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In this work we present the first s tudy of molecular dynamics in the Sc and 4>h mesophases of a 
liquid crystal of b i forked molecules. This study was pe r fo rmed by means of p r o t o n N M R relaxat ion 
measurement s ob ta ined at different tempera tures in the studied phases, combin ing s tandard and fast 
field-cycling techniques in order to cover a large domain of L a r m o r frequencies (100 H z - 3 0 0 MHz) . 
The exper imental results were analysed considering the potent ia l con t r ibu t ions of different relax-
a t ion mechanisms, namely local molecular ro ta t ional reorientat ions, self-diffusion and collective 
movements . The descript ion of the cont r ibut ions of the ro ta t ional reor ienta t ions and self-diffusion 
mechan isms are not quite different in the two studied phases. The main dist inction in the molecular 
dynamics is f o u n d in the low L a r m o r frequency range domina ted by the collective movements . 
While in the S c phase this cont r ibut ion can be described by the law character is t ic of smectic layer 
undula t ions , the cont r ibut ion of the collective movements in the </>h phase can be assigned to elastic 
d e f o r m a t i o n of the columns. 
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Introduction 

In recent years it was noticed that molecules differ-
ing in shape from the usual rod-like or disc-like one 
give rise to new kinds of liquid crystals [1-3]. The 
recently discovered biforked mesogens [2, 4 -5 ] belong 
to this category, the same compound exhibiting both 
columnar and lamellar mesophases. The compound 1 
studied in this work, ^ 

OC1 2H2 5 

C 1 2H 2 5O 

with the phase transitions 

K > Sc < > < > / , 
113 °C L 149°C N 156 °C 

is an example of such behaviour [5]. The 0h phase, 
originally discovered in the phasmidic mesogens, is a 
special hexagonal columnar mesophase where the 
columnar cross-section is composed of clusters of 
molecules (3 in the case of phasmidic mesogens or 
»4 .5 in the case of biforked mesogens [1]). In [6] a 

Repr in t requests to Car los Cruz . 

description of the molecular packing in the </>h phase 
of 1 is given, based on a model previously proposed 
for a hexacatenar compound [3]: n elongated molecu-
lar hard moieties compose the core of a columnar 
plate, which is surrounded by an aliphatic crown, n 
being calculated from the ratio of the columnar plate's 
volume, obtained by X-ray scattering, and of the 
molecular volume, determined by dilatometry. Ac-
cording to this model, the low enthalpy- and molecu-
lar volume-changes in the transition between the 
smectic C (Sc) and the </>h phases indicate that the 
structure of the </>h phase at local level is not very 
different from the one of the Sc phase. 

Th i s similarity is favoured by the high tilt angles 
(% 60° for the molecular hard core) observed in the Sc 

phase of this kind of compounds: the hexagonal co-
lumnar structure of the 0h phase results from the seg-
regation of the smectic layers into columns as a con-
sequence of the increasing disorganisation of the 
aliphatic chains caused by the increase of the temper-
ature. In this process, the relative position of the 
molecular cores inside each column remains similar to 
the one initially existing in the Sc phase [6]. 

In order to better understand the relationship be-
tween the molecular structure of such systems and the 
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corresponding molecular dynamics we present in this 
paper a comparative N M R study of the Sc and </>h 

phases exhibited by the compound 1. Th i s study was 
carried out by means of proton spin-lattice relaxation 

) measurements in a very broad domain of Larmor 
frequencies (100 Hz -300 MHz), combining standard 
and fast field-cycling N M R techniques. Angular de-
pendent proton N M R spectra at the Larmor fre-
quency of 60 MHz were also obtained, as well as an-
gular dependent Ty data. The T j relaxation dispersion 
results, obtained for several temperatures covering the 
isotropic, </>h and Sc phases, were then interpreted 
considering the potential contributions of the different 
types of molecular motions expected in the referred 
mesophases - namely local molecular rotational reori-
entations, self-diffusion and collective movements. 

Th is system allows for the comparison between the 
dynamic behaviour of quite different liquid crystalline 
arrangements - lamellar and columnar - of the same 
molecules. The most direct evidence of our study is the 
clear distinction between the Tx dispersion in the low 
frequency range, which is explained by the type of 
collective motions arising from the different global 
nature of the two mesophases - lamellar (Sc) and 
columnar (</>h). The particular molecular structure of 
this kind of compounds - a rod-like body with two 
flexible molecular chains in each extremity - required 
the introduction of a new relaxation model for the 
rotational reorientations, which takes into account 
the relative reorientations of the chains with respect to 
the molecular core. 

1. Experimental Techniques and Results 

The data for Larmor frequencies (co/2 n) between 
100 Hz and 1 M H z were obtained using a fast field-cy-
cling spectrometer [7] with a polarisation and detec-
tion field of 0.215 T and a switching time of 2 - 3 ms. 
The high frequency Tx data (above 4 MHz) were ob-
tained in two conventional pulsed N M R spectrome-
ters ( B R U K E R S X P 4-100 and B R U K E R M S L 300) 
using the inversion recovery sequence with phase cy-
cling ((n)x-{n/2)x _ J for suppression of the DC bias. 

The samples consisted of a few hundred milligrams 
of liquid crystalline material sealed under moderate 
vacuum (< 10" 4 Torr) in N M R glass tubes. The data 
were recorded after the sample had been heated to the 
isotropic phase and then slowly cooled ( < 1 C/min) in 
the presence of the magnetic field. The temperature 
was controlled within +0.5°C. 
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The dispersion curves in the isotropic, </>h and Sc 

phases are presented in Figures 1 and 2. No angular 
variation was found in the T, measurements or in the 
proton spectra obtained at the Larmor frequency of 
60 MHz for the two mesophases. Th i s fact, together 
with the symmetry properties of the </>h phase, allows 
us to conclude that the sample was not oriented by the 
magnetic field, which means that it has the character-
istics of a crystalline powder. The simple qualitative 
comparison between the data in the three phases 
leads to the following conclusions: 

a) The Tx dispersion behaviour in the high frequency 
range (v> 10-20 MHz) is similar in the isotropic, Sc 

and (f)h phases. 
b) At low frequencies (v< 10-20 kHz) the Tx disper-
sion depends strongly on the phase. The most obvious 
feature is the absence of Tx dispersion in this frequency 
range for the isotropic phase. Therefore, the Tx disper-
sion in this frequency region for the 0h and Sc phases 
must be attributed to a mechanism which is not ex-
pected to exist in the isotropic phase, which is the case 
for the collective movements. Most likely the differ-
ence between the Tx dispersion behaviour in the </>h 

and Sc phases for this frequency range indicates a 
distinction between the collective movements in these 
two phases. Actually, this is expected since the liquid 
crystalline arrangements (columnar and lamellar) are 
considerably different in the two mesophases. 
c) At intermediate frequencies (20 k H z < v< 10 MHz) 
the Tx dispersion in the Sc phase is different from the 
one observed in the isotropic and </>h phases but this 
difference is not so remarkable as at low frequencies. 

In order to compare theory and experiment, we 
fitted the T{~1 dispersion data, for different tempera-
tures, with the theoretical expressions which represent 
the sum of the contributions of the different move-
ments to the relaxation rate, according to equation (1) 
and the special models given in Section 2.2. 

Consistency of the fits for different temperatures in 
the same phase was obtained using Arrhenius type 
dependencies for the involved correlation times. The 
respective activation energies were determined by the 
fitting process. 

2. Theory 

2.1. Potential Contributions to the Relaxation Rate 

Three relaxation mechanisms were considered as 
potential contributions to the relaxation rate in the 
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analysed mesophases, namely collective movements 
(CM), self-diffusion (SD) and local molecular rota-
tional reorientations (ROT). The overall relaxation 
rate is given by 

T{ 1 = {TC \ O J + (T~ %D + (T- \ M , (1) 

neglecting cross terms between the different mecha-
nisms as usually assumed in liquid crystalline phases 
[8]. 

Each contribution to the overall relaxation rate is 
given in terms of the spectral densities, J{k){co), for 
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relaxation by dipolar coupling, by [9] 

T f ' - l ^ J 74 h2 [J{l) M + J ( 2 ) (2 co)], (2) 

where y is the gyromagnetic ratio of the proton. 
When the sample is not aligned, the spectral densi-

ties for the powder sample can be obtained from those 
for the aligned monodomain using 

[•/ ( k )M]po.ycrysta.= £ ( \ ) A n W Sin ( J ) d j ) 
„ = 0 0 / 

• JIN)(CO, A = 0 ) ( 3 ) 

with [10] 

f = 1 
J kn q 

where A is the angle between the director of a local 
domain and the external Zeeman field. Substituting 
the results of the integrals (3) in (2) we get for the 
relaxation rate 

• [ J w ( O J ) + J { K ) ( 2 co)] ( 5 ) 

with 
1 2 1 

Pn= — Pi = — , PJ = — and f o J O ' 5 10 

JIK) (co) = J{K) (co, zl = 0). 

2.2. Models Proposed to Describe 
the Relaxation Mechanisms 

2.2.1. Smectic C Phase 

In the Sc phase three mechanisms were proposed as 
effective contributions to the relaxation rate, namely 
a) collective movements, b) self-diffusion and c) local 
molecular rotational reorientations: 

a) Layer undulations were considered as the contribu-
tion of collective motions to the relaxation rate in the 
Sc phase. Th is type of mechanism predicts a law for 
the relaxation rate proportional to co-1 [11] with low 
(coLC) and high (coHC) cut-off frequencies which express 
respectively the existence of a maximum and a mini-
mum wavelength for the collective fluctuation modes. 

The respective spectral densities can be written as 

[J(k) (co)]CM = — ök l (6) 
co 

2 ( G > h c \ 2 ( w L C \ • - arctan arctan , 
_n \ co / 7i \ co /_ 

where A is a constant related to the viscoelastic prop-
erties of the material [11] and <5kl is the Kronecker 
symbol. 
b) To describe the self-diffusion's contribution we used 
the theory of Vilfan and Zumer for anisotropic diffu-

(4) 

sion in the smectic A phase, adapted to the smectic C 
phase, which gives the following expression for the 
spectral densities [12], 

where n is the spin density, z ± the mean time between 
two successive intra-layer jumps, <r2 x) the mean 
square width of intra-layer jumps, and d are the 
length and the diameter of the molecules, respectively, 
D || and D x are the inter and intra-layer diffusion coef-
ficients, respectively, and cp is the tilt angle of the 
smectic C phase. The Eq. (7) is approximately ob-
tained when rotating the spectral densities presented 
in [12] by the tilt angle <p [10,13]. 

c) The contribution of the molecular rotational reori-
entations to the relaxation rate was described by a 
generalisation of the Woessner model [14, 15], where 
the reorientation of the aliphatic chains relative to the 
molecular core is taken into account together with the 
global rotational reorientations of the whole mole-
cule. 

Two reasons initiated the introduction of a new 
model in order to explain the contribution of rota-
tions to the spin-lattice relaxation rate: 

a) The fact that the molecule of the compound stud-
ied in this work has four chains and not 1 or 2 as 
in calamitic liquid crystals. 

"8 — 24 • s in2J + 18- sin4zl 144(sin2zl-s in4zl 9-s in4z l 
2 • (sin2zl — sin4zl) 8 - 2 0 • sin2zl + 16 • sin4zl 2 • s in 2 z l - s in 4 z l 

2 • sin4zl 16(2• sin2zl — sin4zl 8 - 8 • sin2zl +s in4z l 
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b) The total number of protons in the chains is ap-
proximately 4 times greater (100:26) than the num-
ber of protons in the molecular core, which means 
that the specific contribution of the chain's protons 
to the relaxation may considerably contribute to 
the overall relaxation rate. 

Assuming that the chains may rotate or reorientate 
relative to the core, a description of the rotational 
reorientations based on models [16, 17], which con-
sider molecules as ellipsoid-like objects, would be a 
too drastic approximation in this case. 

Neglecting the contribution to the relaxation from 
proton pairs with elements belonging to different 

where N0 is the number of protons in one molecule, r 
is the proton-proton distance and afJ- is the angle be-
tween the proton-proton axis and the long molecular 
axis. For the evaluation of the A{ factors we took the 
summation only over the protons of the core, consid-
ering the molecule in the all-trans configuration. Ac-
cording to [19], ([dftiß)]2) may be written in terms of 
ensemble avarages of the second and fourth rank Leg-
endre polynomials S and <P4> of the angle ß between 
the director and the long molecular axis, namely 

S = i < 3 c o s 2 ß - l > , 

<p4>=I<35cos2ß-30cos2/? + 3>, (12) 

as 

< K 2 * W > = 35 

7+10S+18<P 4 > 
7 + 5S -12<P 4 > 
7 - 1 0 S + 3<P4> 

7 + 5S -12<P 4 > 
|(14 + 55+16<P4>) 

7 - 5 S + 2<P4> 

7 - 1 0 5 + 3<P4> 
7 - 5 5 - 2 < P 4 > 

|(14 + 20S + <P4»_ 
(13) 

parts of the molecule (core-chain or different chains), 
we obtain 

[ ^ V ) ] r o t = % M ^ M ] R O T 
No 

+ z 
chains 

AL 
(8) 

where [J™c(co)]ROT and [ i ' ^ M ] R O T are the rota-
tional reorientations spectral densities for the core 
and for the chains, NCOIC is the number of protons of 
the core and Nchain is the number of protons in one 
chain. 

For the contribution of the core we follow the pro-
cedure of Woessner [14, 15] and [17, 18] which gives 

[ ^ o ' r e M W ^ Q I 
3 f = —2 1 + a r T/ 

(9) 

where C0 = 6, C±t = 1, C±2 =4, d{/k
](ß) is the second 

rank reduced Wigner rotation matrix, and the T/S are 

1 5 1 
+ 

1 1 

6 T S 6 T L ' T±2 3 TS 3 T l 

(10) 

t s and rL are the correlation times for rotations around 
the short and long molecular core axis, respectively. 
The factors Af are given by 

1 N ° 1 
2(3cos 2 a 0 - l ) 2 ; / = 0 

3sin (2ay); 
3sin4a ; ;: 

/ = ±1 

t = + 2 

(11) 

To calculate the relaxation due to the rotations of the 
chains we generalised this model in order to describe 
the global movement of the chains as a combination 
of the rotation of the chain in a frame attached to the 
core of the molecule and the rotation of the molecule 
in the director's frame as shown in Figure 3. The spec-
tral density for the rotation of the chains can thus be 
written as 

J N chain + 00 

^ ( c h ) a i „ M ] R O T = — Z J (14) Nr chain 1<J <*> 

<[Jff>*( 0) • ^ f ( r ) ] L A B > • eiat d t 
with 

L A B = Z Z D*k,(«M,ßM,yJ (15) 
(= —2 m=-2 

' D*m(ac» ßc> 7c) CHAIN » 

where Dk, are the second rank Wigner rotation ma-
trices, aM, ßM, yM and ac, ßc, yc are the Euler angles 
which define the position of the molecular axis in the 
director's frame and the position of the chain axis in 
the molecular frame (see Fig. 3), respectively, and 
are the spherical harmonics of the dipolar hamilto-
nian. The generalisation of the procedure used to ob-
tain (9) gives 

REAI„M]ROT=^Q Z A„ 5 /,m=-2 
(16) 

MVißJfXWß (ßc)?> 1 + CÜ2 T;„ 



Fig. 3. Euler angles which define the position of the molecu-
lar core in the director's frame (aM, ß M , yM) and the position 
of one chain in the molecular frame (a c , ßc, yc) as considered 
in ROT model for rotational reorientations. 

with 

M + C I/™ t/ t™ 
(16a) 

z™ may be expressed by (10) in terms of the correlation 
times r s and t l for the rotations of the molecular core. 

will be defined by extension of (10) in terms of the 
transversal (r^) and longitudinal (t£) correlation times 
for the rotation of the chains in the frame attached to 
the molecular core as 

1 5 1 
+ 

1 

6 Ts 6 t r rC 
±2 

The factors Am are calculated as in (11) but consider-
ing only the protons of the chain. Equation (13), which 
is valid for <[d[f(ßM)]2}, also applies to ([d%(ßc)]2) 
substituting S and by the ensemble averages of 
the second and fourth rank Legendre polynomials of 
the angle ßc between the molecular long axis and the 
long axis of the chain, namely 

Sc = i < 3 c o s 2 £ c - l > -C - 2 r C > 

<P4>C = I <35 cos4 ßc - 30 cos2 ßc + 3>. (18) 

2.2.2. </>h Phase 

As we will see later, the peculiar structural charac-
teristics of the (f)h phase put some problems concern-
ing the interpretation of the relaxation results related 

with this phase. In general terms we verify, as in the Sc 

phase, that the overall frequency dependence of the 
relaxation rate in this phase indicates the presence of 
three main relaxation mechanisms. 

In the low frequency range, below 3 kHz, where the 
contribution of collective modes to the relaxation rate 
is dominant, the relaxation rate is substantially differ-
ent from the one observed in the Sc phase. Th i s fact is 
not unexpected since the structural characteristics of 
the 4>h phase (columnar) - and thus also the expression 
of the respective collective movements - are different 
from those of the Sc phase (lamellar). Therefore dom-
inant collective movements in this phase were consid-
ered to be elastic deformations of the columns. The 
contribution of this mechanism to the relaxation rate 
is described by a model introduced by Zumer and 
Vilfan for columnar phases of discotic liquid crystals 
[20]. 

In this model, bending and compression of the 
columns are taken into account. Following the proce-
dure described in [20] and [21], the spectral density for 
collective movements may be written as 

[J(k)(co)]CM = ökl - } Ju 
CO Un 

(R 
arctan — 

\u 
Ry COHC 

>HC , V) h u 
CO 

HC 

CO 
— arctan 

CO 
+ u 

U CO 
JHC 
CO 

du (19) 
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with 

R = Bq\hc 

^3<?HHC 

Q II H C 

R,= Bq\lc 

^ ^ H C 

1 where C is a constant related to the viscoelastic 
parameters of the material, X 3 and B are elastic con-
stants, respectively, for bending and compression of 
the columns and r] is the corresponding effective vis-
cosity |̂|hc a n d <7xhc a r e t h e components of the largest 
wave-vector of the deformations, respectively parallel 
and perpendicular to the columns q ||LC and q1LC are 
the corresponding values for the smallest wave-vector 
of the columns' deformations. We verified numerically 
that the existence of a minimum value for the compo-
nents of the wave-vector associated with the columns' 
elastic fluctuations is negligible for any physically ac-
ceptable values of the involved parameters. Under this 
condition, also assumed in [20] and [21], Eq. (19) sim-
plifies to 

[J(k)(co)]CM = ö k l - \ ^u 
CO 0 

(R CD, 
I — -

\U CD 
arctan I — -I- u ^ h c \ t «HC - — — arctan u — 

CD J \ CD 

(20) 

du 

The asymptotic limit of this function is independent of 
the frequency for low frequencies and is proportional 
to 1/co2 for high frequencies. 

In the high frequency region, above 10 MHz , where 
local molecular rotational reorientations are the dom-
inant mechanism, the frequency dependence of the 
relaxation rate is quite similar to the one observed in 
the Sc phase, indicating that the model used to de-
scribe this mechanism in the Sc phase is also appropri-
ate for the cj)h phase. 

Due to the peculiar liquid crystalline arrangement 
of the 4>h phase, none of the available models in the 
literature is strictly applicable to the description of the 
relaxation produced by self-diffusion in this phase. 
Although the cf>h phase exhibits a columnar structure, 
the model of 2umer and Vilfan for diffusion in discotic 
columnar mesophases [20] is actually not adequate 
because the cross-section of the columns in the cph 

phases is composed of several molecules which may 
diffuse individually. There is no physical reason for 
these molecules to diffuse together as groups equiva-
lent to the discs present in the discotic columnar 
phases. Moreover it does not seem very realistic to 

consider for the biforked molecules the azimuthal 
symmetry that is assumed for the discotic molecules in 
the Zumer and Vilfan model for discotic columnar 
phases. Therefore, based on the similarity between the 
Sc and 0 h phases at the local level, which is compatible 
with the structure described in [6], we considered the 
Vilfan and Zumer theory for the diffusion [12] used for 
the Sc phase as a possible approximation for the relax-
ation produced by self-diffusion in this phase. 

3. Analysis of the Experimental Results 

The relaxation models described in Sect. 2 were 
used to fit the experimental results by a computer 
assisted non-linear least-squares method. 

3.1. Sc Phase 

The best fit obtained for the Sc phase at T = 129 °C 
is presented in Figure 4. The values of the parameters 
for the different models appear in Table 1. 

The rotational reorientations process was verified 
to be the dominant mechanism at high frequencies in 
the Sc phase. We used (8)—(18) in order to account for 
the contribution of these movements. For the order 
parameters S, Sc, P4 and Pf we assumed approximate 
values based on the characteristics of the phase and of 
the mesogens. For the nematic order parameter we 
considered a typical average value for smectic phases 
with liquid-like layers S^O. l [22, 23]. For the order 
parameter Sc associated with the order of the chains 
we assumed an approximate value Sc%0.3 based on 
molecular order studies for discotic liquid crystals 
[24]. The approximate values of (P 4 } and ( P f } were 

Table 1. Mode l pa ramete r s obta ined f rom the fits in the Sc 

phase. 

T/°C 119 129 139 

C M Mode l A / 1 0 5 3 m ~ 6 3.8 3.4 3.2 
(CDlc/2U)/103 Hz 1.2 1.2 1.2 
(o;H C /27r)/106Hz 380 380 380 

S D Mode l d/10~ 10 m 5.0 5.0 5.0 
T j_/l 0 _ ^ S 6.9 5.0 3.7 

£ - 4 2 kJ m o l " 1 DJ\0~12 m 2 s _ 1 9.1 12.5 17.1 

R O T Mode l t s / 1 0 ~ 9 s 2.8 2.4 2.1 
(8)-(18) 6 6 6 

T s / 1 0 " 1 1 S 6.0 5.0 4.3 
£ = 16kJ • m o l " 1 6 6 6 
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Fig. 4. Best fit of T, data as 
a funct ion of proton Larmor 
frequency (oj/2tc) at 1 2 9 ° C 
(S c phase) using (6) for the 
contr ibut ion of collective 
movements , (7) for the con-
tribution of self-diffusion and 
the R O T contribution ac-
cording to (8)—(18) with the 
opt imized model parameters 
given in Table 1 and assump-
tions given by (21). 

105 106 

(a / 2n)i Hz 

obtained from S and Sc using the expression 
• S2/l [25], Nevertheless it was subsequently 

verified that the fits are not very sensitive to these 
order parameters. 

The correlation times ig and obtained by (16) 
and (17) for the reorientations of chains are compati-
ble to others reported in the literature for chain move-
ments [26, 27]. 

The values of T S / T l and T£/T£ obtained with this 
model are in good agreement with those expected 
considering the anisotropy of the molecular core and 
of the chains in the all-trans configuration [28]. The 
obtained temperature dependence of the correlation 
times is compatible with the assumption that this is a 
thermally activated process with an activation energy 
£ = 16 kJ mol - 1 . 

Self-diffusion was verified to be the dominant relax-
ation mechanism at intermediate frequencies (0.1 MHz 
< v< 10 MHz) in the Sc phase. The value considered 
for the spin density was n = 5.1 x 1028 spins m~3. In 
(7) we used the following fixed parameters [6, 12, 29]: 

Our calculations are independent of the tilt angle of 
the phase, <p, because this parameter is averaged out in 
the case of a powder sample as we can easily verify 

applying (3), (4) and (7) with A = (p. The values of r ± 

obtained from the fits for the three measured temper-
atures in the Sc phase are of the order of 10"9 s and 
are compatible with a thermally activated process 
with an activation energy of 42 kJ mol - 1 . The values 
of t x and D _ obtained for the Sc phase and the respec-
tive activation energy, presented in Table 1, are similar 
to values for the same phase reported in [29-30]. The 
value of d (that may be assigned to the spacing corre-
sponding to the lateral intermolecular interaction be-
tween the molecular hard cores) is in good agreement 
with the structural results presented in [6]. In fact, the 
d value obtained from the fits to the relaxation results 
(5 Ä) is only slightly higher than the values obtained 
by X-ray diffraction. Th is small difference may be ex-
plained by the fact that X-ray studies, as pointed out 
in [6], underestimate the molecular diameter because 
of the neglected contribution of the alkyl chains. 

The fits confirmed that collective fluctuation modes 
are the dominant relaxation mechanism at low fre-
quencies (v< 10 kHz) in the Sc phase. The a>~1 depen-
dence resulting from the layer undulation mechanism 
is in good agreement with our data in this phase. 
Similar values for the observed low and high cut-off 
frequencies can be found in the literature for disor-
dered layer smectic phases in other liquid crystalline 
materials [30]. 
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The best fits obtained for the (ph phase, for 
T = 153°C, are presented in Figs. 5 A and 5B. The 
values of the parameters for the different models ap-
pear in Table 2. 

107 10® 109 

Figs. 5 A and 5 B. Best fits of 
T, da ta as a funct ion of pro-
ton Larmor frequency (o)/2n) 
at 153°C (4>h phase) using 
(20) for the contr ibut ion of 
collective movements in co-
lumnar phases, (7) for the 
contr ibut ion of self-diffusion 
(respectively with D,JDX = 1 
and D | | / D 1 = 0) and R O T 
contr ibut ion according to 
(8)—(18) with the optimized 
model parameters given in 
Table 2. 

1 0 7 1 0 8 1 0 9 

As in the Sc phase, the rotational reorientations 
process was verified to be the dominant mechanism at 
high frequencies in the (f)h phase. Equations (8)-(18), 
considered for the description of this process in the Sc 

phase, lead to the same conclusions for both the Sc 

and (f)h phases. Considering again the similarity at 
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Table 2. Model parameters obtained f rom the fits in the </>h 

phase. 

T/°C 153 

C M Model C /10 5 1 m - 6 2.7 2.7 
(19)-(20) R/10"7 1.0 1.0 

coHC/27r)/106 HZ 2.0 2.0 

S D Model d/10"10 5.7 5.7 
T x / 1 0 ~ 9 S 12.4 10.9 
Dn/Dx 1 0 
D±/\0~12 m 2 s~ 1 6.6 7.5 

R O T Model t s / 1 0 " 9 s 1.8 1.8 
(8)-(18) 6 6 

r f / 1 0 " 1 1 s 4.4 4.4 
6 6 

local level between the Sc and </>h phase we assumed 
for (9) and (16) the same order parameters (5, Sc, 
and <P4C>) as for the Sc phase. As in the Sc phase we 
verified that the assumption of these values was not 
critical for the results obtained from the fits. 

In the (f)h phase, as in the Sc phase, self-diffusion was 
verified to be the dominant relaxation mechanism at 
intermediate frequencies (0.1 M H z < v< 10 MHz). We 
used, as an approximation to account for the contri-
bution of the self-diffusion process, the Vilfan and 
Zumer model for relaxation due to self-diffusion in 
smectic phases with liquid-like layers [12]. Due to the 
structural differences between the Sc and </>h phases we 
considered for the parameter D /D± (ratio between 
the diffusion coefficients for inter- and intra-layer 
movements) the limiting values of 1 (as assumed in the 
Sc phase) and zero. The latter is associated with the 
possibility of strong constraints in "inter-layer" move-
ments due to the limitations of diffusion between 
columns in comparison with: i) diffusion along the 
columns; ii) diffusion inside the clusters which consti-
tute the cross-section of the columns. 

The values considered in this phase for the spin 
density and for the parameter <r2>/d2 (see (21)) were 
the same as used for the Sc phase. For the parameter 
{/d we used alternatively the values 11 (as in the Sc 

phase) and 13. This variation of t/d could be due to 
the possible greater closeness (and consequent elonga-
tion) of the molecules inside the clusters compared to 
the situation verified in the Sc phase. Nevertheless we 
verified that the changing of this parameter from 11 to 
13 does not affect considerably the values of the diffu-
sion constants obtained from the fits. 

The best fits using the Vilfan and Zumer model of 
self-diffusion [12] are obtained for values of the mean 
time between intra-layer jumps, t x , of the order of 
1 0 _ 8 s and diffusion coefficients of the order of 
10"1 2 m2 s - 1 . As we can see in Figs. 5 A and 5B, the 
fit with D||/Dx = 1 is better than the one obtained for 
D /D = 0. As in the Sc phase, the value of d obtained 
from the fits (that we assign to the mean transverse 
distance between the hard cores) is in good agreement 
with the value calculated from the X-ray diffraction 
data (5.4 Ä as determined in [6]). Once again, the value 
obtained by the relaxation results (5.7 Ä) is only 
slightly higher than the one determined from the X-
ray scattering measurements. 

The achievement of good fits to the experimental 
relaxation results, in the </>h phase, with the same diffu-
sion model used for the lamellar phase (with similar 
values of the diffusion coefficients and geometric 
parameters compatible with the X-ray diffraction re-
sults - see Tables 1 and 2) is an indication of the 
structural similarity of both phases at local level, as 
proposed by the packing model detailed in [6]. 

The fits confirmed, as in the Sc phase, that collective 
fluctuation modes are the dominant relaxation mech-
anism at low frequencies (v < 10 kHz) in the </>h phase. 
The assumption that collective modes in this phase 
are essentially different from those observed in the Sc 

phase is supported by the fact that the model of Zumer 
and Vilfan for collective movements in columnar 
phases [20] fits very well our data for the 0h phase. 
Nevertheless, as much as it is known by the authors, 
there are no results available in the literature for sim-
ilar phases in order to allow a comparative conclusion 
regarding the model parameters obtained from the fit. 

The difference between the relaxation results in this 
phase relative to those of the Sc phase was confirmed 
by a test fit of the l/co law, (6), associated with possible 
"layer" undulations which had a very conclusive re-
sult. From that fit we obtain physically unacceptable 
results, in particular to the maximum and minimum 
cut-off frequencies. The values obtained for these 
parameters have the same order of magnitude 
(^ 1 kHz). Th is would mean that the maximum and 
minimum wavelength associated with the collective 
modes would be practically identical, which is not 
physically reasonable. Th i s conclusion allows us to 
exclude the "layer" undulation mechanism in the de-
scription of the relaxation in the </>h phase. 
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4. Conclusions 

In the analysis of the relaxation measurements we 
considered molecular rotational reorientations, self-
diffusion and collective movements as potential con-
tributions to the overall relaxation rate in the Sc and 
4>h mesophases. 

The contribution from local molecular rotational 
reorientations dominates the relaxation rate at high 
frequencies for the Sc and (ph mesophases. A similar 
description of this mechanism in these two phases is 
compatible with our data. The fits with the rotational 
model described by (9) and (16), which takes into ac-
count the rotation of the chains relative to the molec-
ular core, give correlation times of the order of 10" 9 s 
(T s) and 1 0 ~ L O S ( T l ) for the global rotation, and of 
1 0 " 1 1 s (Tsc) and 10" 1 2 s (T£) for the rotation of the 
chains. The values of the t's for the rotation of the 
chains relative to the core are similar to values of 
correlation times for chains1 movements presented in 
[26,27], 

Self-diffusion is the dominant mechanism of relax-
ation at intermediate frequencies in the two studied 
mesophases. The relaxation due to self-diffusion in the 
Sc phase is well described using the curves obtained 
from Vilfan and Zumer model (7) for values of r x of 
the order of 10 " 9 s. From these values we obtain diffu-
sion coefficients, Dx, of the order of 1 0 - 1 1 m2 s _ 1 . T h e 
values of t x obtained in the Sc phase show an Arrhe-
nius type dependence on the temperature with an ac-
tivation energy of 42 kJ mol - ^ The best fit obtained 
for the 4>h phase, using as an approximation the same 
diffusion model as for the Sc phase, gives times be-
tween intra-layer jumps, t x , of the order of 1 0 - 8 s and 

diffusion coefficients of the order of 1 0 - 1 2 m2 s - 1 . The 
values of the parameter d obtained from the fits to our 
relaxation results are in good agreement with the size 
of the mean intermolecuiar lateral interaction distance 
between the molecular hard-cores as determined by 
the X-ray diffraction study presented in [6]. 

The compatibility of the relaxation results with a 
similar description of the molecular rotational reori-
entations and self-diffusion mechanisms in the Sc and 
</>h phases (leading, in both phases, to consistent values 
of correlation times for rotational reorientations and 
diffusion coefficients), together with the structural 
analysis given in [6], may be considered as an indirect 
indication of the similarity at local level between the 
structure of these two mesophases. 

A clear distinction between the collective fluctua-
tion modes is the most evident difference found in the 
molecular dynamic behaviour of the <j)h phase when 
compared with the Sc phase of the biforked liquid 
crystal considered in this work. The contribution of 
these movements dominates the overall relaxation 
rate at low frequencies in both the Sc and <ph phases. 
Nevertheless, while in the Sc phase the T^ dispersion 
at low frequencies is well described by a co_1 law 
characteristic of layer undulations, the Tx data for the 
<ph phase in the same frequency range are better de-
scribed by a different law which can be ascribed to 
elastic deformations of the columns. 
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