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Investigation of Structure and 
Dynamics in the Fibre-Type Nematic 
Phase of nBABAt 
K. USHA DENIZS, G. PEPY, P. KELLER, 6. FARNOUX and G. PARElTE 
Laboratoire LBon Brillouin, CEN-SACLAY, 91 191 GIF-SUR-WET€ CBdex, 
FRANCE 

(Received September 3, 1984) 

Neutron diffraction measurements have been carried out with chain deuterated (D-) 
and non-deuterated (H-) compounds, p-n-AlkoxyBenzylidene-p-Amino Benzoic Acids 
(nBABA, n = 1, 3 , 4  and 7) in the fibre-type nematic ( N F )  phase. For n = 3 and 4, 
our results indicate the presence of strings of one dimensional (1-d) correlated mol- 
ecules parallel to A,  the nematic director. The number of strings as well as the cor- 
relation length, ",, perpendicular to A ,  decrease rapidly with increasing temperature. 
However, ci, the correlation length parallel to A ,  remains almost constant for TPN 
T < T,, + 30°C (TpN = crystal to nematic transition temperature), but decreases for 
larger T. Neutron quasi-elastic scattering experiments carried out with 4BABA (both 
D- and H-) in the NFphase have shown that, (a) the rotational diffusion times, T; and 
T{, for the rigid and flexible part* of the molecule, are not very different, and are 
-10 'Is for T = TPN, and (b) these motions are not influenced greatly by the I-d 
correlation of the molecules. 

INTRODUCTION 

The compounds, p-n-AlkonyBenzylidene-p-Amino Benzoic Acids 

hibit' fibre-type nematic (NF) phases which are characterized by 
two types of short range order (SRO), (Figure l) ,  namely (a) one- 
dimensional correlation along the nematic director, n and (b) an s(,- 

tPaper presented at the 10th International Liquid Crystal Conference, York. 15th- 
21st July 1984. 
$Present address: Nuclear Physics Division, Bhabha Atomic Research Centre, Bom- 
bay-400085, India. 
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82 K. USHA DENIZ el al. 

SHORT RANGE ORDERS IN THE NF PHASE 

End chain Rigid p a r t  

I-d Cor re la t i on  
A 

n 
+ type  SRO 

FIGURE 1 Schematic representation of the two types of short range orders (SRO) 
in the fibre type nematic (NF) phase of nBABAs. The rigid part of the molecule 
includes the Oxygen atoms (dashed line). 

type SRO as in the case of skewed cybotactic nematics.* A typical 
X-ray diffraction pattern obtained from a fibre-type nematic is shown 
schematically in Figure 2. The meridional lines (scattering vector, 
@i) are due to one-dimensional (1-d) correlations of the molecules 
(i.e., strings), while the diffuse spots originate from the &-type SRO. 
The equatorial (Qli l )  diffuse maxima are related to the molecular 
packing perpendicular to 8. X-ray diffraction experiments' have shown 
that (1) the nBABA molecules exist as dimers in the nematic phase, 
(2) the strength of the 1-d correlation increases as n (the end chain 
length) increases from 1 to 4, but decreases for further increase of 
n ,  becoming negligible for n = 7, and (3) the S,-type SRO which is 
very weak for n s 3, increases with increasing n. Calorimetric studies' 
have shown that the transition entropy (AS,), of the nematic to 
isotropic transition is quite large when compared to that of ordinary 
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FIBRE-TYPE NEMATIC STRUCTURE 83 

Diffraction pat tern 
(t+ phase) 

I ii 

-. +i& L. 
5 

i (a’ 
FIGURE 2 Schematic diagram of the diffraction pattern from an N, phase. (a) 
Meridional lines, (b) Cybotactic spots and (c) Equatorial diffuse maxima. Most of the 
scans in the present work have been carried out along the dashed lines. 

nematics. Since ASN, is maximum for n = 4, just as it is for the 
strength of the 1-d correlation, it was speculated that perhaps the 
breaking down of the 1-d correlation is responsible for the high value 

In this paper we describe the results of neutron scattering exper- 
iments carried out with nBABAs (n = 1 ,  3, 4 and 7) in the N ,  phase. 
Neutron diffraction measurements were carried out with these com- 
pounds in order to follow the evolution of the 1-d correlation as a 
function of n and of the temperature, T. Neutron quasielastic scat- 
tering (NQES) experiments were carried out with 4BABA to deter- 
mine whether the structures resulting from the short range orders 
had any special effect on the rotational diffusion movements of the 
molecules. Chain deuterated compounds (D-nBABA) and non-deu- 
terated (H-nBABA) compounds were used in both types of experi- 
ments so as to (a) obtain a better understanding of the molecular 
conformation and (b) separate the chain movements from those of 
the rest of the molecule. The experimental results shed light on the 

of ASNI. 
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84 K. USHA DENIZ el al. 

molecular packing in the N F  phase. We have tried to explain our 
observations using models of molecular conformation and dynamics. 

EXPERIMENTAL DETAILS 

All our measurements were carried out at the ORPHEE reactor. The 
sample was always a monodomain nematic, with the molecules ori- 
ented by a magnetic field H, where H > 3 K Oersteds in the case of 
the diffraction studies, and H = 1.3 K Oersteds in the NQES ex- 
periments. The scattering vector was almost always maintained 
either Ilii(llH) or l i i ( l H )  (see dashed lines in Figure 2). 

The diffraction work was carried out on three different spectrom- 
eters. The diffuse equatorial maximum was studied using the DNPX 
spectrometer having a banana-type multidetector. A vertical mag- 
netic field was used and the scans were performed with Qlii(Q,). 
The incident wavelength, A,, was 4.775 A. The double axis spectrom- 
eter, 4F2, with A,, = 4.054 8, was used for scanning the meridional 
lines. H was horizontal and Qllii(QII) for these scans. The small angle 
scattering s ectrometer, PAXY, with the XY detector was used with 
A,, = 3.12 1, for carrying out Q l i i  scans along the sharp (2nd order) 
meridional line. 

NQES experiments were performed on the triple axis spectrometer, 
4F1, with A, = 4.488 A and a resolution of 2.101° Hz (=80 peV). 
The energy distributions were obtained for Q equal to 0.6 k1 and 
1.0 k'. At each temperature at which energy distributions were 
studied, it was verified that the Q values did not fall within the domain 
in which the equatorial diffuse maximum occurred. 

The lowest temperature at which the experiments were performed 
for each sample was about 0.5"C to 1.O"C above the transition tem- 
perature, TfN (where P is a crystalline phase for n = 1 ,  3 and 4 but 
is a S, phase for n = 7). This temperature was arrived at by heating 
the sample to about Tfc + 5°C and cooling it to the desired tem- 
perature. The rest of the temperatures were obtained by heating the 
sample. In all the hydrogenous samples, except H-7BABA, the values 
of TpN were within 1 or 2°C of the corresponding ones given by DSC. 
The deuterated samples had values of TpN, which were about 2°C 
lower than those for the corresponding hydrogenous samples. The 
transition temperature for all samples decreased by about 2"C, after 
long use, showing a slight deterioration of the sample. We are not 
able to account for the large (-10°C) difference between TfN(DSC) 
and T,,(neutrons) for 7BABA. The temperature stability was better 
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FIBRE-TYPE NEMATIC STRUCTURE 85 

than 20.5"C for all measurements. The compounds were always 
recrystallized from ethanol before being used. 

RESULTS AND DISCUSSION 

a. Equatorial scans: 

The equatorial scans on DNPX reveal the existence of only one diffuse 
peakin therange,0.7A-' S Q S2.0kl.Thediffusepeaksobserved 
at 184.4"C and 254.5"C in the case of D-4BABA are shown in Figure 
3. The peak which is at 1.40 A-' at 184.4"C, with a full width at half 
maximum (FWHM) of 0.35 k', shifts to 1.36 A - l  at the higher 
temperature with a FWHM of 0.44 k l .  The peak position, width, 
and their temperature dependence are similar in all the compounds 
we have studied. Using the expression given by De Vries? we have 
obtained, D, the intermolecular (or interstring) separation, 18. D 

c 
U 
1 

> 
c 

7.0 I 1 1 I 
0.5 1.0 1.5 2.0 2.5 

FIGURE 3 Normalised intensity, I , .  as a function of Q, (Q,fi) for the equatorial 
scan for D4BABA.  
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86 K. USHA DENIZ er al. 

changes from 4.95 b; at 184.4"C to 5.23 A at 254.5"C. Although the 
observed width of the diffuse peak cannot be simply related to any 
particular correlation length: it would be related to the correlation 
lengths of both, individual molecules and the 1-d correlated  string^.^ 
We can obtain such a correlation length, L, ,  using Scherrer's equa- 
t i ~ n : ~  

where 28 is the scattering angle, is the angular half-width of the 
peak, and AQ the FWHM of the peak in units of A-'.  We obtain 
for L, ,  values of 36 8, and 28 8, for the two temperatures. Since we 
know from the present work, that 1-d strings no longer exist at the 
higher temperature, this would imply a correlation length of 28 8, for 
the individual molecules Id. This value implies a correlation ex- 
tending up to 5th nearest neighbours which seems somewhat large 
for the case of nematics. Perhaps, Scherrer's equation is not appli- 
cable in this case. If one uses an Ornstein-Zernike6 type correlation 
function, the correlation length would be 

and this gives correlation lengths of about 6 8, and 5 8, for the two 
temperatures. In this case, the correlation extends up to only the 1st 
nearest neighbours, which seems rcasonable. 

b. Merldional scans (alp) 
Figure 4 shows the meridional scans (Qlld) for the four deuterated 
compounds, for T = TPN. The meridional distributions reveal several 
interesting features. (1) For n = 3 and 4, a number of diffraction 
peaks are found both in the H- and D-compounds, one of them being 
very intense and sharp. For n = 1 and 7, the number of peaks is less 
(see Table I) and no intense sharp peak is observed. In  this respect, 
the neutron and X-ray diffraction results are similar. (2) The presence 
of the 1-d correlated strings of molecules is evidenced by the presence 
of the intense sharp peak and a decrease of the scattered intensity 
for small Q values. The sharp peak corresponds to a second order 
layer reflection due to 1-d correlated units, whose length, L,,, is 
nearly equal to that of the molecular dimer. In the case of 7BABA, 
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FIBRE-TYPE NEMATIC STRUCTURE 87 

I 1 1 1 I 

I \- 0-3BABA A""" 
~ A B  . A 

1 I I 1 1 I 1 
0 0.2 0.4 0.6 0.6 1.0 

a (A-9 
FIGURE 4 Intensity versus QII (Qlld) for the meridional scans for D-nBABAs (n 
= 1. 3. 4, and 7) .  The intensity has been corrected for background. The lines are 
visual guides. 
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88 K. USHA DENIZ et nl. 

the enhanced intensity at small Q values and the broad diffraction 
maxima seem to indicate that it is a molecular form factor and not 
the structure factor of a string, that is observed. In lBABA there is 
less increase of scattered intensity at small Q and the diffraction peaks 
are narrower than that of 7BABA, implying a tendency to form 1-d 
correlated strings. (3) The peak positions for corresponding D- and 
H-compounds are somewhat different, except for the second order 
peak. This feature is seen in Figure 5 ,  which shows the distributions 
for H- and D-4BABA. It can also be seen from Table I, in which 
the peak positions and the corresponding lattice parameters, obtained 
using Bragg relations, are listed for the different compounds. The 
stars in Table I indicate those peaks which are related to the same 
correlated unit as the 2nd order one. The error in the determination 
of peak positions could be from 3 to 10 percent for all except the 
sharp second order peak, whose position has been determined with 
great accuracy. H-1BABA and H-7BABA were not studied because 
the corresponding deuterated compounds revealed the absence of 
1-d correlation. 

The meridional distributions for neutrons and X-rays are surpris- 
ingly different. In the X-ray diffraction results, one could easily dis- 
tinguish the 2nd and 3rd order peaks due to 1-d correlation of dimers. 
But in the neutron scattering results, only the prominent 2nd order 
peak is seen while the 3rd order is rarely distinguishable. There is, 
however, agreement between the X-ray and neutron scattering results 
as far as values of L,, for n = 3 and 4 (Table 11), are concerned. 

A high temperature scan for D4BABA is shown in Figure 5 ,  which 
indicates that at higher temperatures, the structures seen at lower 
temperatures become less well-defined. The 2nd order peak was stud- 
ied as a function of temperature for n = 3 and 4, in order to obtain 
the temperature dependence of the correlation length, tji for the 1- 
d correlation [la. Figure 6 shows the 2nd order peak in D-3BABA, 
for various temperatures. It is seen that as the temperature is in- 
creased, the intensity of the peak rapidly decreases and it becomes 
asymmetric with a sharp rise and a slow fall. The latter is due to the 
presence of a hump on the high Q side of the peak. The intensity of 
the hump hardly changes with temperature. The half width at half 
height, ALQ for the fast rising side of the 2nd order peak does not 
change much with temperature for TPN C T < TPN + 30°C. These 
characteristics were observed in the case of all 4 compounds. Table 
111 gives AQ (the FWHM of the 2nd order peak), ALQ and the peak 
intensity as a function of temperature. The errors in determining AQ 
and ALQ were 5 to 10 percent. The values of AQ obtained for the 
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FIBRE-TYPE NEMATIC STRUCTURE 89 

5.5 

5.0 

- 
v) 
c .- 5 4.5 

4 
4 - 

2.5 
i3 

z 
z 
w 
I- 

2.0 

1.5 

' 

' 

' 

' 

I I I 

I - 

- 1  

H-4BABA 
186.5OC 

0-4BABA 
213.8OC 

D - 4 B A B A 
186.2OC 

0.0 0.25 0.5 0.75 1.0 

QJA-1, 

FIGURE 5 Intensity versus Q,, for D-4BABA (186.2"C and 213.8"C) and HdBABA. 
The lines are visual guides. 
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FIBRE-TYPE NEMATIC STRUCTURE 91 

TABLE I1 

L,, and 6; for 3BABA and 4BABA (both D- and H-) for T > TPN. 
~~~ 

D4BABA H-4BABA D-3BABA H3BABA 

38.1 38.7 35.9 35.9 
565.0 473.9 539.1 626.0 

s:/Lc” 12.5 13.9 17.5 16.0 
TI T N I  0.84 0.84 0.86 0.86 

L c ” p  
G( 1 

lowest temperature have been corrected for resolution and [i has 
been calculated from these using Eq. (l), and is given in Table 11. 
These values are about 2.5 to 3 times that obtained from the X-ray 
diffraction results. From the present experiments we have [i(n = 3) 
> [i(n = 4), whereas the X-ray diffraction results indicate [f(n = 
4) > elf(. = 3). The reasons for these differences are not clear. No 
attempt was made to obtain [f from AQ at higher temperatures, due 
to the asymmetric nature of the peak. The values of L,,, obtained 
from the position of the 2nd order peak are also given in Table 11. 

The observed temperature dependencies of the intensity and of the 
width, ALQ, of the 2nd order peak can be interpreted in the following 
manner. The strings of 1-d correlated molecules group together in 
bundles, for T = T p N .  As the temperature is raised, the strings do 
not become smaller but the number of strings in the bundle decreases. 
So the intensity of the 2nd order peak decreases, but its halfwidth, 
ALQ, remains almost constant up to some higher temperature beyond 
which it increases. The 1-d correlation disappears well below the 
transition temperature, T N I ,  as seen from the disappearance of the 
2nd order peak, although a tendency to form strings might still exist 
in the nematic. Thus, the breakdown of 1-d correlation would not be 
responsible for the large values of ASNI observed in these compounds. 
The presence of a hump on the high Q side of the second order peak 
seems to indicate the following: In the N,phase, not all the molecules 
form part of the I-d correlated strings. Some would be in cybotactic 
groups where such strings are not present, and a few others might 
not form part of either of these two short range orders. In such a 
case, the observed meridional (Q,,) intensity distribution would be a 
weighted sum of the structure factor of a 1-d correlated string along 
ii and the form factor of molecules (both individual ones and those 
forming part of the cybotactic groups). This would result, respec- 
tively, in the sharp 2nd order peak and the hump on the high Q side. 
The observed hump positions of 4BABAs are not very different from 
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TABLE 111 

Widths and intensities I, of the second order rneridional line of 3BABA and 
4BABA (both D- and H-), for various temperatures. 

H4BABA D-4BABA 

TIT,, AQ ALQ I TIT,, AQ ALQ 1 

0.84 0.025 0.0125 6600 0.84 0.028 0.014 5600 
0.88 0.031 0.014 3500 0.87 0.030 0.014 4000 
0.91 0.041 0.021 2150 0.89 0.038 0.014 2650 
0.93 0.031 0.016 1600 0.92 0.038 0.022 1500 

0.94 form factor 800 

H3BABA D-3BABA 

AQ ALQ I TIT,, AQ ALQ I 

0.85 0.024 0.012 8300 0.86 0.022 0.011 7200 
0.88 0.028 0.014 4250 0.89 0.027 0.010 3400 
0.92 0.040 0.024 1950 0.93 0.045 0.014 1600 
0.95 0.046 0.026 1450 0.96 form factor 500 

those given by our form factor calculations described below, thus 
giving support to the above conjecture. 

A computer model’ of the nematic has been constructed to explain 
the meridional distribution. The compound, 4BABA, was consid- 
ered. The molecules were assumed to be flat and to have an extended 
zig-zag conformation. The 1-d string was constructed by placing the 
molecules at regular intervals, L,,, along the Z-axis (11 long axis of 
the molecule). No orientational disorder was taken into account. 
Neutron cross-sections for the strings were calculated using the fol- 
lowing equation: 

where R, = position of the centre of mass of the nth molecule along 
the string, N = number of molecules in the string, b, = coherent 
scattering amplitude of the Ith atom in the molecule, r, its position, 
and W, the Debye-Waller factor which we have assumed to be the 
same for all atoms and equal to 10 sin28/h; (=  10Q2/16.rr2). 

When N = 1, the form factor for the molecule is obtained, while 
for greater values of N, the structure factor of the string is determined. 
The form factors for D4BABA and H-4BABA are shown in Figure 
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7, and they are found to be quite different from each other. The 
structure factor for N = 5, for D-4BABA is also shown in Figure 7. 
The distribution obtained is different from the one actually observed 
for D4BABA.  Thus our present model is not a realistic one. To 
improve the model, it might be necessary to consider molecules which 
are not flat and to also take into account positional and orientational 
disorder of the molecules in the string. 

c. Equatorlal scan along the 2nd order merldional line (dln) 
Scans carried out on PAXY along the sharp second order meridional 
line with Q l i l  show that for n = 3 and 4, the distribution is peaked 
at Q, = 0, at low temperatures (T = TpN),  whereas it is flat at high 
temperatures. Distributions obtained for D4BABA at two different 
temperatures are shown in Figure 8. Although the intensity is poor, 
the features mentioned above are clearly seen. A rough estimate of 
the correlation length 1 n([\) for the strings, can be obtained for T 
= TPN using Eq. (1) and it gives [\ = 30 A. This implies correlation 
up to fifth neighbours which appears too large. The Ornstein-Zernike 
correlation function on the other hand leads to, = 5 A, which 
seems more realistic. Thus these results point to the fact that the 
number of strings in a bundle decreases as the temperature increases, 
as was also shown by the results described earlier. 

d. NQES experiments ( h i )  

The results obtained from the NQES experiments were analyzed using 
the following model. 

The observed neutron intensity is due mostly to incoherent scat- 
tering from the hydrogen atoms in the molecules. Therefore, the 
neutron energy spectra would be related to the incoherent part of 
the scattering law, Sinc(Q, w ) .  It was assumed that the translational 
diffusion was too slow to be observed in these experiments and that 
the vibrational contribution to Sinc(O, w )  could be neglected. Thus, 
Stnc(Q, w )  = Sz(0, w ) ,  the rotational part of the scattering law. 
The rigid and flexible parts of the molecule were assumed to have 
independent rotational diffusion movements. The rigid part which 
was defined as consisting of the central rigid portion (see Figure 1) 
of the molecule and the adjoining methylene groups of the end hy- 
drocarbon chains, was assumed to rotate about the molecular long 
axis. The flexible part, which consisted of the rest of the end chains, 
was pictured as rotating about the hydrocarbon chain axis. The ro- 
tational movement of both parts was assumed to involve random walk 
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I f I I 1 

0-4BABA 

-0.2 0 0.2 

FIGURE 8 Intensity versus Q, (Q,, f 0) for the second order meridional line of 
D4BABA at 186.2"C and 227°C. The lines are visual guides. 

of H atoms among N equidistant  site^.^.^ N was taken to be equal to 
6 since, in the nematic phase, the packing of molecules I 13, would 
be hexagonal at short range. The scattering law for such a movement 
is given by8.9 
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where 

a = the radius of gyration, 

97 

6 = angle subtended by Q with the axis of rotation, 

and 
sin2nlN 

The observed intensity, l(Q, w) can be written as, 

rigid flexible 

2 and c are summations over the hydrogen atoms in the rigid 
and flexible parts of the molecule, respectively. Eq. (4) was fitted to 
the observed spectra. It did not give a good fit to our results, unless 
either (a) the background was increased to a value greater than that 
observed experimentally, or (b) an additional Lorentzian term with 
a large energy width (-0.5 THz) was added to the right hand side 
of Eq. (4). The values of relaxation times obtained, using these two 
modifications of Eq. (4) are hardly different. In the following, we 
refer to the results obtained by fitting Eq. (4) to our data, modified 
as in (b), that is, 

where A and B are constants and lhL is the Lorentzian width (=2n 
x 0.5 x lo1* radianslsec.). A ,  B, TL,  T; and T{ were used as param- 
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eters while fitting Eq. (5) to our data. For D4BABA, since there 
were no hydrogen atoms in the flexible part, the contribution of the 
second term of Eq. (5) was nil. Hence, of the two rotational relaxation 
times, only TI was obtained by fitting the data for D4BABA. While 
fitting the H-4BABA spectra, the value of T; was constrained to be 
equal to that obtained for D-4BABA for the same values of Q and 
temperature, so that T; was not a parameter used in fitting. T{ was 
obtained in this case. Figure 9 shows the observed energy spectra for 
the two compounds and the curves calculated using the parameters 
obtained for the best fit, for T = 186°C. It is found that the agreement 
between the calculations and the experimental results are fairly good. 
Table IV gives the values of T; and T{ obtained for the best fits. The 
following interesting points can be seen: (1) T; and T{ vary with varying 
Q showing that the model used is not a good one. (2) T{ is not very 
different from T; but it varies less with Q than T; does. (3) Neither 
T; nor T{ vary much with increasing temperature, indicating that the 
two rotational movements are not influenced much by the 1-d cor- 
relation of molecules. If they were affected, T; and T{ would have 
decreased considerably for T increasing from 186°C to 221"C, due to 
the accompanying large decrease in the 1-d correlation strength ob- 
served in the diffraction experiments. 

The failure of the model to explain our results could be related to 
certain factors. The translational diffusion motion that we have ne- 
glected to consider might not be as slow as we assumed. This motion 
might have to be taken into account if the value of the transitional 
diffusion coefficient, D L ( U i ) ,  is sufficiently large, as seems to be the 
case in some nematics.1° If this be the reason for the observed Q- 
dependence of 7; and T{ ,  their values obtained for Q = 0.6 k1 would 
be nearer to the true values of the relaxation times. The small, though 
finite contribution of the broad Lorentzian term of Eq. (5) could be 
due to our not taking into account some fast molecular motion. 

CONCLUSIONS 

The results of our diffraction studies with nBABAs have shown the 
following: (a) 1-d correlation of molecules is weak for n = 1 and 
negligible for n = 7, but is strong for n = 3 and 4. (b) The strength 
of the 1-d correlation breaks down very fast with increasing temper- 
ature. This breakdown is not brought about by the decreasing number 
of molecules correlated along a, but by having lesser number of strings 
of correlated molecules. (c) There is a large difference between the 
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X-ray and neutron diffraction results, both as regards structure related 
to l-d correlation as also concerning the l-d correlation length, 
which is much larger in the case of the present experiments. 

The NQES results show that (1) the rotational diffusion model that 
we have used does not describe well the molecular dynamics, and (2) 
the rotation diffusion of the rigid and flexible parts of the molecule 
are not very affected by the l-d correlation. 
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