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Simultaneous and direct x-ray measurements of the smectic layer spacing, molecular tilt, and orienta-

tional order in the de Vries smectic A (SmA) and C (SmC) phases of two organosiloxane mesogens reveal

that (i) the SmC (tilt) order parameter exponent � ¼ 0:26� 0:01 for 2nd order SmA-SmC transition—in

excellent agreement with the tricritical behavior, (ii) the siloxane and hydrocarbon parts of the molecules

are segregated and oriented parallel to the director with very different degree of orientational order, and

(iii) thermal evolution of the effective molecular length is different in the two phases.
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In the smectic A (SmA) and smectic C (SmC) liquid
crystal (LC) phases, calamitic molecules are arranged in
layers with no positional order in directions parallel to the
layers. These phases possess a relatively high degree of
molecular orientational order S ¼ h3cos2�� 1i=2, where
� is the angle molecules on average makewith the common
direction n, referred to as the director. In the uniaxial SmA
phase, n is parallel to the layer normal, i.e., the z direction
as shown in Fig. 1. However, n develops a (polar) tilt angle
�ðTÞ relative to z at the transition to the SmC phase at the
temperature TAC. Below TAC, the value of smectic layer
spacing, d, decreases by a factor of cos½�ðT � TACÞ� as
�ðTÞ increases [1]. In most cases, the director simply
develops a polar tilt in a specific azimuthal direction.
Maximum layer-shrinkage in a typical SmC phase can
[1,2] be as high as �11%.

In 1979, de Vries, et al. [3–5], reported quantitatively
very different behavior at the SmA-SmC transition of
trans-1,4-cyclohexane-di-n-octyloxy-benzoate (TCOOB).
They found d in the SmA phase to be significantly smaller
than the molecular length, L, and the layer-shrinkage in the
SmC phase of less than 1%. These are now known as the
de Vries’s smectic phases. They proposed an elegant
diffuse-cone model [3–6] to explain the unusual properties
of these materials. According to the model, molecules in
the SmA phase on average are oriented at a large polar
angle with respect to z, but their orientation is azimuthally
degenerate; see Fig. 1. The local director is uniformly
distributed on the surface of a cone with its axis parallel
to z. Azimuthal degeneracy is lost at TAC. In the SmC
phase, the distribution gradually becomes narrow and
biased towards a specific azimuthal direction generating
an effective director tilt without a significant change in the
molecular polar tilt and only a minimal layer shrinkage.
Their small layer-shrinkage offers a pathway to eliminate
chevron defects [7] in ferroelectric SmC� based displays.
In these devices, large layer shrinkage causes chevron

defects and bright zigzag lines, which have hindered their
commercialization for decades. Consequently, a large
number of de Vries smectic mesogens have been synthe-
sized [8–11] in recent years. Generally, these mesogens
have either a perfluorinated or a siloxane segment in one of
the end-chains that tends to nanosegregate and enhance
lamellar order, which is believed to promote the de Vries
behavior [12–14].
The conventional SmA-SmC transition is normally sec-

ond order and is described by its order parameter; �ðTÞ ¼
�oðTAC � TÞ�. For these materials, it was possible to
determine �ðTÞ from the splitting of the small-angle
x-ray diffraction peaks and from changes in the values of
d, and acquire a large number of data points close to the
transition [15]. The nature of this phase transition was
characterized and modeled [15–17] some time ago provid-
ing a somewhat complete picture. However, in the de Vries
smectic phases, this transition is often found to be first
order. There appears to be a consensus that the continuous
SmA-SmC transitions in de Vries materials occur in the
proximity of a tricritical point [18,19]. Systematic increase
in molecular size [11,20] changes the transition from sec-
ond to first order with increasing enthalpy of transition.

FIG. 1 (color online). Diffuse-cone model: polar tilt of mole-
cules remains relatively unchanged while the uniform azimuthal
distribution of the SmA phase gradually loses its degeneracy in
the SmC phase increasing the effective tilt angle at lower
temperatures.
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Generalized Landau [18] and molecular statistical [19]
theories provided important insights into the nature of
these systems. While most of the experimental results
can be explained within the framework of the diffuse-
cone model, the results reported in this Letter provide the
first direct structural evidence of the diffuse-cone behavior
that has so far been lacking.

Using the wealth of knowledge on de Vries materials
acquired in the past decade, Roberts, et al., [20]
have recently synthesized a homologous series, Fig. 2,
with a trisiloxane-terminated undecyloxy chain, a
5-phenylpyrimidine core, and an alkyloxy end chain.
Enthalpy of the SmA-SmC transition is immeasurably
small for molecules with 4–6 carbon end-chains, increas-
ing gradually to �1:7 kJ=mol for the 9th homolog (C9).
We have performed synchrotron x-ray study of the C4 and
C9 compounds exhibiting second and first order SmA-SmC
transitions, respectively.

The samples were filled in 2 mm diameter quartz
Lindéman capillaries, flame-sealed, and placed inside an
Instec (HCS402) hotstage with a precision of �0:1 �C.
Samples were heated to a temperature well above the
clearing point in the presence of an in situ magnetic field
of �2:5 kG. Even without a nematic phase, we were able
to obtain monodomain samples by repeatedly heating and
cooling across the clearing point while monitoring the
quality of alignment via x-ray diffraction. The weak mag-
netic field was mostly inconsequential in smectic phases.

X-ray measurements were made at the undulator beam-
line station 6IDB of the Midwestern Universities Colla-
borative Access Team’s (MuCAT) sector at the Advanced

Photon Source using 16.2 keV (� ¼ 0:76534 �A) photons.
A pair of X-Y slits was used to define the incident x-ray
beam cross section to 100 �m� 100 �m. An image plate
detector MAR345 was placed at a distance of 506.4 mm
(for C4) and 517.4 mm (for C9) from the sample.
The incident flux was sufficiently attenuated to avoid
sample radiation damage. A silicon standard (NIST
640C) was used to calibrate the spectrometer. Back-
ground scattering was recorded using an empty capillary
and subtracted from the data. The 2�–� and � scans were
generated from 2D diffraction patterns using the FIT2D

software package [21]. These scans were used to calculate
structure parameters and to estimate S using the method of
Davidson, et al., [22].

Representative wide-angle diffraction patterns in the
SmA (57:2 �C) and SmC (55:7 �C) phases of C4, shown
in Fig. 3, reveal at least three harmonics of the small-angle
peak (joined by short dotted lines) corresponding to the
smectic layer spacing. Four harmonics are observed in
the SmC phase of C9. These establish that the smectic
order parameter is high and smectic density wave is
strongly condensed.
In the direction perpendicular to small-angle peaks,

there are two pairs of arclike reflections (green and green
with orange central part) corresponding to lateral separa-
tion between the hydrocarbon (of 4.5 Å) and siloxane

(� 6:8 �A) parts of the molecule. The centers of these
reflections fall on the long solid line suggesting that
the siloxane and the hydrocarbon parts both are oriented
parallel to n in both phases. This constitutes the only

FIG. 2. Molecular structures and phase sequence of C4 and C9
compounds. Here, I and Cr are abbreviations for the isotropic
and crystal phases, respectively.

FIG. 3 (color online). Representative diffraction patterns in the
SmA phase at 57:2 �C and the SmC phase at 55:7 �C, of mesogen
C4 illustrating a change in molecular tilt from 0� in the SmA
phase to 9� in the SmC phase. The dotted line passing through
the large angles peaks of the SmC phase represents their ori-
entation in the SmA phase.
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known direct evidence of previously inferred [12–14]
nanosegregation of siloxane segments. The two (dotted
and solid) lines drawn over the small and large angle
peaks in Figs. 3 are at 90� to each other in the SmA, i.e.,
�ðTÞ ¼ 0�. In the SmC phase, they become oblique as n
tilts away from the z-direction by an angle�ðTÞ, which can
be quantitatively and directly obtained from the �-scans.
In the case of C4, �ðTÞ is 9� at 55:7 �C, i.e., 1:5 �C
below TAC.

Temperature dependences of the order parameter �ðTÞ
for C4 and C9 are plotted in Fig. 4 along with simple
power law fits. The order parameter critical exponent �
is 0:26� 0:01 and 0:21� 0:02 for compounds C4 and C9,
respectively. The transition temperature obtained from the
fit to C4 data is, within experimental uncertainties, indis-
tinguishable from the actual transition temperature, TAC.
The value of � for C4 is in excellent agreement with the
theoretical expectation of tricritical behavior. In the case of
C9, we observe a large jump in �ðTÞ, a finite enthalpy of
transition [20], and a difference of �0:7 �C between the
virtual (fitted) second order transition temperature and
TAC. A smaller value of � ð¼ 0:21Þ is also understandable
at this first order transition.

Owing to good alignment of our samples, it was possible
to generate separate �-scans for the fully resolved siloxane
and hydrocarbon peaks; see Fig. 5. The siloxane peaks
are clearly wider than the hydrocarbon peaks, suggesting
a lower value of S for the former. Temperature dependence
of S [22] for both parts of the molecule are shown in Fig. 6.
Sample C4 remained a monodomain and the value of S in
the SmA phase was close to 0.7. In the SmC phase, it slowly
increases to a plateau at 0.78. The value of S for the
siloxane segments is �0:45, shows no significant change
across the transition, and gradually diminishes to�0:41 in
the SmC phase. Since the siloxane segment is linked by an

11-carbon chain to the rigid core, it should have significant
orientational freedom and thus, a smaller S.
These values of S are higher than previously reported

[20] in de Vries mesogens and comparable to a typical
nematic. However, it is important to note that previously
reported values are for entire molecule and not for its two
different segments. Furthermore, since de Vries materials
do not form a nematic phase, it is very hard to obtain well-
aligned single domains using normally accessible external
fields. Clearly, if the sample is poorly aligned and/or a
broad x-ray beam which illuminates a large number of
misaligned domains is used, the measured Swill invariably
be smaller than the actual value. This may have been a
factor responsible for lower estimates of S in previous
studies. We were able to align samples well by repeatedly
heating and cooling and the small x-ray beam cross section
(100� 100 �m2) allowed us to probe single domains.
Nevertheless, the alignment of smectic phases in our ex-
periments may not be perfect, and the S values reported
here should be taken as lower limits.
Sample of C9 started out as a single domain in the SmA

phase but split into two domains upon entering the SmC

FIG. 4 (color online). Temperature dependence of tilt angle
for the two compounds. Line (red) graphs represent fits with
order parameter exponent � ¼ 0:26� 0:01 for the second order
SmA-SmC transition of C4 and � ¼ 0:21� 0:02 at the first
order transition of C9. The inset shows temperature dependence
of d for C4 and C9.

FIG. 5 (color online). Left: � scans through the two large
angle peaks arising from lateral separation between siloxane
and hydrocarbon sections of the C4 molecule in the SmA phase.
Right: � scans through the hydrocarbon peak in the SmC phase
(59:7 �C) of C9. Solid line represents the fit to calculate S for
the two domains misoriented by�45� with respect to each other.
Fits to the two domains are represented by the dashed (green)
and dotted (blue) plots.

FIG. 6 (color online). Temperature dependence of the orienta-
tional order parameter S for C4 and C9 calculated for the
hydrocarbon and siloxane peaks at 4.5 and 6.8 Å, respectively.
DSC results on top are taken from Ref. [20].
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phase as evident from the asymmetric structure of the large
angle hydrocarbon x-ray peak, Fig. 5. The two domains
were misaligned by �45� relative to each other. The
composite SmC peak was analyzed using a sum of two S
functions (shown in Fig. 5) centered at different values of �
to fit the data. Same values of Swere obtained from the two
domains, which increase from 0.62 to 0.75. The values of S
in the SmA phase for the hydrocarbon and siloxane
segments are �0:55 and 0.40, respectively. A jump of
�S ¼ 0:1 is observed at this first order transition consistent
with DSC results from reference [20] plotted at the top in
Fig. 6. In the SmC phase of C9, the siloxane peak became
too weak to allow a reliable estimate of S.

Temperature dependence of d shown in the inset of
Fig. 4 reveals that maximum layer shrinkage does not
exceed 0.4% and 0.9% for in the SmC phase of C4 and
C9, respectively. The effective molecular length, LðTÞ,
Fig. 7, calculated using the equation [23], LðTÞ ¼
3d=½ðSþ 2Þ cos�ðTÞ� and our directly and independently
measured values of d and �ðTÞ. An important finding is
that the temperature dependence of L is different in the two
phases. Until now, L has been assumed [20,23] to either
remain constant in the SmC phase at the highest value of d
measured at the SmA-SmC transition, or change [5] line-
arly with temperature at the same rate as in the SmA phase.
This result should help researchers reexamine previously
made assumptions in data analysis and modeling, and
better understanding the de Vries materials.

To summarize, we have for the first time directly ac-
cessed the director tilt, orientational order parameters of
both the hydrocarbon and siloxane parts of the molecule,
and calculated the effective molecular length in both
phases. The results reveal up to four multiples of the
smectic Bragg peak confirming highly developed smectic
order in both phases. Large angle peaks arising from the
hydrocarbon and siloxane segments of the molecules are
separable and allow calculations of thermal evolution of

the corresponding orientational order parameters. The val-
ues of S are found to be higher than previously reported in
similar and different de Vries compounds but smaller than
in conventional SmA and SmC phases. Temperature de-
pendence of S for the nanosegregated siloxane segments
residing at the smectic layer interface is also determined.
The SmC order parameter exponent � calculated from
directly measured tilt angle is 0:26� 0:01 for C4 in ex-
cellent agreement with tricritical and 2D Ising behavior.
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