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The deuterium magnetic resonance (DMR) data of Deloche er al. (J. Physique, CON., 36 
(1975) C1-21) on the smectic C. smectic A and nematic phases of TBBA. concerning the 
butyl chains, are analyzed in terms of a model where the chain ordering is described by 
mean rotational potentials hindering the rotations around the C-C single bonds. These 
potentials are split into intra and intermolecular contributions. Using intramolecular po- 
tentials calculated with quantum chemistry methods, we estimate the shapes and the 
heights of the intermolecular contributions. We find that (i) the intermolecular potentials 
favor chain conformations which are aligned with the long molecular axis. (ii) their 
heights decrease as the temperature (or equivalently the molar volume) increases, (iii) the 
most probable conformation of the chains slightly changes with temperature, but is al- 
ways very different from that of the isolated molecule. 

These results are additional support for the model we already proposed for the aro- 
matic core of TBBA''," and for PAA," to explain the temperature dependence of DMR 
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282 VOLINO et of. 

splitting ratios in liquid crystals, in terms of changes of the most probable conformation 
(associated with changes of the free volume per molecule) rather than in terms ofseveral. 
temperature dependent, molecular orientational order parameters.5t’t8 

1. INTRODUCTION 

The problem of chain ordering in liquid crystals has been the subject of 
considerable work in these recent years, especially because it is now 
possible to obtain rather accurate deuterium magnetic resonance 
(DMR) data of partially or fully deuterated samples. These data may 
be used to test molecular mean field theories of nematics which include 
the conformational motions of the chains”2 and this has been attempted 
in some Other theories have been de~e loped ,~ ’~  based on the 
observed temperature dependence of DMR splitting ratios in some 
systems, but a number of counter shows that they cannot 
be general descriptions of the liquid crystalline state. Finally, simple 
molecular models have been proposed, mainly based on the rotameric 
state model of Flory.” In these models, the probability of occurrence 
of the various rotational states of the chains is modified in order to 
take into account the influence of the nematic medium. These models 
can account for the general features of the DMR data, but cannot ex- 
plain in detail the relative values of the splitting and their temperature 

In a previous paper14 we have proposed a model to explain quantita- 
tively the temperature dependence of DMR splitting ratios in the smec- 
tic C, smectic A and nematic phases of terephtal-bis-butyl-aniline 
(TBBA), these ratios being associated with the aromatic core of the 
molecule. In this model (i) the molecules are assumed to rotate uni- 
formly around their long axis (ii) the rigid fragments rotate around 
single covalent bonds and (iii) the most probable molecular conforma- 
tion changes with temperature. We obtained evidence for the uniform 
rotation after a detailed comparative analysis of optical, neutron, “N 
NQR and DMR data.’’ Evidence for the intramolecular rotations in 
TBBA is contained in the structure of the DMR spe~ t ra ’~ ’ ’~  and the fact 
that this phenomenon is general in liquid crystals is presently well ac- 
cepted. Finally, concerning the conformational changes, we arguedL4 
that they correspond mainly to changes in the height and in the shape 
of the mean rotational potentials around the single covalent bonds, 
due to significant changes of the mean intermolecular forces with 
temperature. As temperature increases, these forces decrease due to an 
increase of the free volume per molecule (thermal expansion) and the 
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CHAIN ORDERING IN TBBA 283 

mean rotational potentials change in such a way that they tend towards 
those of the isolated molecule. This model was successfully applied not 
only to TBBA,I4 but also to nematic PAA.” 

In  this paper, we extend the analysis on the aromatic c01-e’~ to the 
butyl chains of TBBA. Using the same kind of model, we estimate the 
mean rotational potentials, considered as the sum of intra and inter- 
molecular contributions, hindering the rotations around the C-C sin- 
gle bonds of the chains. We find that (i) the height of both contributions 
are comparable (a few Kcal/mole) but their shapes are different, and (ii) 
the height of the intermolecular contributions decrease with increasing 
temperature, as expected from the above considerations. For all 
temperatures, the most probable conformation of the chain is found to 
differ from that of the isolated molecule. In section 2 we calculate the 
theoretical expressions for the splittings, associated with the deuterons 
of the butyl chains, in terms of chain order parameters describing the 
rotations around the C-C single bonds. In section 3 we discuss the na- 
ture of the potentials hindering these rotations. In section 4, we propose 
to replace these complex potentials by mean potentials associated with 
each C-C bond. This simplification is justified using theoretical results 
concerning the isolated molecule. In  section 5 and 6, we use this ap- 
proximation to analyze the DMR data in the liquid crystal phases. The 
shapes and heights of the intermolecular and total mean potentials are 
deduced and compared to those of the isolated molecule. In section 7, 
we discuss the physical meaning of these results, and comment on dif- 
ferent approaches to similar data. 

2. THEORETICAL EXPRESSION OF THE DMR SPLlTTlNGS 

2.1 Definitions and notatlons 
We follow the method of Ref. [14]. We define a molecular frame 
O X O ~ O Z O  that we associate to the most probable molecular conforma- 
tion, i.e. the conformation such that all the dihedral angles between rigid 
molecular fragments linked between themselves by single covalent 
bonds, correspond to minima of the rotational potentials around these 
bonds. This molecular frame is assumed to rotate uniformly around its 
long axis OZO. Then, we associate a frame Oxmymzm, with OZm along the 
internal rotation axis, to each “most probable fragment”. The long axis 
is defined by a set of polar and azimuthal angles {c, 44 in these most 
probable frames. Finally, we attach a frame Oxyz with Oz O Z m  to 
each fragment, which is used to describe the rotation of this fragment 
with respect to a frame attached to the most probable molecule, e.g. 
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284 VOLINO et ol 

(but not necessarily) the OxmymZm frame. 
Since each fragment of the TBBA molecule has at least one CI, 

symmetry plane containing Oz (no chiral group exists in TBBA), we 
choose Ox in this plane. For the i I h  methylene group of the chains, Ozi 
is along the Ci-ICi bond and Oxi in the bissector plane of the two CiD 
bonds. This plane also contains the CiCi+1 bond. The orientation of OXi 
is chosen such that the x components of the two CID vectors are nega- 
tive (and consequently, the x component of CICI+~ is positive). The polar 
and azimuthal angles of the two CID vectors are U D ,  c p ~  and U D ,  - V D ;  
those of the CICI+I vector are uC, 0. With these conventions, we have 
uC < 90°, U D  < 90". c p ~  > 90°. Figure 1 summarizes these definitions. It 
should be noticed that ue, UD and c p ~  are not independent angles since 
the CiD bonds make the same angle with the two adjacent CiCi-I and 
CiCi+l bonds. Simple geometrical considerations show that we have 

(1) 
1 + cos Uc 

sin uc tan UD 
cos CpD = - 

C i - I  

FIGURE 1 
chain. Ozi is chosen along 
is positive. The various angles defined in the text are shown. 

Geometry of the methylene group associated with carbon Ci of an aliphatic 
Cfand Oxi is such that the x component of the GCHI vector 
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CHAIN ORDERING IN TBBA 285 

To describe the rotations around the C--C bonds of the chains, we de- 
fine the following frames, as indicated in Figure (2): (i) the frame 
Oxr'yerzer is attached to the most probable orientation of thephenyl ring 
and, in this frame, the polar and azimuthal angles of the long axis OZO 
are called t, 0, without indexes for simplicity; (ii) the C I X I ~ I Z I  frame 
with CIZI E Ozer, is attached to the  first methylene group and is used 
to describe the rotation of this group in the Oxe'yerzer frame, the corre- 
sponding rotation angle being cpl = (CIX", Clx,); (iii) the frame 
C Z X Z ~ Z Z Z  is attached to the second methylene group and is used to de- 
scribe the rotation of this group in the C2xly212 frame with C~Z! = C222, 
the corresponding rotation angle being cp2 = (Czx!, C2x2). This C2x2yzz2 
frame is attached to the CBCI C2 plane and is oriented as indicated on 
Figure 2, namely such that the trans conformation corresponds to 
cp2 = 180"; (iv)similarly we define C3x3y3z3, C3X3ySZ3, cp3  = (C~X!, C3x3) 
for the third methylene group, and so on for the following groups. With 
these definitions, the all-trans, planar, conformation corresponds to 
cpi = 18Oo(i > I ) ,  as drawn on Figure 2 for a butyl chain. 

0 0 0  

0 0 0  

0 0 0  

2.2 Expressions for the DMR rplittlngs associated with the butyl chains. 
Following Ref. [14], assuming that (i) the e.f.g. tensor acting on one 
deuteron Di has cylindrical symmetry around the CDi bond (ii) the mo- 
lecular frame rotates uniformly around its long axis OZO and (iii) the 

FIGURE 2 Sketch of the butyl-benzene group of TBBA, in its most probable confor- 
mation for the isolated molecule, showing the various angles and frames defined in the 
text. The plane of the ring is perpendicular to the all-trans plane. a) lateral view, b) top 
view along the para-axis of the ring. The polar and azimuthal angles c,& of the long mo- 
lecular axis 020 in the O X ~ ~ ~ ~ ~ Z "  frame associated with the ring, are also indicated. The 
origin of the rotation angles around CIC~.CICI,CICI being xp, x!, xi respectively, the 
all-trans conformation corresponds to (pl  = $71 = cp4 = 180°. 
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286 VOLINO er nl. 

external and internal motions are not coupled, and fast on the DMR 
time scale s), then the DMR splitting AVC associated with any 
deuteron Dt is given by 

(2) 
3 
2 

Avi = - C i s  (PZ[COS(OZO, CDi)]) 

where cc = e2qiQ/h is the quadrupolar coupling constant, S S,, is 
the usual nematic order parameter and the brackets stand for an aver- 
aging over the internal motions. Expressing the PS in the Oxerymzm 
frame, we can write 

where ll? symbolizes the polar and azimuthal angles of CDi in the 
Oxoryerzer frame. 

The problem reduces in evaluating Y?(slf") for the successive methy- 
lene groups and performing the average. For the calculation, we use 
the following two well known identities 

Dk,,,<<y, p, y )  = e-'"nd',,(fl)eim'Y ( 5 )  

where the D',,,and d',,.are the normal and reduced Wigner matrices of 
order I ,  respe~tively.'~ 

(a)  First methylene group In the C ~ x l y l z l  frame, the polar and azimu- 
thal angles of CID are U D ,  f c p ~ ;  in the Oxmyerzer frame, they are U D ,  

f c p ~  + c p ~ ,  so that 

Using Eq. (4), we obtain 

(b) Second methylene group In the Czx!y!z! frame, the polar and 
azimuthal angles of CZD are U D  and f c p ~  + (PZ. To bring this frame on 
to the Oxmywzm frame, we perform the rotation with Euler angles -(PI, 
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CHAIN ORDERING IN TBBA 287 

(c)  Third rnethylene group Similarly, in the C,x!y!z! frame, the polar 
and azimuthal angles of C3D are U D ,  f q ~  + q 3 .  To bring the C3x~y3z3 
frame on to the Oxeryerzm frame, we perform two successive rotations 
of Euler angles -qz, -uC, 7r and -ql, +uc, T. This yields: 

0 0 0  

Using Eq. (4) and (3, we obtain 

A [ c0s(0z0, C3D )I 

(d)  Fourth group Similarly we find 

The expression is easily generalized for the ith group of an alkyl chain 
of any length. Note the alternation +I(,, -uCr +u, . , , for the argu- 
ments of the successive dZ. 

To obtain the expression of the splittings, we should average the 
above expressions over the internal motions. These internal motions 
are of two kinds: rotation around the chain C-C bonds and exchange 
between, equivalent, most probable conformations. 
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288 VOLINO er 01. 

(i) the average over the rotations around the C-C bonds are gov- 
erned by the potential 

V{cpi) = V ( C ~ I ,  ~ 2 9  ~ 3 ,  ( ~ 4 )  (13) 

according to the Boltzmann law: 

u ( V i ) )  = z-1\ d(cpi)fI~i)e-""'"' (14) 

where f is any function of the cpi ,  and Z a normalization constant 
P 

Since the all-trans conformation is a symmetry plane of the chain, the 
potential V(+4 is necessarily symmetric i.e. V{-cpi} = V{cpi). This im- 
plies that the averages of the exponentials containing the cpi in Eqs. 
(7,9,11,12) reduce to the average of their cosine. 

(ii) the most probable conformations defined by the two sets (t, 4) 
and ( E ,  -4) are energetically equivalent since no  asymmetrical group 
exists in TBBA. If they exchange rapidly on the DMR time scale, one 
should average further Eqs. (7,9,11,12) over i+. 

Performing these two averages independently and using the symme- 
try relation of the d2,19 it can be shown that the four splittings of the 
butyl chains are finally given by: 

3 
2 mi 

AVI = - CIS c ~ ; , O ( C ) ~ ; , G ( U D )  cos rnl4 cos mlcpD(cos mlcpl) (16) 

X cos ml+(cos mlcpl cos m2cpz cos m 3 5 0 3 )  (19) 

For the methyl splitting Av4, we have further assumed that the methyl 
rotation is not coupled with the other rotations and has C3" symmetry, 
i.e. (cos cp4) = (cos 2 ~ 4 )  = 0. This reduces the sum over three indices 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
24

 2
1 

Fe
br

ua
ry

 2
01

3 



CHAIN ORDERING IN TBBA 289 

instead of four. The corresponding UD angle is assumed to be slightly 
different than for the methylene groups: U D M .  

These equations show in particular that the splittings are the same 
for f c p ~ ,  i.e. that the two deuterons of the same methylene group are 
magnetically equivalent. This equivalence comes from the symmetry of 
the potential V ( a }  and from the average over f+. If the two confor- 
mations were not exactly energetically equivalent (as for example in a 
chiral molecule), then these two deuterons would generally not be 
equivalent (see also the discussion in  Ref. [14]).20 

2.3 Discussion and experimental data 
It is seen that Eqs. (16-19) contain three kinds of quantities (i) the 
structural quantities, ci, ucr UD, U D M ,  c p ~  which are expected to be prac- 
tically temperature independent, and known with sufficient accuracy 
(ii) the conformational quantities e and + which can vary with temper- 
ature. In TBBA, we have shownI4 that e is practically constant -7.9" 
and that + varies with temperature. The variation of + (which should 
be identified to &. + o! of Ref. [14]) deduced from the analysis of 
Ref. [I41 is shown in Figure 3. (iii) finally the dynamical quantities S 
and pm,mzm, defined as 

Pnm2m, = (cos mlcpl cos m2q2 cos m3cp3) (20) 
which also are temperature dependent (except p000 = 1). 

The information on the chain ordering is contained in the 
33 = 27pm,,,,, quantities, which can be considered as chain rotational 
order parameters. For each temperature, the experiment4 yields the 

180- +/+/ 

120- ,/+- 

.+-+/ 
160- 

140- 

100- ;-+-&'; SmA Nem i Is0 
140 160 180 200 220 240T('CI 

1801 
/ +/+/ 

.+-+ 

FIGURE 3 %TpErature variation of the azimuthal angle 6 of the long molecular axis 
0 2 0 ,  in the Ox y z frame. I t  has been deduced combining Figures 2, 3 and 4 of Ref. 
[14]. 6 should be identified to &.,, + Q of that reference. 
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290 VOLINO et al. 

moduli of the four DMR splittings I Awl (Figure 4). In order to eliminate 
the external parameter S, which was studied in detail in Ref. [lS], we 
form the three ratios JRill = I Avi/AvI 1. These ratios are shown in Fig- 
ure 5a,b for the smectic C, smectic A and nematic phases. They have 
been calculated using the published It is seen that the lRil( de- 
crease with temperature, with discontinuities at the SmA-nematic 
transition. A discontinuity was also found for 4 (cf. Figure 3). Since 
there are only three independent data to determine the 26 unknown 
p i , m 2 m f r  it is necessary to make some assumptions on these quantities, 
i.e. on the rotational potential V[qi} before any analysis can be made. 

3. MODEL FOR THE POTENTIAL V(qi}. 

Assuming that Y(qi} is known, we can always associate mean average 
potentials V(qi )  to each C H C ~  bond defined by 

and individual "order parameters" pi" such that 

The simplification we propose is to assume that, in Eqs. (16-19) we can 

TBBA 210°C 

FIGURE 4 Example of DMR spectrum of TBBA deuterated on the butyl-chains in the 
nematic phase (extracted from Ref. 16), showing the definition of the various splittings. 
The assignment of AVZ to the second methylene group, starting from the ring, and Av3 to 
the third one, has been obtained from the analysis presented in this paper. Only half of 
the spectrum is shown. 
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CHAIN ORDERING IN TBBA 

0.4% 

29 1 

' 0  y Is0 1 SmC 1 SrnA 1 Nern 

0.54 

0.4 

A 

' 0 - 'A D Y 

0.04 

T B B A  

-+\ 

1 !  I I I * 
do lbo 1Bo 260 220 'TPCI 

FIGURE 5 Temperature variation of the ratios (Rill for the chains of TBBA deduced 
from Ref. (4). a) IRzI~ = IAYz/AYII and lR31( = IAYJ/AYII. The assignment is such that 
(RZI  I > I R ~ I (  in the nematic phase, as deduced from the analysis presented in this paper. 
b) lR4ll = I A Y ~ / A Y I I .  The lines are smooth curves drawn through the experimental 
points. The values in these lines have been used as "experimental" values for each 
temperature. 
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292 VOLINO et a/. 

separate the averages over cpl,  cp2, q 3 .  i.e. that we have 

(23) ( 1 )  (21 (3) 
P m m m  P m l P m S m ,  

i.e. that the real chain motion is satisfactorily described by individual 
rotations around the C-C bonds in the mean potentials V(Vi). This 
assumption reduces the number of unknown parameters from 26 to 6. 
Since, moreover V(cp1) has necessarily the C2" symmetry imposed by the 
ring, (cos cpl) = 0 so that only five unknown quantities are left, namely 
(cos 2cpl), (cos (PZ), (cos 2cp2), (cos 93) and (cos 2~3) .  In this manner, 
the problem is considerably simplified and it is hoped that some useful 
information on these potentials can be extracted from the data. 

However, before going on with the analysis, we should check in 
some way if the assumption Eq. (23) is reasonable. For this purpose, 
we write the total potential Vas: 

V(cpi1 = Vin{Vi) + v e x { q i )  (24) 
where V i n  and Vex are the intramolecular (i.e. due to the electronic dis- 
tribution in the molecule) and intermolecular (i.e. due to the liquid 
crystalline medium) contributions. In these conditions, we can define 
mean intra and intermolecular potentials Fin and ?, such that: 

v<cpi> = V,(qi) + v l x ( q i )  (25) 
In what follows, we use the fact that Vh{Vi) is known22B23 to calculate 
the Vin(Vi), and test the decoupling model for an isolated butyl chain. 

4. THE - ISOLATED BUTYL CHAIN: CALCULATION OF THE 
Vh(cpi) AND TEST OF THE DECOUPLING HYPOTHESIS 

The full potential Vin{Vi) = Vh(cp1, ( ~ 2 ,  cp3)  for the butyl-benzene mole- 
cule, averaged over methyl rotation, has been calculated by two of us 
by quantum chemistry methods and the results are described in detail 
elsewhere.22m23 Using this potential, we have calculated the Vin(cpi) de- 
fined by Eq. (21) where Vis replaced by Vh. by numerical integration 
b_r steps of 15". The results are shown in Figure 6a,b,cfor ri,,(q~), Vin(q.4, 
V i n ( ~ p 3 ) .  for two extreme temperatures of the DMR experiment, namely 
146°C and 230°C. For convenience, in these figures and other similar 
ones later on, the origin of energies has been chosen such that the con- 
stant term in the Fourier expansion is zero. The first point to be noticed 
is that their height is comparable (3 to 4 Kcal/mole) and extremely 
weakly temperature dependent in this range. Concerning their shape, 
Vin(cp1)  varies practically as cos 2 ~ 1 ,  with minima at cpl = 90" and 270". 
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-1 

FIGURE 6 Shape of the mean intramolecular potentials for the butyl-benzene molecule 
defined by Eq. (21) for the two extreme temperatures: y. . 146OC; -----: 230°C. 
a) Vtn(qi ) ;  a pure cos 2ql shape is also shown; b) Vi"(q2); c) Vh(cp3). The butane poten- 
tial" is also shown: -.-.- in b) and c) for comparison. 

This means that for the isolated molecule, the most probable orientation 
of the plane of the all-trans chain is perpendicular to theqlane of the 
ring, as in the solid phase.24 Concerning Vh((p2) and Vh(cp3), their 
shapes are very similar with three minima at cp = 180" (the trans posi- 
tion) and cp CJ f60" (the gauche positions). For comparison we have 
drawn the well known butane-potentialZs which has been found for the 
butane molecule. It is seen that the shape is similar, with minima at  
about the same places, but the details are different. In particular, the 
difference between the trans andgauche positions is 4l.7 Kcal/mole 
for the butane, but only -0.25 for vi.(cp2) and practically zero for V i n ( q 3 ) .  

Moreover, the barrier height between these two positions is higher for 
the butane molecule. This means that the isolated butyl chain is more 
disordered than the isolated butane molecule, since all-trans or trans- 
gauche conformations have practically the same energy. 

Using these average potentials, that we have simulated by their 
Fourier expansion until  the sixth term, we have calculated the chain 
order parameterspt' defined by Eq. (22). Table I gives the values of the 
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294 VOLlNO er al. 

p(ntll)p(m2;)p(ntl quantities for 146 and 230°C. The values for any temperature 
can be obtained by linear interpolation. On the other hand, using the 
full potential Vln(y)l, cp2, c p 3 )  we have calculated the pmlm2mntl defined by 
Eq. (20) and the results are given in Table I1 for the same temperatures. 
Comparison between Tables I and I1 provides a test for the decoupling 
hypothesis (Eq. 23). It is seen that if two indexes are zero, then the re- 
sults are identical, as expected. For ml = 1, all the terms are practically 
zero in both Tables. In fact, they should be strictly zero by symmetry, 
the differences being due to the precision of the numerical calculations. 
It is seen that this precision is always (much) better than 0.01. Concern- 
ing the other terms, it is seen that decoupling the c p ~  motion to (PZ and 
cp3 motions is always a good approximation. 

Finally, it appears that only the decoupling of cpz and ( ~ 3  motions is a 
bad approximation. However, in this case, we observe that the corre- 
sponding numbers are comparatively very small. Consequently, we ex- 
pect that their contributions to the values of the DMR splittings given 
by Eqs. (16) to (19) (and consequently to the ratios R~I)  is small, and 
that both models should yield practically the same values. We have 
checked this result by calculating the R,I at 146'C for both models, 
using either Table I or Table 11, and the following (standard) values of 
structural parameters: CI = cz = c3 = c4 = (172KHz),14 ue = 6-r- 
responding to C= = 112O),*' U D  = 69.8' (corresponding to CCH = 
I 10.2°),26 c p ~  = 123.7' (deduced from Eq. (l), UDM = 70.6' (the tetra- 
hedral angle), e = 7.90,14 4 = 100" (Figure 3). The results are as 
follows: 

RZI = -0.3790 R31 = 0.1876 R41 = -0.0350 with Table I and 
RZI = -0.3793 R31 = 0.1727 R41 = -0.0433 with Table I1 

It is seen that the differences between the two sets of values namely 
4.003, 0.015 and 0.0083, respectively, are very small compared with 
the differences with the experimental values (Figure 5a,b), namely 
4 . 2 . 0 . 4  and 0.1. This shows that the uncoupled model will be sufficient 
to describe satisfactorily the differences in ordering between the isolated 
chains and the chains in the liquid crystalline medium. We shall thus 
use this model in the following sections. 

5. THE BUTYL CHAIN IN THE LIQUID CRYSTAL: 
ANALYSIS IN TERMS OF' CHAIN ORDER PARAMETERS. 

The aim of this section is to use the above results and the experimental 
values of IRzII, 1R311 and IR411 to deduce information on the chain 
order parameters in the liquid crystal phases of TBBA. 
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As stated above, in the framework of the uncoupled model, these pa- 
rameters are the five temperature dependent quantities (cos 2cp1), 
(cos q2), (cos 2cpz), (cos q 3 ) ,  (cos 2cp3) which appear in the expression 
of the splittings Eqs. (16-19). The experiment yields three independent 
data only, viz the I R , I ~ .  In practice however, the number of unknown 
parameters is only four since we can f ix  (cos 2cp1) to about -0.7. The 
argument is that since for the isolated molecule, and for the solid, the 
minimum of ?(ql) is 90°, we can reasonably assume that this situation 
persists in the liquid crystal, the only effect of the medium to increase 
the height A ?(I) of this potential. For the isolated molecule A i g ’  r~ 3 
KcaVmole corresponding to (cos 2cp1) = -0.59. With s‘” - 6 KcaV 
mole the result is (cos 2 q 1 )  r~ -0.7. In fact, we have verified that the 
values of the [Rill are practically constant for (cos 2cpl) varying from 
-0.59 to -0.7. Consequently, we have fixed (cos 2cpl) to -0.7 for sim- 
plicity, and we are left with four parameters, namely (cos qz), (cos 2qz), 
(cos q 3 ) ,  (cos 2cp~) ,  to be determined with three data. For each temper- 
ature, we can thus calculate three of these parameters as a function of 
the fourth one, by solving numerically the corresponding set of non- 
linear equations. 

In fact, the situation is not so simple since the Ril are algebraical 
quantities while the experiment yields only absolute values. In the 
present case, there are a priori Z 3  = 8 possibilities for the combination 
of the three signs, so that some physics should be invoked to choose be- 
tween them. The condition we impose is that the potential ?(+$ should 
be such that the trans-position is more favored in the liquid crystal 
than for the isolated molecule, or in other words, that in average, the 
medium forces the chains to be more aligned with the long molecular 
axis. In terms of order parameters, this means that (cos q 2 )  should be 
between -0.23 (the isolated chain) and -1 (the rotation quenched at 
cpz = 180’). Although we can find solutions for several combinations 
of signs, only the combinations [-,+,+I and [-.+,-I give results 
which satisfy the above condition. Figure 7 shows the values of (cos cpz), 
(cos 2 4  and (cos 2cp~) versus (cos c p 3 )  for the two above combinations 
of signs, at 146”C, taking as experimental values of the lRi1 I those de- 
duced by drawing a smooth curve through the points in Figure (4a,b). 
An interesting feature is that for both cases, (cos c p ~ )  and (cos 2q2)  are 
practically independent of (cos c p 3 )  so that their values are practically 
determined. The results are similar for all temperatures. Without any 
further assumption or modelization, the final result of the analysis 
would be, for each temperature, two possible values for the set 
((cos cpz), (cos 2cpz)I and two associated possible relationships between 
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CHAIN ORDERING IN TBBA 297 

FIGURE 7 Possible values of (cos q z ) ,  (cos 2qpt). (cos 2 q 3 )  versus (cos ql) corre- 
sponding to the experimental values of the 1Ri1 I at 146°C. for the two possible combina- 
tions of signs of Rz1, R N ,  R41: [-,+,+I and [-.+,-I. The values for the isolated chain are 
also shown. +: (cos cpz),,: 0: (cos Zcp~) ,~;  X: (cos 2cp3),,. See section 5 for details. 

(cos q3) and (cos 2 ~ 3 ) .  Although this is certainly a valuable informa- 
tion, it is difficult to visualize their signification and remove the uncer- 
tainty. In the next section, we shall use the fact that the vi,, are known 
to repeat the analysis in terms of the intermolecular potentials Fez. 

These potentials are indeed very direct information about the liquid 
crystal medium. 

8. THE BUTYL CHAIN IN THE LIQUID CRYSTAL: 
ANALYSIS IN TERMS OF MEAN 
INTERMOLECULAR POTENTIALS. 

Combining Eqs. (16 to 19,22 and 25). it is seen that the only unknown 
quantities in the expression of the Ril are those which define Fe.r(qz) 
and ? u ( q 3 ) .  In order to work with four unknown parameters as above, 
we have assumed that we have 

(26) VLI(q*) = u2 cos q 2  + bz cos 2qz 

Fex(cp3) = U3 COS ~ p 3  + b3 COS 2 ~ 3  

and 

(27) 
i.e. that these two potentials are satisfactorily represented by the two 
first terms of their Fourier expansion. Fixing (cos 2q1) = -0.7 as in 
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298 VOLINO ef ul. 

the preceding section and choosing t#~ as given by Figure 3, the four un- 
known parameters are now U Z ,  bz, u3, b3 to be determined by the three 
experimental IRil). As above, by solving numerically a set of 3 non- 
linear equations, we can calculate three of these parameters as a func- 
tion of the fourth one. 

6.. The srnectk C and A ph#u 
We have first considered the SmC and SmA phases where I Am1 = I A n (  
so that there is no ambiguity concerning the assignment of the corre- 
sponding lines. Concerning the two possible combinations of signs of 
the Ril, after a few tentative tits, it turned rapidly out that only the 
combination [-,+,+I gives reasonable results, as will be explained 
below, so that we detail now the results of this combination of signs 
only. 

It is found that for this combination of signs, solutkns exist, where 
the amplitudes U Z ,  bz, u3, b3 are such that vU(cp2) and Vu(cp3) are maxi- 
mum at c p = O  and 180" and minimum in between at v z m i n =  

c0s-I ( - U Z / ~ Z )  and cp3,,,1,, = c0s-I (-u3/4b3). Instead of presenting the 
results in terms of the u and b parameters, we can quivalently use the_ 
more physical quantities_cpZ,,,i,,, q3,,,innm?_A F::' and A V!? where these A V 
are the full heights of V,(cp~) and Vcx(cp3) respectively. For conven- 
ience, we have represented the results as A ?!:I, A i::' and cpzmin versus 
q o ~ m i n .  These results are shown in Figures 8a,b,c, respectively. They call 
for the following comments: 

(i) solutions are found for 80" S cpSmin S 105", where the Arare  not 
too large. 

IKcdml 0 

194.5oc 
1955oc ----- I 3 - ... 
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iia 

117- 

116 

115- 

299 

1 9 4 . 5 O C  
- ..- - P -- --- 

/ f 
1 4 6 O C  195.5O C 

D 

(&c) 
FIGURE 8 Variation of Avif', AfLi'and cp2, versus cp3,corresponding to the exper- 
imental values of the IR,,I. for various temperatures. The combination of signs of the R,I 
is [-,+.+I and the assignment of the lines is such as > 111111 in the nematic phase. 
a)-AY$?; the broken lines correspond to values of AV:? larger than 20 Kcal/mole. b) 
AVLi'; the dashed curve corresponds to 195.5"C. with the assignment ~ R I I ~  <IRH(. c) 
(~2,,,,~; idem as a )  for the broken lines. See section 6 for details. 

(ii) AF!? is found to be independent of (~3,,,i,, in this range. and to 
decrease from -9 to -3.4 KcaVmole between 146°C and 194.5"C. 

(iii) AFL? is found to be strongly dependent of ~p3mi,,, with minima 
around ( ~ 3 ~ ; ~  = 90" for all temperatures. For fixed ~p3min, A @  de- 
creases with temperature in the range 146 to 194.5"C. whatever ( ~ 3 ~ ; " .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
24

 2
1 

Fe
br

ua
ry

 2
01

3 



300 VOLINO et al. 

FIGURE 9 Tempergturevariatknofthefull heightsA~!~landAY!~lofthemeaninter-  
molecular potentials Y e X ( q )  and V,(473) assuming VM,, = 90". See section 6 for details. 

(iv) ( ~ 2 m i n  is found to be practically independent of ~ 3 m i n  and equal to 
-1 16.5" within less than 0.5" between 146 and 194.5"C. 

If we reasonably assume that AFLi' should not be larger -9 Kcal/ 
mole, it is seen that in practice, the only physically possible situation is 
that corresponding to ~ t m i n  EJ 116.5", q3, i , ,  - 90°, and A l%' and AT:;' 
varying with temperature as shown in Figure 9, that we have deduced 
in detail from the calculation by fixing q j t n i n  = 90". 

If we consider now the combination of signs [-,+,-I, the situation 
is completely different, although mathematical solutions can be found: 
( ~ 2 m l n  and cp~,,,i,,should be assumed to vary significantly with temperature, 
and the minimum possible value of A?$? at 146°C is 32 Kcal/mole, a 
situation which is clearly not realistic. 

6b. The nematlc phase 
Although the problem of the signs of the Ril has been solved from the 
analysis in the smectic phases, an uncertainty remains in the nematic 
phase concerning the assignment of the DMR splittings to the second 
and third methylene groups, since now we have I Awl # I A v ~ l  (cf. Fig- 
ure 4 and 5).  The two possibilities are IAu2l (resp. IR21() larger or 
smaller than I Awl (resp. ( & I  I). We have tried the same kind of analysis 
as above for these two possibilities. We find that only the situation 
IRz1( > ( & I /  is reasonable since it predicts a decrease of A @  at the 
smectic A-nematic transition, while the reverse situation predicts an 
increase of AFL? (cf. Figure 8b). Assuming ~ R z I ~  > R ~ I  we have com- 
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CHAIN ORDERING IN TBBA 301 

pleted Figure 8a,b,c for several temperatures in the nematic phase. 
Again the results are consistent with a situation where ~ 3 m i n  = 90' and 
Vzmin slightly varying with temperature from 116.5' to 119.5' i.e. no 
more than 3'. The corresponding A Fit' and A $2' are shown in Figure 9. 
It is seen that these two quantities suffer discontinuities at the SmA- 
nematic transition and continue to decrease as the temperature increases. 

6c. Discussion 
The most remarkable result of this analysis are the features found for 
the intermolecular potentials i e x ( c p z )  and icx(cp3). These features are 
precisely those which are physically expected (i) VZmjn  and ( ~ 3 m i n  are in- 
dependent of temperature. This reflects the fact that at the molecular 
level, the geometry uf the molecular surrounding is practically the 
same in all phases (e.g. the molecules are constrained to confine in a 
"cylinder" and (ii) the heights A ii? and A i::' decrease with tempera- 
ture. This reflects a reduction of the constraints, or in other words, an 
increase of the free volume per molecule. 

In Figure 10a,b, we have shown the shapes of iex(Cpz) and F3((pj) 
and in Figure 1 la,b the shapes of the total potential V(cpz) and V(cp3), 

{ 0 

-2 

230 " C ---- 

( a )  

I 1 P 
0 60 120 f l [ " I  180 

FIGURE 10 Shape of the mean intermolecular potentials foLthe two extreme temper- 
atures 146°C and 230°C assuming Cplmin = 90". a) Y , ( ~ p 2 ) ;  b) vex(Cp1). 
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302 VOLINO el a/. 

FIGURE 1 1  Shape of the mean total Lotentials-for the twgextreme te_mperaturgs, 146 
and_230°C, assuming ( p ~ ~  = 90". a) Y((p2) = Yd(p2) + v,x((p2);  b) v(cp3) = vim((p2) 

+ V*x(cP3) .  

for 146 and 230OC. Concerning the Fez, it is seen that they are minimum 
for values of the angles which are completely different from those in 
the isolated molecules (cf. Figure 6b,c). In particular F e . 4 ~ 2 )  is min- 
imum at q 2 m h  - 115-120°, i.e. practically where Ei(cpz) is max ipm,  
between the trans and gauche positions. For the total potential V(~Z), 
the effect of this is to smear out significantly the barrier between these 
two positions as can be observed on Figure 1 la, this effect being more 
important at low temperature. This means that the rotation around the 
CI C2 bond between -60 and 270° is easier in the liquid crystal than for 
the isolated molecule. Only the jump through cpz = 0 is more difficult. 
This is expected since cp2 = 0 corresponds to a chain making a large 
angle with respect to the long molecular axis. 

Concerning Fm(cp3). its shape is significantly different. The minimum 
is now at 90°, i.e. that the shape is practically a pure cos 2qj. This 
means the liquid crystal medium tends to orient the CzC3Cr plane per- 
pendicular to the CICZC~ plane. 

Figure 12a,b sketches the most probable conformations of the butyl 
chains imposed by the pi,, (the all-trans) and the V,, potentials, respec- 
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CHAIN ORDERING IN TBBA 303 

(a1 fbl  
FIGURE 12 Sketch of the view, along the para-axis of the ring, of the most probable 
conformations of the butyl chains a)  imposed by the intramolecular potentials: the all- 
trans conformation b) imposed by the intermolecular potentials. The most probable con- 
formation in the liquid crystal is intermediate between a)  and b) and changes with 
temperature. 

tively. It is seen that conformation b is roughly speaking more confined 
in a cylinder containing the ring, as expected. The most probable con- 
formation of the real chain is intermediate, between a and b, and de- 
termined by the relative amplitude of Fin and vex. It is seen that the po- 
sitions of the corresponding minima change slightly with temperature, 
as it is also the case for the aromatic core of TBBA." 

It is interesting to discuss the heights found for these various poten- 
tials in more detail. First the Fin correspond to about 4 Kcal/mole 
while the vex change from 8-9 to 1.5-3 KcaVmole, according to the 
phase and the temperature. Being of the same order of magnitude, the 
details of the chain dynamics depend strongly of the precise physical 
situation, namely which phase and which temperature. The fact that 
the smectic A-nematic transition occurs when the vex becomes practi- 
cally equal to the corresponding ?in is noticeable, but it is not clear for 
us if this result is fortuitous or contains some physical implkations. 
Other details are of interest. Concerning the total potential V(cp2), it 
seems that we can still define a (stable) trans position ( 4 4  = 180") and a 
gauche position situated between 90" and 70" according to the temper- 
ature. In Figure 13 we have plotted the barrier A!:' which separates 
these two positions. As stated above, it is seen that, at least in the smec- 
tic phases, this barrier is smaller than the corresponding one for the iso- 
lated molecule: AC'in, showing that the rotation around CtC2 is more 
free between these two positions, as the medium becomes more dense. 
This apparently strange situation is easy to understand in terms of the 
above analysis. Concerning ~( (os ) ,  the most stable position is always 
the gauche position whatever the temperature. This is illustrated in 
Figure 13 where we have represented the energy difference A!:' between 
the corresponding gauche and trans positions. 
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3 
9 

FIGURE 13 Temperature variation of the barrier heights A,, between the trans and 
gauche positions for the second and third bonds CI Cz and C2C3. a) A!:) for CI C2 as de- 
fined in Figure 1 la  for 230OC. b) A!;' for C2C3 as defined in Figure 1 I b for 230OC. The 
corresponding heights and A\;& as defined in Figures 6b and 6c are also indicated. 

7. SUMMARY AND CONCLUDING REMARKS 

In  summary, we have presented in this paper a simple model to explain 
quantitatively both the values and the temperature dependence of the 
DMR splittings associated with the butyl chains of TBBA, in the smec- 
tic C, smectic A and nematic phases, in terms of the intermolecular 
contribution to the potentials which hinder the rotations around the 
various C-C single bonds. We have determined both the shapes and 
the strengths of these potentials, which are well consistent with what is 
physically expected: the local geometry is practically the same in all 
phases and the free volume increases with temperature, with a discon- 
tinuity at the smectic A-nematic transition.*' Due to the (necessary) 
approximations which have been made (decoupling hypothesis, repre- 
sentation of the pex by only two terms of their Fourier expansion, choice 
of ~p3,in = 90°, experimental uncertainties), the various curves giving 
the shapes of the qex and of the ?, the values of the various barrier 
heights should be considered as semi-quantitative results only. How- 
ever we are confident that they reflect satisfactorily the physical 
situation. 

It should be said here that this work concerning the chains of TBBA 
is a natural continuation of the works presented in Refs. [15] and [14], 
where we were interested first in a description of the behavior of the 
molecule as a whole (external motions),'' and then to the behavior of 
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the aromatic core (internal  motion^).'^ We emphasize here that we 
have chosen to describe the external motions in terms of the singIe 
order parameter S,,, as a consequence of the analysis made in Ref. [15] 
of the 14N NQR data published by the Llubjana group,28 which con- 
vinced us that the second order parameter S,, - Syoyo, if not strictly 
zero, is too sma11 to explain the observed temperature dependence of 
the DMR splittings in TBBA.7*t4 

It is also interesting to comment on the approach of other authors to 
similar data where the description of the chain ordering is based on the 
rotameric state model of F l ~ r y . ~ . ' ~  This model, which corresponds to 
rotational jumps between cp = 180" and f60" around the C-C bonds 
in the isolated chain is modified by only changing the probabilities of 
occurrence of the various rotameric states, to take into account the in- 
fluence of the medium. In terms of our mean potentials v, this means 
that the ci are modified in such a way that only the energy difference 
between the trans and gauche states changes. Since the shapes we found 
for the are very different from those of the i h  (compare Figures 6 
and l l ) ,  it is not surprising that this model cannot account quantita- 
tively for the experimental data. 
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