopentane: a-dl-l--bromo

pentane was prepared by reducing valeraldehyde with LiA9.D4
49 followed by 

bromination with PBr
3

50 

LiA9.D
4 

"* (II.4) 

azB-deuterated l-bromopentane was prepared by exchanging the a protons of 

pentanoic acid with DZ05l to the desired amount (~ 15% in the compound used), 

followed by reduction with LiA9.D4 and bromination: 

D 0 
Z ~ C

3
H

7
CHDCOOD 

LiA9.D
4 

Il!i C3H
7

CHDCD
Z

Br 

(II.5) 

aZY1-d3-l-bromopentane was synthesized from propionaldehyde by the following 

sequence, where the chain elongation step was according to reference 5Z; 

LiA9.D4 
ethy1malonate 

to 

LiA9.D
4 

----i~ ... CZH
5

CHDCHZCD
Z

OH (II.6) 

All major intermediates and final products were analyzed masspectrometrical1y 

and gave the expected isotopic constitution. 
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The high resolution deuterium NMR spectra of the four no·7 perdeurated 

in the alkoxy chains, in the isotropic phase, are shown in Figure 1. In all 

spectra the relatively weak and broad signal, at the low field end, 

corresponds to the a deuterons, and the intense sharp peak near the high 

field end corresponds to the methyl deuterons. The other methylene groups 

are resolved in the 40·7 spectrum and partly in the 50·7 spectrum, but not 

in 60·7 and 70·7. In the latter case the resolution is hampered by the 

large number of methylene groups pnd also by the higher viscosity of this 

compound. 

B. NMR Measurements 

The liquid crystalline samples (~ 0.8 gr) were placed in 7 mm o.d., 

6 mm i.d. and 20 mm long pyrex tubes. The liquid crystal was degassed by 

repeated freeze-thaw and sealed off under vacuum. 

53 The NMR spectrometer used to record the spectra consisted of a 

Bruker 43 Kgauss superconducting magnet, corresponding to 28 MHz for 

2n and 180 MHz for lH. The (single quantum) deuterium spectra were 

obtained by Fourier transformation of the FIn signal following a 90° 

pulse, under condition of proton decoupling. Typical HI for the deuterium 

pulses were about 80 gauss (T90 ~ 5~s) and the proton decoupling field H2 

was set at about 8 gauss. Usually 30 to 100 FID signals were accumulated 

to improve the signal to noise with interval between pulses of about 3 

sec. The number of frequency points per spectrum was 1024. 

The double quantum (D.Q.) spectra were obtained by a two dimensional 

Fourier transform technique, according to method C described in Figures 

20 and 23 of reference 44. The experiment consisted of two pulses: a 
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weak preparation pulse of 90° in the D.Q. regime, adjusted to a particular 

quadrupole doublet, followed, after a time T, by a single quantum (S.Q.) 

detection pulse of 90°. The D.Q. spectrum is obtained by first Fourier 

transforming the FID signal following the S.Q. 90° pulse, and then the 

integrated intensity of one quadrupole component of the desired signal is 

Fourier transformed with respect to T. As for the S.Q. case all D.Q. 

spectra were recorded in the presence of proton decoupling and usually 

30 to 100 signals were accumulated to improve the signal to noise ratio. 

The sample temperature was regulated by a stream of heated nitrogen, 

using a copper constantan thermocouple to monitor and regulate the 

temperature. The temperature stability was better than ± O.loC during 

measurements and its accuracy is estimated at ± 1°C. 

All spectra were recorded by first heating the sample to the nematic 

phase, letting it equilibrate for several hours and then cooling it, 

in small steps, through the various mesophases. In all measurements 

the sample orientation relative to the external field was kept unchanged, 

i.e., with the director parallel to the external magnetic field. 
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III. DEUTERIUM NMR IN THE MESOMORPHIC PHASES AND PEAK ASSIGNMENT 

An exact interpretation of the NMR spectrum of spin I ~ 1 nuclei in 

liquid crystals is quite complicated and requires excessive experimental 

data and computations. We shall therefore adopt certain approximations 

which will significantly simplify the intepretation of the results. 

These approximations which are often employed for deuterium NMR in 

12 
liquid crystals are (i) the deuterium quadrupole tensor is assumed 

to be axially symmetric with the unique axis parallel to the C-D bond 

direction, (ii) the various mesophases can be considered (at least 

locally) uniaxial, and each conformation of the liquid crystal molecules 

can be approximated to a rigid cylindrical rod whose symmetry axis is 

parallel to the "molecular long axis". Under these conditions only a 

single orientationa1 order parameter, S, is needed to describe the 

molecular ordering, and the spin Hamiltonian of the deuterium becomes 

where 

i qo Soy(e ) 
q 

1. e
2

qQ. s.y (e i ) 
4 h q 

2 
YD h 

Y(e) 0 Y~(cose) ~ ~ (3 cos
2 

e-1) 

(IIl.l) 

(III. 2) 

(III. 3) 

(III. 4) 

(IlLS) 
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In these equations e~ and e~j are respectively the angle between the C-D 

~ ~ bond of the i deuterium and the angle between the radius vector r 

connecting nuclei i and j, and the "molecular long axis ll which we designate 

by L. The three terms in Eq. (111.1) are respectively the Zeeman energy, 

quadrupole interaction and deuterium-deuterium dipolar interaction. We 

have neglected the chemical shift and the indirect spin-spin coupling 

interactions since for deuterium they are too small to affect the spectrum 

in liquid crystals. Also since the spectra are recorded under condition of 

proton spin decoupling,no term due to deuteron-proton dipolar interaction 

is included. 

Deuterium quadrupole interaction constants, q, in C-D bonds usually 

range36 between 150 and 200 KHz. For deuterons bonded to unsaturated 

carbons this interaction averages around 185 KHz, while for aliphatic 

deuterons the average is around 168 KHz. We shall use these figures in 

our calculations below. 
i· 

Deuterium-deuterium dipolar coup1ings,d" J, are 

much smaller than the quadrupolar interaction. For example, for two 
o 

deuterons 2 A apart a value of d ij = - 0.7 KHz is calculated. Since the 

deuterium NMR linewidth in liquid crystals is usually several hundred 

hertz wide, dipolar splittings are often not resolved. Thus the 

DMR spectrum of a deuterated liquid crystal consists essentially of a 

doublet for each type of deuterium of magnitude 

(III. 6) 

and depending on the circumstances, possibly also fine structure due to 

dipolar couplings between neighboring d~uterons. The detailed dipolar 
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structure depends on the relative values of D and V • 
q 

In Figure 2 are shown typical examples of the deuterium NMR spectra 

of the four no·m compounds studied. The compounds used to record these 

spectra were perdeuterated in their alkoxy chains, and as expected, the 

spectra usually consist of n distinguishable quadrupolar doublets. On 

the scale of this figure some components are not resolved, but on a wider 

scale they can often be separated. Many of the quadrupole components 

exhibit fine structure which we attribute to deuteron-deuteron dipolar 

interaction within the methylene or methyl groups. We discuss this structure 

in more detail in Section IV below. In all cases the CD3 signal can be 

identified from its relative intensity (3/2 compared to the other signals), 

and sometimes by its dipolar structure. This signal is always found to 

be the innermost doublet. The other signals correspond to the CD2 

deuterons, but no ~ priori assignment to particular methylene-segments in 

the alkoxy chain is possible from these spectra alone. 

An unambiguous assignment for the methylene signals was established 

for 50·7, by using a number of specifically deuterated species of this 

compound. The DMR of these species are shown in Figure 3. The upper trace 

in this figure corresponds to a compound in which 15% of the B protons 

were randomly exchanged with deuterons while the a methylene was completely 

deuterated. This preparation therefore contains ~ 72% a 2-d2-50.7, 

~ 25% a 2Bl -d
3
-50.7 and less than 3% a 2B2-d4-50·7. Thus the position of 

the a-deuterons (center of gravity of the three intense high field dipolar 

components)and the B-deuterons (low field weak peak) are established. The 

second trace corresponds to the a 2YI-d
3
-50'7, thus allowing the identification 

of the peak due to y-deuterons and by comparison with the third trace of 
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the perdeuterated chain (which also contains some methine-d
l
-50 0 7) the 

position of the 0 methylene (and methine) is established. 

Thus the assignment of the alkoxy methylene signals of 50·7 shows 

that the quadrupole splitting decreases along the chain from the benzylidene 

ring towards the end methyl group. This behavior was indeed assumed 

previously to obtain for aliphatic chain deuterons in other thermotropic 

17 
liquid crystals, and we shall assume that the same trend of quadrupolar 

splitting occurs also in the other no·7 compounds studied. 

We have also studied the deuterium resonance of the benzylidene ring 

in the isotopic speciespentyloxy(phenyl-d4-benzylidene)-heptylaniline. A 

typical spectrum is shown in the bottom trace of Figure 3. There are two 

quadrupole doublets corresponding to ortho and meta deuterons (with 

respect to the alkoxy chain), each splits into three by the direct dipolar 

interaction between them. We discuss the dipolar structure of this 

spectrum in the next sections below. On the basis of this spectrum alone 

it is not possible to assign the deuteron signals to particular ring 

positions. 
13 

But by analogy with the works of Diehl and Tracey and Dong 

19 
et al~, on PAA and MBBA, we associate the inner quadrupole component with 

the deuterons ortho to the alkoxy group and the outer component with the 

meta-deuterons. This assignment is also supported by the fact that 

proton decoupling had a larger narrowing effect on the inner component 

ascribed to the ortho-deuterons which are expected to be more strongly 

coupled by dipolar interaction to the chain protons. 
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IV. DIPOLAR STRUCTURE IN THE SINGLE AND DOUBLE QUANTUM SPECTRA 

As indicated above many of the quadrupole components exhibit fine 

structure due to deuteron-deuteron dipolar interaction. In the (single 

quantum) spectra of Figures 2 and 3 three types of dipolar interactions 

are observed: (i) between methylene deuterons (type A2), (ii) between 

the inequivalent aromatic deuterons (type AB) and (iii) between the 

three equivalent deuterons in the methyl group (type A3). Dipolar inter-

actions between different methylene groups are too small to 

resolve in the normal, single quantum, spectrum. The resolution could 

however be improved by employing the method of double quantum spectroscopy 

which allowed determination of dipolar splitting between different 

methylene groups. In this section we first discuss the dipolar structure 

in the normal (S.Q.) spectra, and then present some results obtained by 

D.Q. spectroscopy. 

A. Normal (S.Q.) spectra 

The best resolved spectra of type A2 were obtained in a 2-d2-50'7 

(mixed with some a2S1-d3-50.7). An expanded spectrum of the high field 

component of this species is shown in Figure 4a. The theory of the A2 

case with I = 1 predicts12 that, for D « V
Q

, each of the quadrupole 

components splits into three lines with relative intensities 2, 3, and 1. 

313 
The corresponding frequencies are respectively 2 D,- 2 D, and - 2 D 

. 3 1 3 
relative to the - v

Q 
component, and - 2 D, 2 D and 2 D relative to the 

+ vQ component. The a-deuterons spectrum in Figure 4a is consistent with 

this structure only if D and V
Q 

are assumed to have opposite signs. 

interpretation of the methylene spectra yield both the magnitude of D 

Thus 
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and its relative sign with respect to the quadrupolar interaction. 

In Figures 4b and 4c are shown spectra of the a-deuterons region 

for other 50·7 species recorded on the same scale and at nearly the same 

temperature as the spectrum in trace a of that figure. These spectra 

correspond to the species a
2Yl-d3 and perdeuterated alkoxy chain 

respectively. There is a clear increase in linewidth on going from 

spectrum a to b to c. Since all spectra were recorded under similar 

conditions, in particular proton decoupling, the excess width in the 

spectra of a
2
y l -d

3 
and perdeuterated 50·7 must be attributed to the 

unresolved dipolar interaction between deuterons on different carbon 

atoms. We shall return to this point in the second part of this section. 

From the isotropic spectra in Figure 1 we estimate a contribution 

to the (full) linewidth (at half maximum intensity) from field 

inhomogeneity of at most 10 or 20 Hz while the linewidths in the spectrum 

of trace a, which is essentially due to a
2
-d 2-50·7, is about 150 Hz. 

This is about the same linewidth obtained for the deuterium signal in 

methine-d
l
-50·7 (see Figure 4d) where no dipolar interactions are present 

at all. We ascribe this residual width to imperfect alignment of the 

director in the sample resulting in small distribution of the quadrupole 

splitting. Using the approach of reference 3 a distribution of ± 2° 

in the director's alignment can be estimated from the observed linewidth 

of traces 4a and 4d. 

The structure of the benzylidene ring deuterium resonance is shown 

on an expanded scale in trace e of Figure 4. This spectrum can be 

quantitatively interpreted in terms of an AB spin I = 1 system, where 

the splitting comes from dipolar interaction between the deuterons 
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ortho and meta to the a1koxy chains. The interaction between deuterons 

on opposite sides of the benzene ring is apparently too small to affect 

the spectrum. The general theory for the AB case is given in Appendix 

A where it is shown 

A and assuming V
Q 

and 

tha t when I D I « I V~ + V~ I, I D I :5 I V~ - V~ I' (D '" DAB), 

B 
V Q to have the same sign, each quadrupole component 

splits into three lines of unequal intensities; l,(sina + cosa)2 and 

(sina - 2 A cosa) at frequencies -D-E, -E and D-E relative to V
Q

, and 

l,(sina - cosa)2 and (sina + cosa)2 at frequencies -D+E, E and D+E 

relative to V~, where E = (i D)2/(V~ - V~) and tan2a = 4E/D. The stick 

diagram in trace 4d gives the transition frequencies and intensities as 

calculated from the above expression, and taking the same signs for D 

and the VQ's. 

As may be seen in Figure 2, there is also some fine structure in 

the methyl resonances of 40·7 and 60·7. This is more clearly shown 

in Figure 4f where the methyl resonance of 40·7, perdeuterated in the 

a1koxy chain, is reproduced on a much larger scale. This structure 

results from the dipolar interaction between the three equivalent 

deuterons of the methyl group. The relevant theory is given in Appendix 

A. It shows that each quadrupole component should split into seven 

lines, as shown by the stick diagram accompanying the spectrum in Figure 

4f. The resolution in this case is not sufficient to bring out all the 

transitions, however the overall 1ineshape can readily be reproduced, 

using line simulation programs, by introducing appropriate 1inewidths. 

In practice in most cases where perdeuterated chains were used, 

the dipolar structure was only partially resolved due to the excess 

1inewidth, which ranged between 200 and 600 Hz (depending on the phase 
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and temperature). To obtain the dipolar interaction the experimental 

results were best fitted to simulated spectra with varying D and linewidth. 

B. Double quantum spectra 

In a few cases we were able to improve the resolution of the spectrum, 

and thus obtain long range deuterium-deuterium dipolar interaction, by 

using a double quantum spectroscopic method, recently developed in this 

. 43-45 
laboratory by P1nes and co-workers. We refer to the original 

literature for the details of the method. Basically, by using a judiciously 

chosen pulse sequence it is possible to obtain (by a two dimensional 

Fourier transformation) a spectrum corresponding purely to 6m
i = 2 

transitions for the group of equivalent nuclei i. We refer to this 

spectrum as the double quantum spectrum. To first order in vQ/vO the D.Q. 

spectrum is independent of V
Q

' although the dipolar interaction (and the 

chemical shift) still affect its structure. Since, as described in 

Section III, the distribution in the quadrupolar splitting is the dominant 

contribution to the linewidth of the S.Q. spectrum we hoped to increase 

the resolution by recording D.Q. spectra of some specifically deuterated 

species. In practice we succeeded in two cases. 

The first case is the a-resonance of a 2-d
2
-50 0 7 (the same compound 

used to record the upper trace in Figure 3 and trace a in Figure 4). 

The D.Q. spectrum of this signal consisting of a 1:1:1 triplet of equal 

spacing is shown on the right-hand side of the upper traces in Figure 5. 

From the energy level diagram of two equivalent nuclei of spin I = 112 

one readily finds that there should be three 6m
i = 2 transitions of 
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equal intensities, at 0 and ±2D relative to the central D.Q. frequency 

(see Appendix B). Comparison of the S.Q. and D.Q. spectra in the upper 

traces of Figure 5, which correspond to the same compound and were 

recorded under the same experimental conditions, shows complete agreement 

for the value of D in both spectra. Moreover, the linewidth in the D.Q. 

spectrum is indeed smaller than in the S.Q. spectrum, but it is still 

larger than that expected from the field inhomogeneity. (The contribution 

of field inhomogeneity to the linewidth of the D.Q. spectrum is twice 

that in S.Q. spectroscopy, i.e., in our case we expect a linewidth of 

at most 40 Hz compared to ~ 100 Hz obtained experimentally.) We also 

do not understand the linewidth variation in the D.Q. spectrum of Figure Sa. 

The second case is the y resonance of a
2Yl-d 3-50 0 7 (second trace 

in Figure 3). The S.Q. and D.Q. spectra of this signal for two different 

temperatures are shown on an expanded scale in the middle and lower traces 

of Figure 5. Although no structure is observed in the S.Q. spectra a 

clear splitting into a 1:2:3:2:1 quintuplet is seen in the corresponding 

D.Q. spectra. The deuterons of the a
2
y

l
-d

3 
isotopic species form a 

AA'B system which is solved (for the limit Dij 
« vi , v

j
) in the third 

q q 

part of Appendix A, and for the D.Q. spectrum in the second part of 

Appendix B. The calculated spectra depend on the relative magnitude 

1J AA' aa AB aly A'B a 2y 
of the D 's D = D ,D = D and D D When 

aly a 2y 
D D« D

aa , the expected D.Q. spectrum (Table XII) reduces RD 

to a 1:2:3:2:1 quintuplet with spacing SD 
aly a 2y 

D + D This is the 

type of D.Q. spectrum indeed observed for the y-deuterons in a 2Yl-d3-50 0 7. 
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Thus only the sum SD can be determined experimentally. The stick diagrams 

for the y resonances in Figure 5 (for both the S.Q. and D.Q. spectra) 

aa 
were calculated using the following parameters SD/D = 0.62, and 

RD/D
aa = 0.15. These parameters were obtained from the analysis of the 

quadrupolar splittings as described below. 

Attempts to obtain resolved D.Q. spectra of the methyl or methylene 

signals in no·7 compounds with perdeuterated alkoxy chains failed. We 

believe that this is due to the large number of interactions between 

neighboring methylene groups resulting in a too large number of transitions 

to be resolved even in the D.Q. spectrum (at least at its present degree 

of development). We were also unable to obtain resolved D.Q. spectra 

for the B signal in a
2
B

l
-d

3
-50·7, apparently because of interference 

with the strong signal from the a-deuterons of a 2-d 2-50·7 during the 

D.Q. free induction decay. 
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V. QUADRUPOLAR SPLITTING AND MOLECULAR ORDERING 

Except for some isotopic species of 50·7 discussed above, the no·m 

compounds studied in the present work were all perdeuterated in their 

alkoxy chains. Typical spectra of all the compounds studied, for each 

of their various mesophases, are shown in Figures 6-9. The (full) 

quadrupolar splitting (6 = 2V
Q

) and dipolar interaction between the 

methylene deuterons, D (calculated from considerably more expanded 

spectra than those shown in Figures 6-9) are plotted in Figures 10-13 

as function of temperature, over the whole liquid crystalline region 

of the various compounds. As indicated in Section IV the analysis also 

gives the sign of D/V
Q

; this is always negative for the CD 2 and CD
3 

groups and positive for the benzylidene deuterons. 

The main features of these results are similar to those found 

12 17 
previously in other thermotropic liquid crystals.' There is a 

relatively strong temperature dependence of V
Q 

in the nematic and smectic 

A phases, while in the smectic B phases the splitting is quite independent 

of temperature. First order phase transitions are usually accompanied 

with discontinuities in the V
Q 

and D plots, although in some cases these 

are too small to notice on the scale of the figures. In addition 

there are some typical features characteristic of the chain nuclei: 

(i) The methylene splittings exhibit a gradual decrease of 6 along 

the chain with pairwise clustering such that 

, etc., (V.l(a» 
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where the superscript indicates the numbering of the atom in the chain 

(including oxygen) from the benzylidene end. (ii) The end methyl splitting 

is smaller than all methylene 6 i ,s in the same compound, but varies in 

an alternating way from one compound to another; it is relatively large 

for odd membered chains (40-7 and 60-7) and very small for even membered 

chains (50-7 and 70-7). In the latter case it sometimes exhibits 

anomalous temperature dependence, i.e., the splitting increases with 

increasing temperature. (iii) The dipolar interaction between the 

methylene deuterons exhibit similar pairwise clustering as do the 

Ai, . 
L1 s, l.e., 

etc. (v. 1 (b» 

and they are roughly proportional to the latters with negative Dii/6
i

. 

The overall measureable range of the D's is however quite limited. For 

the methyl group the ratio D/6 (in 40-7 and 60-7, where D could be measured) 

is essentially constant for all phases at about -6 x 10-3 (see Table II). 

The pairwise clustering of the methylene splitting and the 
CD3 alternating values of the 6 were observed previously in other 

thermotropic and lyotropic 
14-17 

liquid crystals and have been referred 

to as "even-odd" effects. In the next section we propose a model to 

explain these effects and use the results to derive information about 

chain conformation. Here we concentrate on the benzylidene deuteron 

data of 50-7, and analyze the results in terms of the structure and 

the ordering of the aromatic part of the molecule. 
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Assuming a rigid, and for simplicity, also a coplanar structure for 

the benzylidene aniline moiety, we may associate it with a "long axis", 

L, as indicated in the molecular diagram in Section I. Because of the 

fast rotation of the benzene rings about their para axis the two ortho 

and two meta deuterons in each ring are magnetically equivalent, but 

at least for the benzylidene deutrons their quadrupole splittings 

differ somewhat as a result of a slight distortion of the CCD angle 

from 120 0
•
12 ,19 An estimate for the angle a, between L and the phenyl 

para axis, and for the molecular order parameter S, can be obtained from 

the benzylidene ring and methine spectra using Eqs. (111.3)-(111.6) in 

two independent ways: (i) From the methine, 6CD , and aromatic, 6ar
, 

d 1 1 ', 'h l' 12 qua rupo ar sp lttlngs, uSlng t e re atlon 

Y (60+a) (V.2) 

t[Y(60+a) + Y(60-a)] 

and (ii) from the ratio of the dipolar interaction between the ortho 

and meta ring nuclei, D, and their quadrupolar splitting: 

__ ~ __ =d~·Y~(~a), ______ __ 

q.~ [Y(60+a) + Y(60-a)] 
(V.3) 

For the actual calculations we used for 6
ar 

the larger of the two benzylidene 

splitting since it is believed to result from deuterium meta to the alkoxy 

13 
chain which are less distorted from hexagonal symmetry, Taking the 

o 

distance between the ortho and meta deutrons as 2.48 A, q = 185 KHz 
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(for the aromatic and me thine deuterons) and the experimental results 

of Figure 11, Eqs. (V.2) and (V.3) give the results for a plotted in 

the upper part of Figure 14. Once a is known, S can be calculated 

from either the quadrupole or the dipolar interactions of the ring 

deuterons. The results calculated from the two sets of data are plotted 

in the lower part of Figure 14. As may be seen in this figure the 

values derived for a by the two methods are quite similar and constant, 

ranging between 9 and 12°. The average value of 10° for a is close to 

11 12 
results obtained in other systems. ' 

The agreement between the two sets of data for the order parameter 

S is less satisfactory. This is probably due to the simplified assumption 

made about the molecular structure and symmetry. The general behavior 

of the curves, is however quite similar and is clearly related to the 

molecular ordering in the various phases. The strong temperature 

dependence in the nematic range is typical to this phase. The results 

show however that the ordering parameter is also quite temperature 

dependent in smectic A and C, while in the smectic B phases it is 

constant and close to its maximum possible value of unity. This 

reflects the fact that in these phases the distribution of the long 

axis 'of the molecules deviate very little from the director. Since 

the deuterium, NMR lines remain relatively sharp over the whole meso-

morphic range, it follows that the reorientational rate about the 

molecular axis and the translational diffusion remain fast in all 

phases (on the NMR time scale). 
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VI. THE ALKOXY CHAIN 

The main part of this work is concerned with the deuterium splittings 

in the alkoxy chains. We discuss this problem in the present section 

which is divided into three. First, we describe a model that explains 

the characteristic splitting pattern of the methylene deuterons. Next, 

we discuss the methyl splitting whose behavior is somewhat different 

from that of the methylene, and finally we use the model with the 

experimental results in order to obtain quantitative information on the 

alkoxy chain conformational equilibria. 

A. The Methylene Groups 

If the alkoxy chains had a rigid all-trans configuration as shown 

on the left-hand diagram of Figure 15, then we would expect for all 

methylene deuterons identical ~i,s and CD
2
-dipolar interactions. In 

fact as indicated above for all compounds and in all phases there is 

a gradual decrease in both the quadrupolar and dipolar splitting with 

characteristic pair clustering as shown in Eqs. (V.l). Typical plots 

of the methylene ~i,s for the various phases of the compounds studied 

as function of the position along the chain are shown (full points) 

in Figures 16 and 17. The decrease of ~ along the chain is usually 

attributed to fast reorientational isomerism. As we show below the 

characteristic stepwise decrease of the ~i,s along the chains allows us 

to be more specific about this isomerization equilibria. It is shown 

that this effect is a consequence of a number of factors; (i) The 

dominant structural defect in the all trans chain is the formation 
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of "kinks", (ii) the chain axis is inclined to the molecular long axis, 

and (iii) the probability for structural defects increases monotonically 

along the chain towards the end methyl group. 

Clearly the most stable chain conformation is the all-trans state, 

for which the internal energy of the chain is minimum and in which 

the molecules fit best into the ordered structure of the liquid 

crystalline phases. The most abundant structural defect is expected 

to be the so-called "kink" (and to a less extent "jog") defined by the 

sequence tt ... tg±tg+tt ... (and tt ... tg±tttg+tt ... ) where t refers to 

25,26,54,55 . 
a trans segment and g± to a ± gauche segment. This assumptlon 

is based on the fact that kinks perturb least the parallel arrangement 

of the molecules in the mesophases.· In the center and right diagrams 

of Figure 15 are shown alkoxy chains with a single kink. We distinguish 

between "even kinks" in which the first gauche atom in the kink (counted 

from the benzylidene end) is an even numbered atom, and "odd kinks" 

in which the first gauche atom is an odd numbered carbon. It may be 

seen in these two diagrams that two out of the four C-D bonds of the 

kink (the first gauche and next trans carbons) change their orientation 

relative to the molecular axis, L, compared to the C-D orientation 

in the all-trans segments. Moreover the new orientations of the 

C-D bonds in the even kinks are different from those in odd kinks. 

This is depicted in more detail in Figure 18 which shows a bond 

diagram of an even carbon atom in the trans chain. Bonds (1) and 

(2) represent C-C bonds in the figure's plane while bonds (3) and (4) 

represent C-D bonds in and out of the plane. Referrihg again to Figure 15 
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we note that in an even kink at atom i, one C-D bond on each of carbons 

i and i + 1 transforms from type (3) (or 4) into type (1) bond, while 

for an odd kink at atom i, a C-D bond on each of carbons i and i + 1 

will transform into a bond of type (2). Since bonds (1) and (2) make 

in general different angles with L, even and odd kinks will have different 

effects on the deuterium quadrupolar (and dipolar) splitting. To put 

these arguments on a quantitative basis we need the angles between 

L and the various bond types. We assume that in all conformations 

1 CCC = 1 DCD = T 109.47° 

where T is the tetrahedral angle. The angle at between L and bond (1) 

then is: 

at = a + (1 coc - 1 CCC) 

where 1 coc is the angle between the two O-C bonds at the alkoxy oxygen. 

In a number of aromatic alkoxy compounds this angle was determined by 

x-ray crystallography, and was found to range between 115° and 125°, 

56 
depending on the compound. Thus a' should lie in the range 15° to 25°. 

The angle of the other bonds with L depend on a' as shown in Figure 18. 

If, we consider only the kink-distortions and assume that they 

'l'b 'dl h NMR' l' h h 11 f' 54 equl 1 rate rapl y on t e tlme sca e Wlt tea -trans con ormatl0ns, 

then the quadrupo1ar splitting of the deuterons bonded to an even carbon 

is 

1 i 
2q ·S· [(1- 2" P 

(VI. 1) 
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and for deuterons bonded to odd atoms 

1 i 2q 0 S 0 [ (1 - - P 
2 

(VI. 2) 

where e k is the angle that the bond type k makes with L, and pi is the 
q 

+ - + probability of a kink, both of type g tg and g tg , at atom i. The 

1 
factor 2" results from the fact that the orientation of only one of the 

two methylene deuterons is influenced by kink formation, but both 

deuterons are affected by the same amount since the probability of a 

left kink, g+tg-, is the same as for a right kink, g-tg+. It should be 

noted that in Eq. (VI.l) and (VI.2) it is assumed that the magnitude 

of the order parameter S, and the orientation of L in the molecule (i.e., 

relative to the aromatic core) are the same for the all-trans and the 

kinked conformation. 

Similar equations can also be written for the dipolar interaction 

between deuterons in the chain. The equations for the dipolar interaction 

between the equivalent methylene nuclei bonded to even atoms are: 

(VI.3) 

and for odd atoms: 

i . CD 2 .. 1 34 . 24 . 1 14 
D 1 = d oSo[(l_pl_pl-) y(e ) + ply(e ) + pl- y(e )] 

d d d 

(VI. 4) 
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where e~~ is the angle between L and the radius vector rk~ connecting 

two methylene deuterons in bonds of type k and ~ respectively. In 

applying Eqs. (VI.I)-(VI.4) we shall assume that the oxygen ether group 

remains coplanar with the benzylidene ring in all conformations, i.e., 

we take pI = O. Equations (VI.l) and (VI.3) for the deuterons on the 

a-carbon then simplify respectively to: 

(VI.la) 

and 

(VI. 3a) 

In Table III are summarized the expressions for e~ and e~~ in terms of the 

angles a' and T. Some numerical values of e and y(e) for a number of 

a' values are also given. 

It is clear that when the chain axis is parallel to L, i.e., 

1 
a' = -(n-T) = 35.26° the effect of even and odd kinks would be the same, 

2 

since in this case bonds (1) and (2) become equivalent and the coefficients 

. h b . f pi d pi-l b 'd' 1 ln tea ove equatlons 0 an ecome 1 entlca . Also if the 

kink probabilities were constant along the chain all methylene deuterons 

(except for the first) would have the same 6 (and D) values (as can 

i i-I 
readily be asserted by setting P = P in the above equations). The 

general pattern of the results for 6
i 

clearly indicates that this is 

not the case and that rather pi increases along the chain. 

i To demonstrate the effect of varying P on 6 we show in Figure 19, 

calculated quadrupole splittings of methylene deuterons for 5, 6, 7 
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and 8 membered alkoxy chains, using Eqs. (VI.l) and (VI.2). For the 

calculations we used several ex' values between 10° and 25°, and 

assumed a linear increase in pi with i according to 

pi = 0.05 + 0.06(i - 2) (i ~ 2) (VI, 5) 

2 
We arbitrarily choose S such that 6 = 1.0. The results clearly bear 

out the main feature of the methylene splitting, Le., the stepwise 

decrease in 6 along the chains (cf. open circles and broken lines in 

Figures 16 and 17). 

Of course one could easily simulate this pattern of 6, without 

resorting to geometrical consideration, by assuming an "even-odd" 

effect for the kink probabilities, i.e., assume that pi for an even 

atom is larger than for the next (odd) atom. However, there seems to 

be no reason, structural or otherwise, why this should be so. Also 

introduction of other structural defects into the calculations, such as 

a "bent" (single gauche) or a "jog" affects the results of many more deuterons 

in the chain than does a single kink and causes a smearing out of the 

characteristic steps of Figure 19. For these reasons we believe that the 

splitting pattern of the methylene deuterons must result from the three 

factors considered, i.e., (i) formation of kink defects along an aliphatic 

chain whose (ii) axis is inclined to the molecular axis, L, and (iii) 

with probability that increases monotonically along the chain. 

i 
Before attempting to use this picture to calculate the P 's 

from the actual results we discuss briefly the splitting pattern of 

the end methyl groups. 
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B. The Methyl Groups 

The fast rotation of the methyl groups about their C
3 

axes results 

in partial averaging of their quadrupolar and dipolar interactions.
lO 

The principal direction of the average tensors are parallel to C
3

, and 

assuming a tetrahedral structure, the interaction constants become 

respectively 

CD
3 3 e 2 CD 3 1 CD

3 
\) -~·soY(T)oY(8 ) 

3 
qoSoY(8 ) 

q 4 h q q 
(VI. 6) 

and 

2 CD
3 YDh CD 1 CD3 

CD 
D --- Soy(~)oY(8 3) -d SoY(8 3) 

223 2 q 2 q 
1T r 

(VI. 7) 

CD
3 where 8

q 
is the angle between the C3 axis and L, and the bar indicates 

averaging over all orientations of the C
3 

axis. Thus the ratio between the 

quadrupole splitting and dipolar interaction constants for the methyl group 

should be a constant independent of the molecular conformation, 

4 q _ 169 "3 CD
3 

= 
d 

(VI. 8) 

o 

where we used 1.786 A for the interdeuteron distance and 168 kHz for 

the quadrupole interaction constant of the C-D bond. In Table II are 

given experimental results for this ratio, for those compounds and phases 

where the methyl dipolar interaction was resolved. As may be seen 

the results are in complete agreement with the prediction of Eq. (VI.8). 
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The alternating splitting of the CD
3 

deuterons along the homologous 

series follows from the alternating orientation of the C3 axis relative 

to L. If we consider the all-trans conformation one can see from 

Figure 20 that the C3 axis is almost parallel to L in the odd chain 

(bond type 1) and is inclined to L at nearly the magic angle (bond type 2) 

in the even numbered chains. A quantitative expression for the methyl 

1 . .. d 1 l' 1 d h k' k b b' 1 . pn-l sp lttlng ln our mo e must a so lnc u e t e ln pro a 1 lty, , 

of the penultimate carbon atom, since this will change the orientation 

of the C3 axis (for odd membered chains from type 1 to type 3, and 

for even chains from type 2 to type 3). Thus for odd membered chains 

the quadrupole splitting is given by 

(VI, 9) 

and for even chains 

(VI. 10) 

Since we expect 

follows from Eq. 

pi to increase with temperature and S to decrease it 
1 CD 3 (VI.9) that, at least for small pn- ,16 1 for odd 

chains should be large and decrease with increasing temperature, as 

is indeed observed in 40·7 and 60·7. The situation for even chains 

is more complicated because the term in square brackets in Eq. (VI.10) 

consists of two small numbers that may have the same or opposite sign, 

depending on the value of a' choosen. For a'>17° the first term is 

negative while the second positive and thus a continuous change in 

n-l CD 3 p will cause 6 to pass through zero. This is probably the 
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origin of the change in sign upon changing of temperatures observed by 

Deloche and Charvolin
17 

in the methyl group of BOBOA, and also the reason 

for the anomalous temperature dependence of the CD
3 

deuterons in 50·7 

and 70·7. 

The methyl splitting depicted in Figure 19 were calculated from 

Eqs. (VI.9) and (VI.lO) with the same parameters as used to calculate 

the methylene splitting; The general behavior of these splittings 

(for a'=200) is again consistent with the results of Figures 16 and 17. 
CD

3 Note that in these calculations the sign of ~ for 50·7 and 70·7 

came out opposite to that of the methylene deuterons, while for 40'7 

and 60·7 all ~'s have the same sign. 

C. Kink Probabilities. 

We now reverse the procedure used above and attempt to estimate 

the kink probabilities pi from the methylene and methyl quadrupole 

splitting constants. To do that we need to fix two parameters; (i) 

a', which determines the various 8's and (ii) the order parameters. 

From the discussion in part A of this section we expect a' to be 

approximately 20°. The value of S is more difficult to determine. 

It varies from compound to compound and is temperature dependent. 

The results from the benzylidene deuterons (Figure 14) are not very 

useful due to the uncertainty in which set of data to choose. From 

Eq. (VI.la) we note that fixing the value of S determines uniquely 

2 d . P an Vlse versa. We preferred to optimize the value of p2, because 

this parameter has a simpler physical meaning. To do this, plots of 
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the type shown in Figure 19 were calculated by varying p2, and to some 

extent also a', and compared with the experimental results in Figures 

16 and 17 for each compound. The calculations were made with various 

functions in which the pi,s were assumed to increase monotonically 

with i. Examples of such plots for the alkoxy chain of 60·7 are shown 

in Figure 21. We found that under this restriction good overall fit with 

the experimental results could only be obtained for a' ~ 20° and p2 

values ranging between zero and 0.1. The final values adopted were 

p2 0.05 for 40·7 and 50·7 

and 0.01 for 60·7 and 70·7 

2 With this choice of P and a' = 20°, and using the experimental splittings 

of the methylene deuterons, the results plotted in Figures 22 and 23 

for the pi,s in the various compounds and phases were obtained (full 

symbols). 
n-l Values for P could also be calculated from the CD3 

splitting (Eqs. VI.9 and VI.lO). In these calculations we assigned 

positive signs to the methyl splittings in 50·7 and 70·7 while in 

40·7 and 60·7 this sign was taken as negative - the same as for all 

the methylenes. 

described above. 

This choice of signs was derived from the best fit analysis 

n-l The values of P calculated from the methyl group 

are indicated by open symbols in Figures 22 and 23, they fit pretty 

well with those derived from methylene splitting. 

There is a considerable scatter in the experimental points in 

these figures, in particular some of the points for odd atoms, e.g., 

i=5 in 50·7 and 60·7, deviate significantly from the general trend. 

We believe that this results from the sensitivity of pi for odd kinks 
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to the parameters used, as compared to even kinks. The difference 

in sensitivity results from the fact discussed above that an odd 

kink affects ~ much less than does an even kink (see e.q., Figures 

19 and 21). We therefore regard the results for even kinks as more 

reliable. The continuous lines in Figures 22 and 23, indicating the 

increase in pi for the various phases were drawn by considering only 

the even kinks. 

The same type of information, concerning kink probabilities, 

could in principle be derived from the methylene dipolar interaction, 

however the dipolar data are much less complete and considerably less 

accurate. The general behavior of the dipolar splittings is however 

consistent with the results derived from the quadrupolar splittings. 

In Table IV are compared experimental dipolar interaction between 

methylene deuterons (in each case relative to the corresponding D
aa

) 

with those calculated from Eqs. (VI.3) and (VI.4) using the pi,s of 

Figures 22 and 23. The data in each compound are for the smectic A 

(or BA) phase for which the spectra are usually best resolved. Considering 

the uncertainties in the D's and pIS the agreement is quite satisfactory. 

Of particular interest is the a-y dipolar interaction obtained in 

5007 by the D.Q. method. For an all trans conformation we would expect 
a yay 

the ratio (D 1 + D 2 )/D
aa 

to be 0.82, while experimentally (see Figure 

11) this ratio is considerably smaller, 'V 0.50. The discrepancy between 

the two figures can, to a large extent, be accounted for by considering 

the kinked conformations. Using the results for pi from Figure 22 we 
aly a 2y aa aly a 2y 

calculate (D + D )/D = 0.62 (and (D - D )/Daa = 0.15). 
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The numerical results for the kink probabilities shou1d,of course 

not be taken too seriously in view of the simple minded model used, and 

the many assumptions made. However, the similarity between the experimental 

patterns of the quadrupole and dipolar splitting constants and the 

i 
calculated ones, suggest that the trend of the P 's in Figures 22 and 

23 is correct, and that the numerical values are of the right order: 

perhaps within a factor of 1.5 to two. 

There does not seem to be a conspicuous change in the pi pattern 

on going from one phase to another. The small increase in pi on going 

from the more ordered phases (smectic B) to the less ordered ones 

(smectic A and nematic) probably reflects the increase in the chain's 

orientationa1 disorder with increasing temperature. In other words, 

there does not appear to be a predominant effect of the molecular 

packing in the various mesophases on the chain conformation. 

i From the results for P one can estimate the kink probability 

per chain 

(VI.H) 

as well as the probability for a gauche conformation per segment. 

p 
g 

(VI. 12) 

Using the data for Figures 22 and 23,Pk is found to range between 

~ -5 for 40-7 to ~ 1 for 70-7, while Pg is found to range between 

-20 and -35 depending on the phase and temperature. This corresponds 

to an average shrinking of the chain length by about 10% from the all 

trans extended length. 
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It is interesting to compare the present results for thermotropic 

liquid crystals with similar data in lyotropic phases. DMR in phospholipids 

and soaps often show a pattern of quadrupole splitting in which the· 

first two thirds or so of the methylenes have approximately the same 

6 's (plateau), while the splitting of the end methylenes decrease 

, , il h h " d h 22,.29-32 ln a manner Slm ar to t e c aracterlstlc steps reporte ere. 

By analogy with our discussion above this may be considered as evidence 

for the occurrence of kinks as the dominant conformational defects in 

the tail end of the chains, and suggests that the aliphatic chain axis 

in these mesophases is inclined to the "molecular long axis". 

As for comparison with theoretical prediction there is only one 

work that directly refers to quadrupole splittings of the alkoxy chain, 

, h f M l' 57 l.e., t at 0 arce Ja. Unfortunately there is very little similarity 

between the predicted pattern of the splitting and that actually observed. 
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APPENDIX A 

In this appendix we calculate the single quantum NMR spectrum of 

spin I = I nuclei, with both quadrupole and dipolar interactions for 

three cases: (i) two interacting nuclei, with different quadrupolar 

interaction (type AB), (ii) three interacting equivalent nuclei with 

D3 permutation symmetry (type A3), and (iii) three interacting nuclei, 

two of which have identical quadrupolar interaction, but different 

dipolar interaction with the third nucleus (type AA'B). The first 

case applies to the phenyl deuterons of the benzylidene ring, the 

second to the methyl deuterons (in general), and the third to a methylene 

CD2 group interacting with a third deuteron in the molecule. In all 

cases we consider only the direct dipolar interaction and neglect the 

chemical shift and indirect spin-spin decoupling, since for deuterons the 

latter interactions are negligibly small. In fact for the cases discussed 

in the text they are considerably smaller than the linewidths. Also 

we assume an axial quadrupole interaction and use the high field 

. . 58 approxlmatlon. 

(i) 
A B 

We consider two nuclei with quadrupole interactions V
Q

, VQ 

and direct dipolar interaction D = DAB. The spin Hamiltonian is: 

The basic functions used and their designations are listed below: 
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¢2 (1 1) 
a 1 

- (-1 1)] ¢ = - [(1 -1) o 12 

¢1 = (1 0) ¢A (-1 0) -1 

¢B = (0 1) ¢B (0 -1) 1 -1 

¢O 
0 

(0 0) ¢-2 (-1 -1) 

¢~ =/~ [(1 -1) + (-1 1)] 

where the numbers in the parentheses refer to the azimuthal quantum numbers 

of nuclei A and B respectively. With this basis set, the only off diagonal 

matrix elements of the Hamiltonian (AI) are between the functions ¢~l and 

BO s 
¢±l and between ¢O and ¢O. Calculation of the matrix elements and 

diagonalizing the three 2 x 2 matrices yield the eigenfunctions and eigen-

values given in Table V. In this table the angles S and a are defined by 

tan 28 = /2 D/(V~ + V~ - D) (A2) 

(A3) 

and the eigenfunctions were labeled such that they become equivalent to 

those used for the case of two equivalent nuclei when V~ - V~ ~ 0. 12 

From these results the transition frequencies given in the second column 

of Table VI are computed. In the present case of the phenyl deuterons, 

these expressions can be simplified by the following consideration. 

Since 

ID/ « Iv~ + v~1 (A4) 

A B 
(assuming both V

Q 
and V

Q 
have the same sign) we can set 
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sinS o cosS 1 1 ; - D cotS 
/2 

However since 

B we calculate the frequencies to second order in D/(V
Q 

!D 
2 cota 

B 
V

Q 
A 

VQ + s 

where 

(I D)2/(V~ A 
s = V

Q
) 

(AS) 

(A6) 

(Al) 

(A8) 

The calculated frequencies and corresponding intensities so obtained, are 

given in the third and fourth column of Table VI respectively. Thus each 

quadrupole component consists of a tripet at frequencies ~D,O and ±D, 

centered about ±(V~ - s) and ±(V~ + s), of relative intensities 1, 

(cosa + sina)2 and (cosa - sina)2, and 1, (cosa - sina)2 and (cosa + sina)2 

respectively. A stick diagram of the full spectrum is shown in the 

upper two trace of Figure 24. The diagram emphasizes the fact that the 

spectrum is (a) symmetric about VO' and (b) the structure of each quadrupole 

component is inverted about the corresponding VQ upon changing of the 

B A 
relative sign of D tovQ - V

Q
. 

(ii) In this part we calculate the NMR spectrum of three equivalent 

spin I = 1 nuclei'with D3 permutation symmetry. The spin Hamiltonian is: 
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JC = - vO(rl+r2+r3) + V
Q

[(r;)2 + (r2)2 + (r 3)2] 
z z z z z 

+ D(r
l

r
2 

+ rlr3 + r2 r 3) _ ID (rlr2 + Ilr2 
z z z z z z 4 + - - + 

+ rlr3 
+ - + Ilr3 

- + 
+ r2 r 3 

+ - + r=r~) (A9) 

The basic symmetry functions and the diagonal and off-diagonal element of 

this Hamiltonian are listed in Table VII. rt may be seen that the few 

off-diagonal terms obtained with this representation are of order D while 

they connect elements differing by order V
Q

' 

rn the case treated in this paper, i.e., the CD3 group, D ~ 100 Hz 

and V
Q 
~ 10 KHz, thus D « V

Q 
and we may completely neglect the off-diagonal 

terms in Table VII. The basis function used and the diagonal matrix 

elements then become respectively the eigenfunctions and corresponding 

energies of the problem. The frequencies and transition probabilities 

obtained in this limit are summarized in Table VIII. These results 

show that each component of the quadrupole doublet is split into seven 

lines by the dipolar interaction with relative intensities 3, 8, 3, 1, 

1 1 5 
7, 3, 2 and frequencies (in units of D) of 3, 1, 2' - 2' -1, -2, - 2 

(relative to Vo + V
Q

) respectively. The dipolar structure of the 

VO-V
Q 

component is the mirror image (about V
O

) of the Vo + V
Q 

component. 

As for case (i) the structure of the spectrum depends on the relative 

signs of D and V
Q

' The middle traces (b) in Figure 24 give stick 

diagrams of the full spectrum for the two possible signs of DivO' 

( iii) Firtally we discuss the spin system AA'B, whose spin 

Hamiltonian is: 



where D AA' 
D 
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We consider the limit in which 

IDI « IvAI 
Q 

IDABI,IDA'BI « Iv~ - v~1 

(AlO) 

(All) 

(A12) 

We can then neglect mixing terms of the type I!I~ and IA'IB in (AlO). The 
- + ± + 

wavefunctions and the energies of the truncated Hamiltonian 

are summarized in Table IX, and the transition frequencies and intensities 

in Table X. The resulting spectrum thus consists of two quadrupole 

doublets each component of which is further split by the dipolar interaction. 

The dipolar structure of the spectrum depends on the relative magnitudes 

AB A'B AB A'B 
of D, SD = D + D and RD = D - D In trace (c) of Figure 24 is 

shown a stick diagram for half of the AA'B spectrum, using SD/D = 0.62 

and RD/D = 0.15. The parameters were obtained from kink ,probabilities 

considerations as discussed in the text. Under these conditions, transition 

intensities of order sin2a and splittings of order 6 (see Table X) are 

too small to observe on the scale used. 
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APPENDIX B 

We derive the dipolar structure in the D.Q. spectrum for the two 

cases described in the text, i.e., the A
Z 

and AAIB systems. The general 

theory for the dipolar structure in D.Q. spectroscopy will be published 

elsewhere. Here we merely calculate the spectra of these two cases. 

The transition frequencies of a particular set of equivalent nuclei 

k 9-
(having the same V

Q
) are simple E -E (where 9- and k label the initial 

and final states). For the pulse D.Q. experiment the corresponding 

intensities are proportional to the square of the matrix element of 

the operator [~ (1;)2], where i runs over the set of equivalent 
i 

nuclei. 

(i) The A2 case: Using the wave functions and energies in Table I 

of reference 12, four "allowed" D.Q. transitions are obtained. Their 

frequencies and intensities (in the limit D « V ) are given in Table XI. q 

Thus the D.Q. spectrum consists of a symmetric 1:1:1 triplet with 

spacing 2D. 

(ii) To calculate the D.Q. spectrum of the B deuterons of the 

AAIB case we use the wave functions and energies for this system given 

in Table IX. The spectrum is given in Table XII. It consists of a 

symmetric 1:2 cos 22a:3:2 cos 22a:l quintuplet with spacing SD = (DAB + D
AIB

). 

Each of the 2 cos 22a transitions is accompanied by a symmetric doublet 

of intensity sin22a and overall splitting 2D - 46. 
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Table I. Phase diagrams and transition temperatures of the no·m 

liquid crystals studied.a,b 

a 

b 

40·7: 

50·7: 

60'7: 

70'7: 

K (20). S . .-ru~·~4 B _~~ e 45 (48. 8) .. A 
4 

76.2(83·7)"N 77. 4(84. 01. I 

The letters A, B, e, B
A

, Be refer to the corresponding smectic phases, 

N is nematic, I is isotropic, and K is crystalline. 

The numbers above the arrows refer to the transition temperatures in 

degree celsius; without parentheses - experimental values for the 

compounds perdeuterated in the alkoxy chains. In parenthesis -

. 37,38,41 f llterature values or the normal compounds. 
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Table II. Average values for the ratio ~/D for the end methy CD3 

deuterons in 40·7 and 60·7. 

40·7 

60·7 

N 

-168.± 5 

a 

A C 

-166 ± 5 -172 ± 5 

-170 ± 5 

a Dipolar structure not sufficiently resolved. 

B 

a 

-175 ± 10 



· k k k£ k£ Table III. Formulae and numerlcal values for e
q

, y(e
q
), e

d 
' and Y(e

d 
) 

for a tetrahedral carbon atom, and various values of a'. 

k General Expression a' = 100 a' = 15 0 

k ek y(e~) ek y(e~) bond type for eq q q 

1 a' 10 +0.955 15 +0.900 

2 7T - T - a' 60.53 -0.137 55.53 -0.020 

3,4 -1 T T 
cos [cos(Z + a') cos 2J 75.73 -0.409 78.46 -0.440 

k£ 

k£ k£ ek£ y(ek£) ek£ y(ek£) 
type of r for e

d d d d d 

3-4 7T/2 90 -0.500 90 -0.500 

1-4 -1 /3 cos [2 sin(7T-T-a')] 41.07 +0.353 44.44 +0.265 

2-3 -1 /3 
cos (2 sina') 81.35 -0.466 77 .05 -0.425 

a' = 20 0 

ek y(e~) q 

20 +0.825 

50.53 +0.106 

81.26 -0.465 

ek£ 
d 

y(ek£) 
d 

90 -0.500 

48.05 +0.170 

72.77 -0.368 

I 

a' = 25 0 

ek 
q 

25 

45.53 

84.09 

ek£ 
d 

90 

51.83 

68.53 

y(e~) 

+0.732 

+0.236 

-0.484 

y(ek£) 
d 

-0.500 

+0.073 

-0.299 

t 
..". 
VI 

t 
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Table IV. Comparison of the experimental dipolar splittings Dii 

(in units of Daa) with calculated values. 

a DSS DYY D08 D£E Dt,t, 
Compound 

Daa 
D
aa 

D
aa 

D
aa 

Daa 

40·7 expo 0.94 b 

(A, 50) calc. 0.91 0.62 

50·7 expo 0.97 b b 

(A, 56) calc. 0.91 0.70 0.70 

60-7 expo 1 0.7 0.7 b 

(A, 70) calc. 0.98 0.77 0.73 0.53 

70·7 expo 1 0.8 0.8 0.6 0.6 

(B
A

, 55) calc. 0.98 0.89 0.87 0.78 0.76 

a Under the compounds name are given the phase and temperature for 

which the calculations were done. 

b Dipolar structure not resolved. 
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Table V. Eigenfunctions and energies for the Hamiltonian (AI). 

Mr eigenfunction energies 

2 CP2 -2\J 
0 

+ A+ B+D \J
Q 

\J
Q 

1 cps = A cpB cosa CP1 + sina 
1 1 

-\J 
0 

+ B \J
Q 

-lD 
2 

cota 

1 cpa = 
1 sina cpA _ 

1 
cosa cpB 

1 
A 1 

-\JO + \JQ + Z D cota 

cps1 cpO + cps A B 1 
0 cosS sinS \J

Q 
+ \J

Q 
- D(l + - cotf3) 

0 0 0 rz 
0 cps2 sinS cpO s lD cotS 0 0 - cosS CPO 

/Z 

0 cpa A B - D 
0 

\J
Q 

+ \J
Q 

-1 cps 
-1 

cosa cpA 
-1 

+ sina cpB 
-1 

\J
O 

B 1 +\J --D 
Q 2 

cota 

-1 cpa sina cpA cpB A 1 
- cosa \JO + \JQ + Z D cota 

-1 -1 -1 

-2 CP-2 
A B 2\J

0 
+ \J

Q 
+ \J

Q 
+ D 



Table VI. 

Transition 

Cp~ +- CP2 

sl s 
CPo +- CP1 

cpa s2 
+- CPo -1 

cpa 
-1 

cpa 
+- 0 

cps +-
1 CP2 
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a Transition frequencies and intensities for the two deuteron case. 

Frequency 
b 

Frequency c 
Intens:.!J:.y 

B 1 
cota) A 

2(cosa - · ) 2 
Vo - V - D(l - - Vo - VQ 

- D + E Slna 
Q 2 

A 1 1 A+ · )2 Vo + VQ - D(l - 2 cota + - cotS) V - v
Q 

E 2(cosa + Slna 
Ii 0 

A D(! 1 (cosa - · )2 
Vo + V

Q 
+ cota - - cotS) 

} 
Slna 

2 Ii A + V - D + E 
B 1 0 

V
Q 

· ) 2 (cosa + Vo - V
Q 

+ D(l + 2 cota) Slna 

A 
D(l + -i cota) 

B - D - E 2(cosa + · )2 
Vo - V - V - V

Q 
Slna 

Q 0 

} 

cps1 cpa B 
- D(l 

1 1 B 2(cosa - · )2 -(- Vo + VQ 
- - cota + - cotS) V - V

Q 
- E Slna 

0 1 2 Ii 0 

cps cps2 B 1 1 
(cosa + · ) 2 -<- Vo + V - D(2 cota + - cotS) Slna 

} -1 0 Q Ii } B 
Vo - vQ 

+ D - E 

V~ + D(l 
1 (cosa - sina) 2 CP-1 +- Cp~ V - - - cota) 

0 2 

a A B 
Only the high frequency half of the spectrum is given (assuming VQ' VQ > 0). 

The low frequency half is symmetric about Vo; the transition cp . + cp . corresponding 
-J -1 

to the negative (about Vo) of the transition CPi + CPj' 

b Exact result. 

c Transition frequencies under conditions (A4) and (A6). 

2 

2 
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Table VII. Symmetry basis functions for three spin I = 1 nuclei forming a D3 

1 3 

2 2 

3 1 

4 1 

5 o 

6 o 

7 0 

8 2 

9 2 

10 1 

11 1 

12 1 

13 1 

.,14 o 

15 o 

16 o 

17 o 

permutation group and the corresponding matrix elements of the 

Hamil tonian (A9) . 

Class A wavefunctions
a 

(Ill) 

k: 
3- 2[(110) + (101) + (011) ] 

-k: 
3 2[ (100) + (010) + (001)] 

-k: 
3 2[ (11-1) + (1-11) + (-Ill)] 

(000) 
k: 

6- 2[(01-1) + (-101) + (1-10) 

+ (0-11) + (10-1) + (-llO) ] 

k: 
6- 2[ (01-1) + (-101) + (1-10) 

- (0-11) - (10-1) - (-llO) ] 

Class E wavefunctions 

k: 
6- 2 [2(110) - (101) - (011)] 

-~ 2 [(1-11) - (-Ill)] 

k: 
6- 2 [2(001) - (100) - (010)] 

-~ 6 [2(11-1) - (1-11) - (-Ill)] 

t[(1-10) - (01-1) + (0-11) - (-110)] 

-~ 12 [2(-101) - (1-10) - (01-1) 

-2(10-1) + (0-11) + (-110)] 

~[(1-10) - (01-1) - (0-11) + (-110)] 

-~ 12 [2(-101) - (1-10) - (01-1) 

+2(10-1) - (0-11) - (-110)] 

diagonal 

-3\)0 + 3\)Q + 3D 

-2\)0 + 2\)Q 

-\) + \) - D o 0 

-\)0 + 3\)0 - D 

o 

3 
-2\)0 + 2\)Q + 2 D 

-2\)0 + 2\)Q + t D 

1 
-\)0 + \)Q + "2 D } 

-\) + 3\) - D o Q 
1 

-\) + \) + - D } o Q 2 

-\) + 3\) - D o 0 

2\)Q - % D 

2\)0 
3 - - D 
2 

2\) 1 - -~ D 
Q 2 

2\)Q 
1 - - D 2 

} 

off-diagonalb 

- D 

1 
- - D 

2 

+lD 
2 
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Table vrr continued. 

a 
Only the wavefunctions for Mr ~ 0 are given. The wavefunctions for negative 

Mr'S are obtained from the corresponding positive Mr wavefunctions by inter

changing the mr states 1 by -1 and vice versa. The matrix elements for the 

negative Mr wavefunction are the same as the corresponding positive Hr wave

function except for a change of sign in the coefficient of Vo. 

b The off-diagonal element connect the elements indicated by the curly parentheses. 



" 
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Table VIII. Transition frequencies and intensities for the three spin 

a 

a 
I = 1 case, with D3 symmetry (for D « V

Q
). 

Class A transitions 

Transition Frequency Intensity 

2 +- 1 Vo - V - 3D 3 
Q 

3 +- 2 Vo - V - D 4 
Q 

4 +- 2 Vo + V
Q 

- D 1 

5 +- 3 Vo - V 
Q 

+ D 3 

6 +- 3 Vo + V
Q 

- D 2 

6 +- 4 Vo - V 
Q 

- D 2 

Class E transitions 

10,12 +- 8,9 Vo - VQ 
- D 2 

11,13 +- 8,9 Vo + V
Q 

5 2 --D 
2 

14,15 +- 10,12 Vo + V
Q 

- 2D 3 

16,17 +- 10,12 Vo + V
Q 

- D 1 

14,15 +- 11,13 
1 

3 Vo - V --D 
Q 2 

16,17 +- 11,13 Vo - V 
Q 

+lD 
2 

1 

Only half the transitions are given. The frequencies of the other 

transitions are obtained from those in the Table by inverting the 

signs of the coefficients of VQ and D. The corresponding intensities 

are the same. 



~I 

3 

2 

2 

2 

1 

1 

1 

1 

1 

1 

0 

0 

0 

0 

0 

Table IX. Wavefunctions and energies for the AA'B case under conditions A(ll) and A(12).a 

Wavefunction 

CP3 = (111) 

CP~ = (110) 

cP; 
_k _k 

2 2cosa[ (011)+(101)] +2 2sina[ (011)-(101)] 

cp3 -~ _k 
2 2 sina[(011)+(101)] -2 2cosa [(011)-(101)] 

CP~ = (001) 

CP~ = 2-~[(100)+(010)] 

CP~ = 2-~[(100)-(010)] 

4 . 
cP = (11-1) 1 

5 
cP = (1-11) 1 

6 
cP = (-111) 1 

1 -k -k CPo = 2 2cosa [(10-1)+(01-1)] +2 2s ina[(10-1)-(01-1)] 

2 -k -k CPo = 2 2s ina[(10-1)+(01-1)] -2 2cosa [(10-1)-(01-1)] 

3 -k -k CPo = 2 2cosa [(-101)+(0-11)] +2 2s ina[(-101)-(0-11)] 

4 -k -k CPo = 2 2s ina[(-101)+(O-II)] -2 2cosa [(-101)-(0-11)] 

5 CPo = (1-10) 

Energy 

-3v + o 
A B 

2V
Q 

+ V
Q 

+ D + SD 

-2v + o 
A 

2VQ + D 

A B 1 1 1 -2v + V + V + - SD + - D - - RD cota o Q Q 2 2 2 

A B 1 1 1 
-2VO + VQ + VQ + 2 SD - 2 D + 2 RD cota 

B -vo + V Q 

A 1 -v + V - - D o Q 2 

A 1 -v + V + - D o Q. 2 

A B 
-Vo + 2VQ + VQ + D - SD 

A B 
-Vo + 2VQ + VQ - D + RD 

A B -v + 2v + V - D - RD o Q Q 

A B 1 1 1 
V + V - - SD + - D - - RD cota 

Q Q 2 2 2 

A B 1 1 1 
V + V - - SD - - D + - RD cota 

Q Q 2 2 2 

A B 1 1 1 
V + V - - SD + - D - - RD co to', 

Q Q 2 2 2 

A B 1 1 1 
V + V - - SD - - D + - RD co to', Q Q 2 2 2 

A 2v - D 
Q 

I 
VI 
N 
I 



Table IX. Continued 

a 6 
CPa = (-110) 

a CPb = (000) 

A 
2\) - D 

Q 

a 

a Only wave functions for MI~O are given in the Table. The following definitions are used: 

AB A'B AB A'B 
SD = D + D ; RD = D - D ; tan 2a = RD/D. 

I 
\.Jl 
W 
I 
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Table X. Transition frequencies and intensities for the S.Q. spectrum 

of AA'B.a,b 

Transition 

CP3 + cp; 

cp4+cpl 
1 a 

cpl + cp2 
2 1 

cp5 + cp4 
1 a 

cp6 + cp4 
1 a 

cp3 + cpS 
2 1 

cp3 + cp6 
2 1 

cp3 + cp6 
1 a 

cp3 + cp5 
1 a 

cp2 -+ cpl 
2 1 

cpl + cp3 
1 a 

cp6 + cp3 
1 a 

cp6 + cp4 
1 a 

cp2 + cpS 
2 1 

cp2 + cp6 
2 1 

cp2 + cp7 
1 a 

cp2 + cp6 
1 a 

cp2 + cpS 
1 a 

} 

} 

Transitions of the AA' nuclei 

Frequency 

VA _ 1 D _ l SD + A Va - Q 2 2 u 

A 3 1 Va - vQ - 2 D + 2 SD + 6 

_ vA _ 1 D 
va Q 2 

Va - vA + 1 D - l SD - RD - 6 
Q 2 2 

- vA + 1 D - 1 SD + RD - 6 va Q 2 2 

- vA + 1 D + 1 SD - RD - 6 va Q 2 2 

Va - vA + 1 D + 1 SD + RD - 6 
Q 2 2 

- vA + l D - l SD - 6 va Q 2 2 

All 
v - v + - D + - SD - 6 a Q 2 2 

va - v~ + t D - t SD + RD + 6 

V -vA + l D - l SD - RD + 6 
a Q 2 2 

All va - v + - D + - SD - RD + 6 Q 2 2 

va - v~ + ~ D + t SD + RD + 6 

Intensity 

2 
4 cos a 

2 
4 cos a 

4 

1+sin2a 

I-sin2a 

1+sin2a 

I-sin2a 

2 

2 
4 cos a 

2 
4 cos a 

1+sin2a 

l-sin2a 

I-sin2a 

1+sin2a 

6 
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Table x. Continued 

3 A D 1 
4 

2 
CP3 + CP2 Vo - V - - - - SD - /':, sin a 

Q 2 2 

cp3 + cpl A D 1 
/':, 4 

2 
Vo - V - - + - SD + sin a· 

2 1 Q 2 2 

cpl -r cp 4 A D 1 
/':, 4 

2 
V - V - - + - SD + sin a 

1 0 0 Q 2 2 

cp4 + cp2 A D 1 - /':, 4 
2 

V - V - - + - SD sin a 
1 0 0 Q 2 2 

Transitions of the B nucleus 

Transition Frequency Intensity 

1 B 
SD 2 CP3 + CP2 Vo - V -

Q 

cpl + cp4 B 
SD 2 Vo - V + 2 1 Q 

cp2 + cp2 B 1 - /':, 2 2 
Vo - V - "2 SD cos a 

2 1 Q 

cp3 + cp3 B 1 2 
Vo - VQ 

- - SD + /':, 2 cos a 2 1 2 

cp2 + cpl B 1 2 
V - V + - SD - /':, 2 cos a 1 0 0 Q 2 

cp3 cp2 B + 1 SD + /':, 2 2 
V - VQ 2 cos a 1 + 0 0 

cpl + cp7 B 
2 Vo - V 1 0 Q 

cp6 + cp6 B 
RD 2 Vo - V + 1 0 Q 

cp5 + cp5 B -RD 2 Vo - V 
1 0 Q 

cp3 + cp2 B 1 
/':, 2 

2 
V - V

Q - D - - SD + sin a 2 1 0 2 
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Table X. Continued 

cp2 -+ cp2 B 
D + t SD + f.. 2 2 

Va - V - sin a 
1 a Q 

cp2 -+ cp3 vB + 1 
- f.. 2 . 2 

V - D - - SD Sln a 
2 1 a Q 2 

cp3 cpl B + D + 1:. SD - f.. 2 
2 

-+ V - VQ 2 sin a 
1 a a 

a 
Only the transition of one component for each of the quadrupole 

doublets are given. The whole spectrum is symmetric about Va. 

b The symbols are as defined in Table IX and f.. D - ~ RD cota 
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Table XI. Transition frequencies and intensities for the D.Q. spectrum 

Transition 

cpSl +- cpS 
2 

cpS +-
-1 

cpS 
1 

cpa +-
-1 

cpa 
1 

cp S +-
-2 

cpSl 
0 

a 

of the A2 system (in the limit D « V ). 
q 

Frequency 

2vO - 2D 

2vO 

2vO 

2VO + 2D 

a The wave functions are defined as in reference 12; 

cpa 
1 

I . b ntenslty 

8 

4 

4 

8 

b Calculated from {<cpkl [(I~1)2 + (I~2)2] Icp~>}2, where cp~ and cpk 

are the initial and final states. 
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Table XII. Transition frequencies and intensities for the B nucleus 

in the D.Q. spectrum of AA'B.a 

Transition Frequency Intensity 

cp -+ cp4 
3 1 

2v -
0 

2SD 1 

cp2 -+ cp1 

} 2 2 0 
2VO - SD 2 cos 2a 

cp3 -+ cp2 
2 0 

cp1 -+ cp1 

} 
1 -1 

cpS -+ cpS 2v 3 I -1 0 

cp6 -+ cp6 
I -1 

cp2 -+ cp3 

} . 2 o -2 
2 0 + SD 2 cos 2a 

cp1 -+ cp2 
o -2 

4 -+ 
CP-1 CP-3 2VO + 2SD 1 

cp2 -+ cp2 
2 0 2v -0 

SD + D - 21'1 · 22 Sln a 

cp3 -+ cp1 
2 0 2VO - SD - D + 21'1 · 22 Sln a 

cp2 -+ cp2 
o -2 2VO + SD - D + 21'1 · 22 Sln a 

cp1 -+ cp3 
o -2 2VO + SD + D - 21'1 · 22 Sln a 

a The symbols are as defined in Tables IX and X. 
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FIGURE CAPTIONS 

1. Deuterium magnetic resonance spectra of the no·7 compounds, per

deuterated in their alkoxy chains, in the isotropic phase. The 

compounds were contained in the same sample holders, and the 

spectra recorded under the same conditions (i.e., proton decoupling 

and without spinning) as used for recording the liquid crystalline. 

phases. The temperature in degrees celsius is given under the 

compounds name. 

2. Proton decoupled deuterium NMR spectra of the four no·7 compounds 

studied in the mesomorphic state. The temperatures in degrees 

celsius are given in parentheses under the compound's name. All 

compounds were perdeuterated in the alkoxy chains. The greek letters 

refer to the position of the methylene group in the alkoxy chain. 

The spectra were obtained by Fourier transform of the FID signal 

following 90° pulses. About 30 to 100 FID signals were accumulated 

to improve the signal to noise ratio. 

3. DMR spectra as in Figure 2 for various isotopic species of 50·7. 

Only the high field half of the spectrum is shown. All spectra 

were recorded at 57°C corresponding to the smectic A phase. The 

first spectrum is of a compound in which the B-protons were randomly 

exchanged with deuterium to the extent of 15%, while the a-protons 

were completely substituted by deuterium. The composition given 

above this trace is the calculated concentration of the major 

isotopic species. The third and fourth spectra are each of a 
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mixture of two species as indicated in the figure. The second spectrum 

is of a single isotopic species as indicated. Note the change in gain 

in recording the methyl resonance in the third trace. 

4. Expanded traces of parts of the spectra shown in Figures Z and 3 to 

emphasize the structure due to dipolar interaction. Traces a, b, and c 

show the a and 8 regions of the first three traces in Figure 3. Traces 

d and e correspond to the me thine and aromatic deuterons of methine-d l 

and benzylidene-d
4 

-50'7. Trace f is the methyl resonance in 40'7 

perdeuterated in the alkoxy chain, at 47°e. Note that the scale of 

this trace is twice that of the other traces. The stick diagrams are 

theoretical and were calculated as explained in the text. 

5. Single quantum (left) and double quantum (right) spectra for; (a) 

the a signal of a Z-d
Z
-50·7 (at 57°e); (b) and (c) the y signal in 

a
ZYl-d3-50 0 7 at 57°e and 4loe respectively. Note the different 

scale used for the two compounds. The stick diagrams give the 

corresponding theoretical spectra. For a
ZYl-d

3
-50'7 the parameters 

used are as specified in Figure Z4(c). 

6. Proton decoupled deuterium magnetic resonance spectra of 40'7 per

deuterated in the alkoxy chain. Only the high field parts of the 

spectra, one spectrum for each mesophase, are shown. The numbers in 

parenthesis indicate the temperature in degrees celsius, and the 

letters refer to the mesophase as in Table I. 

7. Same as Figure 6 for 50'7. Note the change in gain for the methyl 

resonances. 

8. Same as Figure 6 for 60·7 (the full spectrum is given in this figure). 
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9. Same as Figure 6 for 70·7. The nematic phase which is only stable 

over a very narrow temperature range is always accompanied with 

some smectic A. The signals due to the smectic A phase in the 

bottom trace are labeled. The other signals in this trace are 

due to the nematic phase. 

10. Plots of the full quadrupolar splitting ~ = 2V
Q

, and dipolar inter

action D, for the various deuterons in 40·7, as function of 

temperature. Only the magnitude of the interaction is given--the 

sign of D/~ is negative for both methylene and methyl interactions. 

11. Same as in Figure 10 for the various deuterium nuclei of 50·7. 

The sign of D/~ for the phenyl deuterons is positive. The dipolar 

interaction labeled a-y refer to the sum of the interactions 
a

l
y a

2
y 

D + D obtained by double quantum spectroscopy. Note the 

change in gain for the CD3 splitting. 

12. Same as in Figure 10 for 60·7. 

13. As in Figure 10 for 70·7. 

14. Calculated values of a (the angle between the "long molecular axis" 

and the aromatic ring para axis), and the order parameter S as 

function of temperature for 50·7 using two sets of data as 

indicated. 

15. Conformation diagrams for the all trans, even kink and odd kink 

of an eight membered alkoxy chain. The full lines represent bonds 

in the figure's plane, the short dashed and bold face lines 

represent C-D bonds in and out of the plane respectively. The 

heavy lines in the kink structures also represent bonds out of 
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the figure's plane. The numbers in parentheses refer to type of 

bonds as discussed in the text. The two long dashed lines are 

drawn parallel to the molecular long axis. 

16. The full points connected by the full lines represent experimental 

quadrupolar splitting of the deuterons as function of position along 

the chain at selected temperatures in the various mesophases of 

40'7 and 50'7. The temperatures are given in parentheses under 

the phase's name. The open circles connected by the dashed lines 

represent quadrupolar splitting relative to that of the a-deuteriums, 

for which an arbitrary value of 100 KHz is taken. The figure shows 

the characteristic pattern of the quadrupolar splitting along the 

alkoxy chain. 

17. Same as in Figure 16 for 60'7 and 70'7. 

18. Bond diagram of an even carbon atom in an all-trans chain. The 

numbers in parentheses indicate the bond type as discussed in the 

text. Also given are expressions for the various bond angles relative 

to the long molecular axis, L, assuming 1 CCC and 1 DCD to be 

tetrahedral angles. 

19. Calculated relative quadrupole splitting of the alkoxy deuterons 

as function of position along the chain for 5, 6, 7 and 8 membered 

alkoxy chains for different values of the angle a'. The a-carbon 

splitting was arbitrarily set equal to 1.0 and the kink probabilities 

were assumed to be linear in i according to Eq. (VI.5). Note that 

the sign of 6 for the methyl deuterons in 50-7 and 70'7 is opposite 

to that of the 6-methylene deuterons while all other 6's have the 

same sign. 



-68-

20. Orientation relative to L, of the end methyl groups in the all-trans 

conformation of odd- and even-membered chains. 

21. Same as in Figure 19 for an hexyloxy chain in which both a' and p2 

are varied as indicated. The kink probabilities are assumed to obey 

the relation pi = p2+ (i-2)0.06 (i~2). 

22. Calculated kink probabilities in 40·7 and 50·7 for selected temperatures 

(one for each mesophase). For the calculations the methylene quadrupole 

splittings of Figure 16 were used with a' = 20 0 and p2 = 0.05. The 

open symbols were calculated from the methyl resonance. 

23. Same as Figure 22 for 60·7 and 70·7 using the data of Figure 17, 

a' = 20 0 and p2 = 0.01. 

24. Stick diagrams of NMR spectra of spin I = 1 nuclei for the three cases 

discussed in Appendix A. (a) Two inequivalent nuclei with vB > vA > 0 
Q Q 

and IDI « Iv~ + v~l. (b) Three equivalent nuclei with D3 permutation 

M' A 
symmetry and IDI «lvQI. (c) The case AA'B with ID 1« IvQI , 

I ABI I AIBI I A BI D ,D «VQ - VQ ' and using SD/D = 0.62 and RD/D = 0.15. 

The transians of order sin22a and splittings of order 6 are too 

small to observe on the scale of the figure. For cases a and b 

two spectra for the two possible relative signs of D and V
Q 

are given. 



, 
" 

40·7 
(//5) 

60-7 
(I/O) 

-69-

Figure] 

50·7 
( 110) 

X B L 778-5960 



"""" 

I I 
-40 -20 

-70-

40·7 
(47) 

I 
I 
I 

50·7 I 

(57) : 
.N'\r., I 

I 
I 
I 
I 
I 

60·7 I 

(70) Ii 
Ii 

70·7 
(75) 

I 
I 

Vo 

Figure 2 

CD3 
rIO 

CD3 
/€ 

I3cx 
I I 

/3cx 
/1 

r,b ex,(3 

CD 3 
J Eo 

II/' cY,{3 

~J 

I I 

20 40 KHz 

XBL 778-5945 



phenyl 
rI 

-71-

72 % 0(2- d2 
+ 25% ()(2,B,- d3 

~~~--___________ h __ ~~~_~ _______ - ______ ~ 

1 

I xl 
I 3 
I 

60% <x2,82l202€3-d" 

+ 40 % methine-d, 

-a-, 1"'-' ........... -.:..--..""'" 
I 
I 
I -
I 
I 
I 
I 
I 
I 
I 
I 

70 % benzyl-d4 

20 

Figure J 

KHz 40 

XBL 778-5943 



-72-

(0) (d) 

(b) (e) 

(0 

Figure 4 

500Hz 
r-----j 

XBL 778- 5939 



-73-

500Hz 
f-< .. I 

(b) 

Figure 5 

2(0'+0") 
~ 

XBL 778-5938 



I 
I 
I 
I 
I 
I 

B (42) 

C (44) 

: A (48) 
I 

~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

N (64) 

20 

-74-

,. 
I 

Figure 6 

{l 

I 
ex 
I 

40 KHz 

XBL 778-5942 



xl 
4 

xl 
3 

Be (25) 

A(57) 

: X~ N (67) 
: 3 ~ 
I ~~_~""l 
I 
I 
I 
I 

\ 

-75-

I 
20 

J~ 

Figure 7 

methine fJ ex 
I I I 

I ~ 
40 KHz 

XBL -178-5941 



-76-

I 
I 
I 
I 
I 
I 
I 
I 

S3(20) : 
I 
I 
I 
I 
I 
I 

B (50): 

I 
I 
I 
I 
I 

N(SO) 

CD3 E 
I 

I 
I~·--~I--~--~I----~--~I--~--~I ~ __ ~I __ ~I 

-40 -20 Vo 20 40 KHz 

XBL 77-8 5944 

Figure 8 



x~ 
4 

Be (33) 

xl C(63) 
4 • 

xl 
6 t 

A (69) 

N+A 
xl (76.7) 

6 + 

-77-

20 

Figure 9 

~ 
I 

40 KHz 

X BL 778- 5940 



N 400 -
I 

c 
o 
+-
u 
o 

2200 
c 

~ 

o 
o 
Q. 

o 0 

-78-

.. . .. .... . , 
• • 

o 0 

6 0 

. ()( 

100 --"---'--r--, I 

..... 
+-

Q. 

(f) 

OJ 40 
o 
Q. 

::J 
~ 

"0 
o 
::J 
a 

20 

CD3 -<>-~ 

B C A 
~H4 ~I. 

1---1 __ 1_-'---4/1 10'1 
20 

Temperature 

N 

I -L-1 __ ---- - 80 
60 
(0 C) _ 

XBL 778- 5956 

Figure 10 



~ 400 I . 
-----
c 
o 

..... 
o 
o 
0.. 

-79-

o 
O~--~--~--~---~--~---L--~--~ 
100~--~--~--~--~--~-~~~--~ 

N 

I 
~ 

80 

CJl 60 
c 

0.. 
en 

<1> 
o 40 
0.. 
:J ..... 

'"0 
o 
:J 
a 

0'----'---
20 

methine 

80 
Temperature 

XBL 778 - 5958 

Figure 11 



~400 
I 

c 
o 

oJ-

u 

~200 ..... c 
>--I 

'--o 
o 
a. 

-80-

-cl--&---aW a I a It : I I 

• ex 

o 0 
e---B8f----'<'ls'r-B 0 0 ~ 

-o--'>¢------'J)'--r-"O'----S.lo'----.,.o..----.v~~ fr~ ~ 

CD3 ~ 

o O~--~----~--~--~--~-- ~~ __ ~ 
100 ,-----r----r-----.-----,----.,..--T--..,..--... 

80 

N 
I 
~ 

CJl 60 c 
E 

+-
+-

0. 
(f) 

<L> 

o 40 
0. 
::> 
'--
"0 
0 
::> 

0 

20 

Temperature 

XBL 778-5955 

Figure 12 



~400 
'--

c 
.Q 
of--

u 
o 
~ 

Q) 

C 200 
~ 

~ 

o 
o 
0. 

"(5 

N 
I 
~ 

o 

80 

Ol 60 
c 

0. 
(f) 

Q) 

o 40 
0. 
;:) 
L. 

U 
o 
:::J 
o 

20-

o 

1 

-81-

-r- II --r---r--i~-

• ex 

o 7 
" b 
o € 

____ .. ~c ~-----,"L 

_~I __ ---L-_ II .J I Qr- CD3 
20 40- ---60-~1 __ ""-L1 - I 

Temperature (DC) 80 

XBL 778- 5957 

Figure 13 



~ 

(1) 
of-
(1) 

E 
o 

-82-

1.0 

.8 

~ 6-f1. . 0 from fleD and f:..0r 

~ 0 from D and fl or 
(1) 

"'0 
~ 

o 

.4 

Be 
~4 

8A CAN . ~---.,.+----

I 1-
20 40 60 

Temperature (OC) 
80 

XBL 778-6010 



All Trans 

Even Kink 

Figure 15 

-83-

Odd Kink 

XBL 778.5951 



100 \ ! \ I "I j\ 

\ \ 8\ " t{ BA\ 

:; 80 
I 
~ ---

'0 \ '0 (35) ~ \ \(40~ 
1? \ b \ \ \ \ 

\ \e \ \ \ \e \ \ 
\ \ A (44) \ \ \ \A (49) \ \ 
\ N \I 0) \ \ \ \ (55) 1"- \ \ 
(5 5) ~ \ \ \ \ ~ b. b... 

\ \ \ \ \ \ b..--o --~ \ 
\ \ \ \ \ 0.... I 

\ \ \ \.. N 0- --0 y\ \ \ 
\ \ b '< (65) \ \ \ \ 
\ \ \ \ I \ \ \ 
\ '\ \ \ \ \ \ \ 

CJ') hN 
.c 60 (70) --t-

0.. 
(f) 

~ 40 
a. 
:::s 
lo-

-0 
o a 20 

~ \ \ \ \ N \ \ \ 

\ b b 0 ,,\ \ \ \ ,\ 

6 \ \ \ \ 
I \ \ \ 

\ \ \ 

I \ 
\ 
\ 
\ 
\ 
\ 

40-7 50· 7 \1 \\ 

i 

j 
J 

\ . 

'\ l 
IJ 

I 

0' 0 Ij $ = '2 T 

XBL 778-5953 
Figure 16 

I 
00 
.j::>. 



-85-

.--.. 
"--' l"-

21"-......... 

--___ -0---
.--.. Zas 
-..-

__ ..-0 

---

---

I'-
• 

0 
I'-

I'-
• 

o 
<..0 

L-~~_~I __ ~ __ ~I. __ ~I __ .~ __ -J __ -L __ ~ __ ~ 
o 0 000 o ro w ~ N 

o 

(ZH >1) 5uq.~!Id sa/ad nJpono 

~ 
en 
lO 

I 

co 
I'
I'
-.J 
Q) 
X 

r--.. 
M 

m 
~ 

61 
'M r.r.. 



-86-

(2) 



-87-

--'---, en 
l() 

en 
l() 

\" I 

~ 
I"-
--1 

I"- m 
x • 

~ 0 
@ I"-

LO 

0 
l"-

e 

LO 0 
N <.0 (J) 

,...; 

@ (j) 

~ 
L.() OM 

IJ.i 

0 

L.() 
l"-N 

• 
@ 0 
LO 

L.[) 

0 

L.() 
N I"-
@ • 

~ 

0 
L.() ~ 
0 
.. II I I 
<:5q ro tq ~ 0 

(S~!Un A.~OJ~!qJO) 5uq~!ldS 81 0dnJ pOno 



.3 

>. 
+-

n·2 
0 

..0 
0 
~ 

0... 

~ 

c .1 
~ 

• N (70) 
A A (50) 
.. C (47) 
., B (32) 

40·7 

N 

-90-

• N (67) 
II. A (55) 
g C (50) 
" BA(38) 
* Bc(25) 

50'7 

N 

'V 

fl 

I 

A 
II 

O~--~_--~I--~I~--_~--~--~-----~--~ __ ~ 
2 3 4 3 4 

XBL 778-6C)()8 

Figure 22 



-91-

• N (81) 60·7 • A (70) 70·7 
A A (75) A. C (64) 
II B (50) 0 II BA(50) 
Of'S3(25) v Bc(30) 

.3 H 

A 
>. 

C +-

..0 

15 .2 
0 
\..-

0... 
~ 
c • 
~ 

.1 }; 
e 
Ii. 

Of' 

2 3 4 5 6 2 3 4 5 6 7 

XBL 778-6009 

Figure 23 



-92-

--

o/(vg- VO
A) >0 

A .. I . 

(b) 

II II 
O/VO<O 

II II 

" 
1- 1- II 

I I 

II I I 
D/Vo>O ,2 0-1 

II II II 1- 1 Ii 
I I I 

-Yo Vo Yo 

(c) 

XBL 778- 5952 

Figure 2L~ 



. , 
" 

This report was done with support from the United States Energy Re
search and Development Administration. Any conclusions or opinions 
expressed in this report represent solely those of the author(s) and not 
necessarily those of The Regents' of the University of California, the 
Lawrence Berkeley Laboratory or the United States Energy Research and 
Development Administration. 

) . 
·1 " f? to 1lOJ;~ 'f';-~~ 

f' ~ 
''':" 

f'1 0 tl ~ t, ~. f 

(; ) " 


