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ABSTRACT: Characteristic properties of order parameters and layer structures of highly oriented poly
[(m-hydroxyphenyl)butylsilane] (PPBS), polyl[(m-potassiooxy)phenyllbutylsilane] (PPBS-K), and poly-
[(6-hydroxyhexylhexylsilane] (PHHS) were studied by polarized fluorescence measurement and small-
angle X-ray diffraction. Samples were prepared by the Langmuir—Blodgett (LB) technique. The
temperature dependence of the order parameter (P;, P,) in PPBS and PHHS can be determined by the
fluorescence depolarization ratios (r; and r3). The order—disorder conformational transitions of PPBS
and PHHS occur at 7. = 130.0 and 100.0 °C, respectively. P’s and P4’s of PPBS are higher than those
of PHHS. P.’s of PPBS and PHHS depend clearly on the temperature, while the Ps's show steady negative
values which increase slightly near T.. X-ray diffraction patterns taken at room temperature show that
the steroregularities of PPBS, PPBS-K, and PHHS thin films are completely different. PPBS shows a
long and a short period peak. This long period peak is observed for the first time in oriented thin films
for poly(silane)s. That is, the oriented PPBS film is constituted as a bilayer structure with one hydrogen
bond and one hydrophobic bond in view of facts that the temperature dependence of intensity, peak shift,
and full width at half maximum in two X-ray diffraction peaks are clearly different. One layer spacing
and amorphous states are found in PPBS-K, and PHHS does not have a regular layer but indicates a
broad amorphous feature. The amorphous states of PPBS-K and PHHS are considered to be of different
origin because the amorphous X-ray diffraction feature of PPBS-K differs clearly from that of PHHS.
The sharp peak of PPBS-K cannot originate from the same layer spacing of PPBS since hydrogen bonding
is stereochemically hindered by the potassium atoms of PPBS-K. The disappearance of two layer spacings
in PPBS is in accordance with the Lindeman’s criterion of melting, when the temperature approaches T
~ 1.0 where T" means a reduced temperature. It can be also found that deviations of the second-order
parameters around their equilibrium values in PPBS and PHHS approach ~/5, as the temperature is
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raised near T* = 1.0 where T*(= T/T.) is a reduced temperature.

I. Introduction

Up to the present, many poly(silane)s possessing
various kinds of functional side groups have been
synthesized!~® because characteristic optical*~® and
electrical properties”# have been observed, and potential
applications in the field of electrooptics, nonlinear optics,
etc. have been expected. The characteristic properties
for poly(silane)s, which show an intense UV absorption,?
sharp fluorescence spectra,’® and a large third-harmonic
generation!! originate from the o—o¢* transition mo-
ment!%13 along the successive silicon backbone. In fact,
the thermochromic nature of the absorption spectral417
is regarded as a showing the conformational change of
this polymer backbone induced from an order—disorder
transformation.

Uniaxial alignment of the silicon main chain may
enable us to realize more potential applications of poly-
(silane)s. The rubbing/stretching method or the Lang-
muir—Blodgett(LB) technique,!8-20 therefore, has been
attempted to obtain uniaxial oriented polymers. The
LB method, in particular, is excellent for preparing
ultrathin films with a well-defined molecular order as
well as oriented thin films, but only a few poly(silane)s
for which highly oriented thin films can be prepared by
the LB technique have been reported.21-23

Recently we reported that not only the second- but
also the forth-order parameters (P; and Py) for polyl(m-
hydroxyphenyl)butylsilane] (PPBS), oriented to the in-
plane dipping direction by the LB technique, were
determinable on the supposition that the oriented PPBS
would be uniaxial.?22® This paper reports that the
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temperature dependence of P; and P, in PPBS and poly-
[(6-hydroxyhexyl)hexylsilane] (PHHS) can be deter-
mined on the basis of polarized fluorescence spectros-
copy.?2 The molecular orientations of PPBS and PHHS
disappear at 7. = 130.0 and 100.0 °C, respectively. The
Py’s and the Pgs of PPBS were larger than those of
PHHS over the range of observed temperatures.

The stereoregularities of PPBS, PHHS, and PPBS-K
have been investigated by small-angle X-ray diffraction
(SAXD) at room temperature. PPBS shows two sharp
%eaks corresponding to (A) 25.4 A (3.48°/26) and (B) 12.9

(6.84°/20) layer spacing. The intensity of A layer is
about 10 times that of B layer. PPBS-K, in which the
hydrogen atoms of hydroxy groups in PPBS are substi-
tuted for potassium atoms, displays one sharp peak at
B’ 12.6 A (7.02°/26) and a broad amorphous signal C’
at the peak position of ~3.76 A (23.6°/26). Compared
with that of PPBS, this result suggests that the potas-
sium atoms considerably hinder the stereoregularity of
PPBS-K because PPBS-K is barely able to form the
hydrogen bonds within the layers. In fact, the intensity
of vo_u stretching mode in PPBS-K observed from IR
spectrum, compared with that of PPBS, is remarkably
decreased by the potassium atoms. This fact may
suggest that the layer structure of B in PPBS differs
from that of B’ in PPBS-K. PHHS never displays any
regular structure and shows a wide amorphous patter
C” at peak position of ~3.11 A (28.7°/26). The amor-
phous states of PPBS-K and PHHS have clearly differ-
ent origins because of their different diffraction features.

A 25.4 A layer spacing for oriented poly(silane)s has
not yet been reported, therefore, thermal behavior of A
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and B layers in PPBS has been examined by means of
SAXD so as to clarify the stereoregularity of PPBS. The
intensity of A decreases rapidly, while that of B shows
a gradual decrease when the temperature is raised.
Comparing the thermal behavior of relative intensities
of A and that of B, the former shows a continuous
decrease, whereas the latter clearly shows a discontinu-
ity near TH(= T/Ty) ~ 1.0 where TT is a reduced
temperature, and Ty, is a temperature at which the
layer spacing disappears. Discrepancies in the proper-
ties of the A and the B layer are also observed from the
temperature dependence of the layer spacing and the
full width at half maximum (FWHM/A26). It is found
that the layer spacing and FWHM of the A layer are
only slightly dependent on the temperature, whereas
those of the B layer are significantly dependent on the
temperature showing the expansion of the layer spacing
as the temperature is raised. These results suggest that
the structures of A and B layer have different properties,
leading to the conclusion that PPBS has a bilayer
structure as is well known in some kinds of smectic
phases of liquid crystals,2425 consisting of one hydrogen
bond and one hydrophobic bond.

Values of the mean square displacements of Si atoms
at a temperature from the equilibrium position divided
by the square distances of A layer and B layer at 20.0
°C, which can be evaluated by relative intensities of A
and B against the reduced temperature, approach the
value empirically predicted by F. Lindenman when the
temperature is raised near T = 1.0. This behavior is
also observed from deviations of the second-order pa-
rameters around their equilibrium values in PPBS and
PHHS, which can be evaluated by the order parameters
(P3 and Py). That is, the deviations of PPBS and PHHS
approach /5 as the temperature is raised near 7% = 1.0,
where T*(= T/T,) stands for the reduced temperature.
In addition, this behavior of order parameters has been
also observed from the nematic < isotropic phase
transition of liquid crystals.?6 These facts leads to the
conclusion that the stereoregularity of the A and B layer
in PPBS is definitely correlated with the order param-
eters.

II. Experimental Section

The method of synthesis of poly[(m-hydroxyphenyl)butyl-
silane] (PPBS) and poly[(6-hydroxyhexyl)hexylsilane] (PHHS),
and the fabrication processes of these thin films oriented by
the LB technique have been reported in previous papers.32223
Poly[{(m-potassiooxy)phenyllbutylsilane] (PPBS-K), in which
the hydrogen atoms of hydroxy groups in PPBS were substi-
tuted for potassium atoms, was prepared by spreading PPBS/
cyclohexanone solution on surface of a 0.05 mol/L. KOH
solution. PPBS and PHHS samples of 100 monolayers depos-
ited on quartz substrates were prepared by the LB technique
for polarized fluorescence measurements. PPBS, PPBS-K, and
PHHS samples having 30, 100, and 86 monolayers, respec-
tively, deposited on glass substrates, were also provided by
the LB method for use in X-ray diffraction measurements. All
samples used in this work were found, from absorption dichroic
ratios, to have uniaxial orientation in plane of the dipping
direction.

Polarized fluorescence measurement was performed by
using an Hitachi F-3000 fluorescence spectrophotometer. The
specimens of PPBS and PHHS were heated by a custom-built
temperature controller, the temperature of which was con-
trolled within £0.5 °C. The temperature dependence of
depolarization ratios (ry, ) in the oriented PPBS and PHHS
was measured in a right angle_arrangement as shown in
Figure 1. Order parameters (Py, Py) of PPBS and PHHS were
determined by r; and r;. During the experiments, a small
volume of Ny gas was constantly diffused into the sample box
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Figure 1. Experimental geometries for measuring the depo-
larizations ratios (a) r, and (b) r; in right angle arrangement.
Arrows indicate the polarization direction of incident and
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Figure 2. Comparison of the fluorescence depolarization
ratios of (a) ry and (b) rp geometry at the reduced temperatures
of T* = 0.893 and T = 0.960.

to avoid the oxidation of these specimens.

Small-angle X-ray measurement for PPBS was carried out,
in the range from room temperature to 130.0 °C, using a
Rigaku RU-200 X-ray diffractometer equipped with a temper-
ature controller. PPBS was irradiated by the Ni-filtered Cu
Ka line (1 = 1.54 A), at a settingh of 150 mA and 30 kV.
Rigaku RINT X-ray Diffractometer was used, at room tem-
perature, for measuring small-angle X-ray diffractions of
PPBS-K and PHHS. The experiments were performed with
the Cu Ka radiation line and at setting of 40 mA and 40 kV.

III. Results and Discussion

a. Polarized Fluorescence Measurement. Figure
2, parts a and b, show the temperature dependence of
the depolarization ratios (r; and rg) in the oriented
PHHS. These spectra were obtained from polarized
fluorescence measurements in right angle geometry as
seen in Figure 1, where T, is the order—disorder
transition temperature of PHHS and T™* = T/T. is the
reduced temperature. The T.'s for PHHS and PPBS are
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Figure 3. Temperature dependence of P; and P, on PPBS
and PHHS: (x) PPBS and (O) PHHS.

found at 100.0 and 130.0 °C, respectively. r; and ry are
significantly dependent on temperature. Both the
intense spectra of r; (I;;) and rq (I,) are mainly emitted
from the 0—o* transition moment parallel to the silicon
backbone, suggesting that the intramolecular energy
transfer of poly(silane)s can occur in several pico-
seconds.?” The fluorescence spectra do not show another
peak at ~450 nm and it has been discussed whether
this peak originates from excimers or contamina-
tions.?82° Measurement was also carried out in the
oriented PPBS.

The order parameters of PPBS and PHHS are deter-
minable by making the same assumptions as Yoshida
et al.22 Then, not only the second- but also the forth-
order parameters can be simultaneously determined
from r; and ro as follows:22.30-32

p _ —27‘17‘2+5r1+87‘2—2
27 4rrp — 107, + 2r, + 13

(1-a)

— _ 19ryry +56r) — 13r, — 2
" 47, — 10r, + 2r, + 13

(1-b)

where P; and P, are the second and the fourth Legendre
polynomials. The Py’s and the P4's of PPBS are larger
than those of PHHS as shown in Figure 3. The Py’s of
PPBS and PHHS depend clearly on the reduced tem-
perature, i.e. the Py’s decrease steeply as the tempera-
ture increases to 7% = 1.0. This result suggests that a
uniaxial orientation for PPBS and PHHS gives rise to
order—disorder configurational transformation at 7% =
1.0. The P4’s, however, do not show this behavior, and
remain negative, displaying a slight increase near T*
= 1.0. It should be noted that this behavior near T
has been also observed from liquid crystals near the
nematic < isotropic phase transition.32 Physically P,
is correlated with a variance of the second-order pa-
rameter around its equilibrium value; that is, P4 ap-

pears at P22 = (1/35)(18P4 + 10P; + 7).26 This behav-
ior near T* = 1.0 will be investigated in detail latter in
this paper.

b. Small-Angle X-ray Diffraction. Figure 4 shows
small-angle X-ray diffraction patterns of PPBS, PPBS-
K, and PHHS at room temperature. The diffraction
patterns of these samples appear completely different.
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Figure 4. Small-angle X-ray diffraction patterns of the
oriented (a) PPBS, (b) PPBS-K, and (¢) PHHS thin films at
room temperature.

PPBS clearly shows two sharp peaks: (A) correspond-
ing to 25.4 A (3.48°/26) layer spacing, and (B) corre-
sponding to 12.9 A (6.48°/26) layer spacing. A broad
pattern, C, at peak of ~3.66 A (24.3°/26) is also seen.
Reported fine diffraction peaks from poly(di-n-hexyl-
silane)®® at about this region cannot be found. The
broad signal for PPBS is caused by the reflection of glass
substrate itself, not the amorphous states of PPBS. The
long period layer A has been observed for the first time
in this sample, although the short period layer B has
been previously reported.?! This result suggests that a
PPBS thin film oriented by the LB technique may be
consist of complex layer structures. The diffraction
patterns of PPBS-K, however, show one sharp peak B’
at 12.6 A (7.02°/26) and a broad pattern C’ at peak of
~3.76 A (23.6°/26). The broad peak C’ clearly stems
from amorphous states of PPBS-K, considering the fact
that the intensity of C’ is significantly greater than the
intensity of glass substrate (shown as the broken line).
This leads to the conclusion that formation of hydrogen
bonds and a regular layer structure in PPBS-K are
stereochemically hindered by the presence of potassium
atoms that are much larger than the hydrogen atoms
of PPBS. Therefore, the sharp peak B’ of PPBS-K
cannot have the same origin as B of PPBS. In fact, the
IR intensity of vo-g stretching mode in PPBS-K shows
a noticeable decrease as shown in Figure 5a. Figure
5b shows a differential spectrum for PPBS obtained
from polarized IR measurement, where the symbols ||
and | stand for the polarization directions parallel and
perpendicular to the silicon main chain, respectively,
and vc-g means the phenyl out-of-plane mode in PPBS.
Assignments of other signals were seen in ref 21. Figure
5b suggests that the phenol substituents are perpen-
dicular to the Si main chain, but the n-butyl groups are
in low orientational states. PPBS and PPBS-K of 100
monolayers deposited on (001) silicon substrates using
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Figure 5. (a) Comparison of IR spectra in PPBS and PPBS-K
at room temperature and (b) differential spectrum for PPBS
at room temperature. The symbols Il and L stand for parallel
and perpendicular polarization directions to the silicon main
chain, respectively.

the LB technique were used for these IR measurements.
X-ray diffractions of PHHS show no sharp peaks, and
only a broad amorphous pattern C” at peak of ~3.11 A
(28.7°/26). This result suggests that the stereoregular-
ity does not exist in PHHS although the orientational
order is found to be considerably high. The amorphous
states of PHHS are clearly different from those of PPBS-
K, as can be seen from the distinction in the features
observed in X-ray diffraction as seen in Figure 4.
Then, the thermal properties of X-ray diffractions in
the A and B layers were studied. The temperature
dependence of X-ray diffraction intensities on the A and
B layers is shown in Figure 6. The diffraction peak of
the A layer disappears at 80.0 °C, while that of the B
layer persists at 100.0 °C. The intensity of the A layer
peak rapidly decreases, but that of the B layer gradually
decreases when the temperature is raised as shown in
Figure 7. This behavior becomes clearer when the
relative intensities of the A and B layer peaks, evaluated
by I(TY/I1(20), are plotted against the reduced tempera-
ture, as seen in Figure 8, where I(T) is the intensity at
an absolute temperature (T) and I (20) the intensity at
293.2K. T =353.2 and 373.2 K are the temperatures
at which the A layer spacing and the B layer spacing,
respectively, disappear. The relative intensity of the A
layer peak indicates a continuous decrease, while that
of the B layer clearly displays a discontinuity near 7/T,
= 1.0. This thermal behavior of the relative intensities
is consistent with that of the relative intensities ob-
served from bilayer structures of the smectic-A and
mesophases by X-ray diffraction.3* These results can
suggest that X-ray diffractions observed from the A and
the B layers stems from different layer spacing, not from
the first and the second reflection of X-ray diffraction.

Macromolecules, Vol. 28, No. 7, 1995

Intensity

20 (deg)

Figure 6. Temperature dependence of the (A) and (B) X-ray
diffraction peaks on PPBS: (a) 20.0, (b) 50.0, (c) 70.0, (d) 75.0,
(e) 80.0, (D 90.0, (g) 100.0 °C.
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Figure 7. Plots of X-ray diffraction intensities in PPBS as a
function of temperature: (A) A layer and (O) B layer.
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The discrepancy in the properties of the A and the B
layers becomes clearer when the temperature depen-
dence of layer spacing and full width at half maximum
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Figure 10. Bilayer structure of A and B in PPBS. Monolayer
structure of B’ in PPBS-K.

(FWHM/A26) in the A and the B layer peaks are
compared as shown in Figure 9. The layer spacing and
FWHM of the A layer depend slightly on the tempera-
ture, whereas those of the B layer are considerably
dependent of the temperature. These findings lead to
the conclusion that the layer structure of PPBS is an
asymmetric bilayer structure, consisting of (A) one
hydrogen bonded and one hydrophobic bonded region
and (B) one hydrogen bonded region as shown in Figure
10. Then, assuming that n-butyl chain has an all-trans
conformation, the hydrogen bond length is ~3.0 A and
the hydrophobic bond length ~1.5 A, we can roughly
calculate spacings of the A and the B layers (l4, /5). That
is,la=29.2 A x c0s 30° ~ 25.3 A, and [p = 12.8 A x cos
30° ~ 11.1 A. These values are roughly consistent with
the X-ray results. The bilayer structure of smectic-A;
phase shows two sharp X-ray diffraction peaks.?5 This
is attributed to a preferential up—down ordering of the
dipolar heads within each layer, alternating from layer
to layer to produce a periodicity equal to twice the
molecular length. The bilayer structure of PPBS has
asymmetric side groups, i.e. the hydrophobic and hy-
drophilic substituents. Various distinctions in the tem-
perature dependence of the A and B layer can be
explained by this bilayer model. Since both the hydro-
gen bond and the phenol group forming the B layer are
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Figure 11. Plots of mean square displacements of Si atoms
at a temperature per square distances of A layer and B layer
at 20.0 °C as a function of reduced temperature: (2) A layer
and (O) B layer.

tighter and stiffer than the hydrophobic bond and the
n-butyl side group constituting the A layer, the A layer
is strongly affected by thermal vibrations so that the
intensity of the A layer can be rapidly decreased as
compared with the intensity of the B layer, and the soft
n-butyl chain of the A layer can relax thermal stress so
that the layer spacing and FWHM depend slightly on
the temperature. The above conclusion may be sup-
ported by the finding that PPBS-K, showing only one
sharp peak, is barely able to form hydrogen bonds since
their formation is stereochemically hindered by pntas-
sium atoms. Hence, the layer structure of B’ in PPBS-K
is probably different from that of B in PPBS as shown
in Figure 10. Furthermore, the results provides inter-
esting similarities in view of the facts that some kinds
of poly(silane)s display smectic mesophases,3536 and the
smectic phases are bilayer structures.?

If we assume that the decrement in the intensity
observed from X-ray diffraction is mainly caused by
thermal vibrations, the displacement from the equilib-
rium position of atom can be evaluated by using a
thermal factor. Then, the decrease in the intensity is
given as follows:

I =1, exp(—2M) (2)

where I and I, are the intensities of X-ray diffractions
observed at a temperature (T) and at room temperature
(20.0 °C), respectively. M stands for the thermal factor.
The thermal factor can be written

M = 22%(z)%/d 2] (3

where @ is a mean displacement of an atom from
equilibrium position at a temperature (T), d, being
lattice constant at equilibrium position. Assuming that
d,’s are equal to the layer spacing of A and B at 20.0
°C, we can estimate the mean square displacements of
silicon atoms in the A and B layers at a temperature
(T) by using eq 2 and 3. Figure 11 shows that the values
of (2)%d,2 in the A and B layers are plotted against the
reduced temperature. The solid lines for A and B are
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Figure 12. Plots of deviation of the second-order parameter
around its equilibrium value as a function of reduced temp-
erature: (x) PPBS and (O) PHHS.

determined by exponent recurrence fits. Both lines
seem to approach a constant value (r, = l/16) when the
temperature is increased to near 7% = 1.0. As pointed
out by F. Lindeman, solids begin melting at r,, ~
(OR)*R}? ~ 14, where (6R)* and R, corresponding to
(7)? and d,, respectively, are the mean square displace-
ment of the atom and a lattice constant. This result
may suggest that both the layer structure A and B
disappear near rm, in accordance with the Lindeman’s
criterion of melting. It is also found that the deviation
of the second-order parameter around its equilibrium
value increasingly approaches ~1/; as the temperature
is raised near to T* = 1.0. The deviation of P; is defined
by

(P,2 — B,)? = P,2 — (Bp? = (Y45)(18B, + 10B, + 7)
(4)

where P,* stands for the variance of the second-order
parameter around its equilibrium value, which can be
evaluated from the polarized fluorescence results. The
results of PPBS and PHHS vs reduced temperature are
shown in Figure 12. The deviations of PPBS and PHHS
approach ~!/5 when the temperature approaches T =
1.0, although these values just at 7% = 1.0 show clearly
discontinuities because order—disorder first-order tran-
sitions occur at T = 1.0. This result may support the
fact that the disappearance of layer structure is in
accord with the Lindeman’s criterion of melting, con-
sidering that order parameters which enable us to
universally describe phase transitions are some of the
most fundamental physical values and that the struc-
ture of smectic bilayer phases is very similar to that of
this oriented thin film.

IV. Conclusion

Characterization of order parameters (P;, Py) and
layer structures of oriented PPBS, PPBS-K, and PHHS
thin films prepared by the LB technique have been
studied by means of polarized fluorescence spectroscopy
and small-angle X-ray diffraction. The order param-
eters of PPBS and PHHS can be determined by using
fluorescence depolarization ratios (r1, rz). It is found
from the order parameters that the molecular align-
ments for PHHS and PPBS disappear at T = 100.0 and
130.0 °C, respectively. Po’s of PPBS and PHHS show
significantly high values, while P,'s are constantly
negative and show a slight increase near T.. P,’s and
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Pys of PPBS are higher than those of PHHS in the
region of observed temperatures. Pj’s of PPBS and
PHHS rapidly decrease when the temperature ap-
proaches T* = 1.0, where T*(= T/T.) is the reduced
temperature. This result clearly shows that order—
disorder conformational transformations for PPBS and
PHHS occur at T = 1.0.

The layer structures of PPBS, PPBS-K, and PHHS
thin films have been investigated by small-angle X-ray
diffraction at room temperature. Two sharp peaks for
PPBS corresponding to (A) 25.4 A (3.48°/26) and (B) 12.9
A (6.48°/26) layer spacings and a broad amorphous
pattern at peak of ~3.66 A (24.3°/26) originating from
the glass substrate itself have been observed. This long
period diffraction peak is found, for the first time, in
these oriented films. Hence, the thermal properties of
the A and the B layers have been investigated to clear
the stereoregularity of PPBS thin films. The intensity
of the A layer decreases more rapidly than that of the
B layer. And the former disappears at 80.0 °C, but the
latter persists at 100.0 °C. The layer spacing and
FWHM of the A layer peak are barely independent of
the temperature, while those of the B layer peak
significantly depend on the temperature, indicating the
expansion of the layer spacing as the temperature is
increased. These results are very similar to X-ray
diffraction patterns and the behaviors observed from
smectic bilayer phases.323% The above findings lead to
the conclusion that PPBS is constituted from a bilayer
structure containing (A) one hydrogen bond and one
hydrophobic bond and (B) one hydrogen bond. The
diffraction patterns of PPBS-K show one sharp peak
corresponding to B’, 12.6 A layer spacing, and a wide
amorphous signal C’ about at 3.76 A (23.6°/260), which
is clearly due to the amorphous parts of PPBS-K. This
result suggests that the formations of a regular struc-
ture and hydrogen bonding in PPBS-K are considerably
hindered by potassium atoms as compared with PPBS.
This fact is supported by the IR intensity of vo_u
stretching mode in PPBS-K, which shows a considerable
decrease compared with that of PPBS. Regular spacing
of PHHS has not been observed although the molecular
alignment shows a significant degree of orientation. And
a broad amorphous feature induced from the random
states of PHHS has been found at a peak of ~3.11 A
(28.7°/8) by X-ray diffraction. This result may be due
to the flexible n-hexy! side chains. The amorphous
states of PHHS are clearly different from those of
PPBS-K because of their discrepancies in X-ray diffrac-
tion patterns.

The mean square displacements of silicon atoms at a
temperature (T) per the square distances of A layer and
B layer at 20.0 °C can be evaluated by X-ray diffraction
intensities. These values increasingly approach
rm(= Y16), when the temperature is raised to near T =
1.0, according with the Lindeman’s criterion of melting.
It is also observed that the deviations of the second-
order parameters around their equilibrium values in
PPBS and PHHS approach ~1/5 when the temperature
is increased to near T* = 1.0. This result clearly
correlates with the disappearance of regular spacings
in PPBS.
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