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Origin of weak layer contraction in de Vries smectic liquid crystals
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Structural investigations of the de Vries smectic-A (SmA) and smectic-C (SmC) phases of four mesogens
containing a trisiloxane end segment reveal a linear molecular conformation in the SmA phase and a bent
conformation resembling a hockey stick in the SmC phase. The siloxane and the hydrocarbon parts of the
molecule tilt at different angles relative to the smectic layer normal and are oriented along different directions.
For the compounds investigated, the shape of orientational distribution function (ODF) is found to be sugarloaf
shaped and not the widely expected volcano like with positive orientational order parameters: 〈P2〉 = 0.53–0.78,
〈P4〉 = 0.14–0.45, and 〈P6〉�0.10. The increase in the effective molecular length, and consequently in the smectic
layer spacing caused by reduced fluctuations and the corresponding narrowing of the ODF, counteracts the effect
of molecular tilt and significantly reduces the SmC layer contraction. Maximum tilt of the hydrocarbon part of
the molecule lies between approximately 18° and 25° and between 6° and 12° for the siloxane part. The critical
exponent of the tilt order parameter, β�0.25, is in agreement with tricritical behavior at the SmA–SmC transition
for two compounds and has lower value for first-order transition in the other compounds with finite enthalpy of
transition.
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Thermotropic smectic liquid crystal (LC) phases are layer
structures characterized [1] by a mass density wave in one
direction, specified by a unit vector k. In the smectic-A
(SmA) phase, the director n (i.e., the direction of alignment of
calamitic mesogens) is parallel to k. But, n is tilted with respect
to k at a temperature-dependent angle α in the smectic-C
(SmC) phase. In conventional smectic materials, α varies from
zero to �30° causing the layers to shrink by cosα, which
may be [2–4] as high as 13%. The shrinkage induces chevron
defects [5] that manifest in zigzag defects in ferroelectric
Sm-C electro-optical devices. They are the major impediment
to the commercialization of ferroelectric smectic devices that
switch �1000 times faster and have higher contrast [6] than
the ubiquitous nematic LC devices.

In 1979, de Vries reported [7,8] a different kind of SmC

phase having ten times smaller (�1%) layer shrinkage than the
conventional SmC phase [9,10]. Since then, a large number of
mesogens incorporating a fluorinated or siloxanated segment
have been reported to form the so-called de Vries smectic
phases. These materials provide a pathway to ferroelectric
devices [5,6] free from zigzag defects. To explain the absence
of large layer contraction, de Vries proposed the diffuse-cone
model [7,8,11] which assumes that local directors in the SmA

phase are tilted at a large polar angle but have overall azimuthal
degeneracy. Upon transition to the SmC phase, the azimuthal
degeneracy is lost as the molecular distribution gradually
gravitates towards a preferred azimuthal angle with almost
no change in the polar tilt and minimal layer shrinkage. In an
alternative model [12–14], the de Vries phases are expected to
be similar to the conventional smectics but with low orienta-
tional order and highly condensed smectic density wave.

The two models differ in the molecular orientational
distribution function (ODF), f (θ ), where θ is the angle
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between the long axis of an individual molecule and the
director n. In the first case, the shape of f (θ ) in the
SmA phase is volcano like while in the second case, it is
sugarloaf like having Gaussian probability density [12] with
its maximum along n‖k. The function f (θ ) is a sum of
even Legendre polynomials 〈Pn(cos θ )〉, higher-order terms
being of diminishing significance. The second term 〈P4〉
should be negative (positive) for the volcano- (sugarloaf-)
shaped [12,15] distribution. Theoretical models [16–19] pre-
dict the nature of the SmA to SmC (AC) transition in de
Vries smectics to be near a tricritical point [20,21]. The
first-order AC transition [22,23] was reported to originate
from a disorder condensation mechanism [24]. Phenomeno-
logical molecular-statistical theory [18,15] uses a complete
set of orientational order parameters to explain the weak
layer contraction while Osipov [15] has suggested that
the tilt-induced contraction is somehow significantly com-
pensated. The origin of the compensation has remained a
mystery.

In a recent paper [20], direct x-ray measurements of the
orientational order parameters of the hydrocarbon and siloxane
parts of the mesogens, and the director tilt in the SmC phase,
were reported. The results were significantly different from
previously reported measurements. For example, the order
parameter S and molecular tilt α(T ) were larger and the latter
was close to the value expected from optical measurements
on other compounds. While these results were fully consistent
with the de Vries diffuse-cone model, they did not expressly
confirm it. No evidence to validate either of the two possible
ODFs was presented in [20] or any other previous publications.
The experimental results reported in this paper provide a
more complete picture of these phases with several surprising
findings. The results specifically reveal that (i) the shape of the
ODF is sugarloaf in the SmA and SmC phases, (ii) the siloxane
(Si) segments are orientationally ordered and collinear with the
molecules in the SmA phase, (iii) siloxane segments tilt at a
smaller angle with respect to k than the remainder hydrocarbon
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FIG. 1. Molecular structures of compounds A and B, their phase
sequence, and transition temperatures.

(HC) part of the molecule in the SmC phase causing it to
resemble a hockey stick, (iv) orientational ordering of siloxane
segments is weaker than of the HC part of the molecule
in both phases, (v) siloxane segments in end chains tend
to nanosegregate [25–28] and enhance smectic order [29],
and (vi) most importantly, the tilt-induced layer shrinkage
is compensated by decreasing molecular fluctuations and
narrowing of the ODF in the SmC phase.

We report results of synchrotron x-ray investigations of
the two compounds, A and B, shown in Fig. 1. Results on
two other compounds, previously referred to as C4 and C9,
in Ref. [20], were further analyzed and are included in this
paper for a more complete picture. The x-ray experiments were
performed using 16.2 keV (λ = 0.76534 Å) radiation and 200
μm × 200 μm beam cross section at the undulator station
6IDB of the Advanced Photon Source. The x-ray beam was
sufficiently attenuated to avoid radiation damage to samples.
Samples were flame sealed in 1.5-mm quartz capillaries and
placed inside a hot stage (Instec HCS402). An image plate
detector MAR345 was placed at 498.42 mm from the sample
to cover a wide q range. Well-aligned samples were obtained
by repeated heating and slow cooling across the clearing point.
Data were analyzed after calibrating against silicon standard
(NIST 640C) and subtracting the background measured with
an empty capillary. Radial (I vs q) and azimuthal (or χ -) scans
were generated from diffraction patterns using the software
package FIT2D [30].

Representative x-ray patterns in the SmA and SmC phases
of B are shown in Fig. 2. Temperature dependence of smectic
layer spacing, d, calculated from the first small-angle peak
reveals a 1.2% and 1.1% layer shrinkage in the Sm-C
phase of A and B, respectively. Presence of the second
and third multiples of the primary peak confirms a highly
condensed smectic density wave attributed to nanosegregation
[31,32] induced by the siloxane segments. The magnitude of
the smectic order parameter, |� |, was estimated using the
Leadbetter method [11,33] and found to be �0.74 ± 0.02
in the SmC phase of both compounds.

The two wide-angle diffuse arcs indicated by red arrows
in Fig. 2 arise from average lateral separation between well-
aligned Si segments (�6.8 Å) and HC (�4.5 Å) parts of the
molecules. The separation of Si and HC peaks further confirms
their nanosegregation. Azimuthal intensity distribution of

SmA 

χ
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αSi 

HC 

FIG. 2. (Color online) X-ray diffraction patterns in the SmA

(86.5 °C) and the SmC (51.7 °C) phases of B reveal the hydrocarbon
(HC, green) and siloxane (Si, white) peaks. The dashed line drawn
on the SmC pattern shows a shift of 18.3° caused by director tilt from
its position (solid line) in the SmA phase.

these peaks depends on the orientational order of the two parts
of the molecule. The angular separation between the peaks of
the large-angle (red square and green circle) and small-angle
(blue triangle) peaks in their χ scans, Fig. 3, is a direct measure
of the tilt angle α. It is evident that both the Si and the HC
peaks are collinear and perpendicular to the direction of the
small-angle peaks in the SmA phase; see Figs. 2 and 3(a).
At 51.7 °C (i.e., T –TAC = −26.3 °C) in the SmC phase, the
HC part is tilted at �18.3° as indicated in Figs. 2 and 3(b)
while the Si segments are tilted at a much smaller angle of
�4.6° giving the molecules a hockey-stick shape; see inset in
Fig. 4(c). This is direct evidence of hockey-stick like molecular
conformation in the SmC phase with a temperature-dependent
kink at the point where the Si segment meets the HC part. The
angle of kink is �χ = 18.3° – 4.6°∼= 13.7° for compounds
A and B at 30 °C below TAC , and �9.3° for compound
C4 at 20 °C below TAC , as shown in Fig. 4(c). Although
various theoretical models envisage [15,34,35] bent molecular
conformations, those are of very different nature and involve
bending of terminal chains with respect to the rigid central
core of the molecule. Single power law fits to the measured
HC tilt angle yield the critical exponent β = 0.25 ± 0.03 and
β = 0.26 ± 0.01 for compound A and C4 [20], respectively,
and 0.21 ± 0.02 for B and C9. Here, Tc is the second-order
AC transition temperature. These values of β for compound A
and C4 are consistent with the predicted tricritical behavior. Its
somewhat smaller value for B and C9 is indicative of weakly
first-order nature of this transition with nonzero value of the
enthalpy change �HAC = 0.16 kJ/mol [36] for compound B
and 1.7 kJ/mol for C9 [20].

The functions f (θ ) are determined from χ scans
of the HC peaks at representative temperatures in the
SmA and SmC phases by numerical inversion us-
ing the method of Davidson et al. [37], and are
shown in Fig. 5 for the four compounds. The orienta-
tional order parameters 〈P2〉 = 1

2 [3〈cos2 θ〉 − 1], 〈P4〉 =
1/8 [3 − 30〈cos2 θ〉 + 35〈cos4 θ〉], and 〈P6〉 = 1/16 [−5 +
105〈cos2 θ〉 − 315〈cos4 θ〉 + 231〈cos6 θ〉] are then calculated
by substituting them for “X” in Eq. (1):

〈X〉 =
∫ π/2

0 Xf (θ ) sin θdθ
∫ π/2

0 f (θ ) sin θdθ
. (1)
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FIG. 3. (Color online) Azimuthal peak profiles of the small-angle
(SA) (blue triangles, left ordinate axis), and wide-angle peaks (right
ordinate axis): HC (red squares), and Si (green circles) for compound
B in the SmA (86.5 °C) and SmC (51.7 °C) phases. The difference
between the tilts of HC and Si segment, �χ = 13.7° in (b). The black
solid lines through the HC and Si peaks are fits. In (b), the fit to HC
peak is a composite of two Gaussians (dashed lines) to two domains.
Inset in (b): Layer spacing for compounds A and B.

These parameters are plotted in Fig. 6 as functions of
temperature. Values of the 〈P2〉 for all compounds show similar
temperature dependence but its values for compounds C4 and
C9 are slightly higher than for A and B. It should be noted
that while 〈P4〉 has previously been measured for a handful of
de Vries compounds using the polarized Raman spectroscopy
[14,32,38] and x-ray scattering methods [39], values of 〈P6〉
have previously not been measured for any LC system. The
values of the three parameters remain essentially constant in
the SmA phase. In the SmC phase, 〈P2〉 increases from�0.52
to�0.67 for A and from�0.53 to�0.64 for B before leveling
off. These values are close to the values for compounds with
fluorinated end segment [40] but somewhat higher than other
organosiloxane mesogens [25–28]. The value of 〈P2〉 for the Si
segments remains essentially constant at�0.40 in both phases
of all four compounds, and is not plotted.

The values of 〈P4〉 are constant at +0.14 ± 0.01 in the
SmA phase for compounds A and B and then increase to
+0.36 ± 0.01 and +0.30 ± 0.01 in their respective SmC

phase. The values of 〈P4〉 for C4, which has the widest SmA

Δχ

α
Δχ

FIG. 4. (Color online) Temperature dependence of the tilt angles
of hydrocarbon (blue squares) and siloxane (red circles) segments for
(a) A, (b) B, and (c) C4. The inset in (c) schematically shows the Si
segment (red) and the HC (black) parts of the SmC phase. Solid lines
are fits to a single power law; dashed lines are drawn as guide to the
eye.

range, lie between 0.26 ± 0.02 and 0.38 ± 0.02, and show a
slight decrease with temperature in the SmA phase. Its value
appears somewhat constant for the other three compounds.
It is noteworthy that 〈P4〉 remains positive (consistent with a
sugarloaf ODF) and increases to 0.41 ± 0.02 and 0.3 ± 0.03 in
SmC phase for C4 and C9, respectively. There has been only
one report of a negative but small value of 〈P4〉 (�–0.05) for
the compound TSiKN65 [38]. However, its chemical structure
is different from the four compounds investigated in this study
and it forms a chiral ferroelectric smectic phase. The values of
〈P6〉 are small in the SmA phase and reach a value of �0.10
± 0.03 in the SmC phase of all compounds.

The positive values of 〈P4〉 are consistent with the cal-
culated sugarloaf like ODFs, shown in Fig. 5 for the SmA
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FIG. 5. (Color online) Sugarloaf like orientational distribution
function in the SmA (dashed blue line) and SmC (solid red line)
phases for compound (a) A and (b) B, (c) C4, and (d) C9. The center
of f (θ ) in SmC phase is shifted to coincide with that of SmA.

and SmC phases. However, this result on nonchiral systems
does not necessarily rule out the diffuse-cone model which
has been successfully used to explain the unusually large, or
giant, electroclinic effect [23,41,42] in the chiral SmA* phase
of several compounds. The average orientational fluctuation
about the director n can be estimated from 〈cosθ〉�0.80
which is calculated in the SmA phase of compound A

〈 〉
〈 〉
〈 〉

〈
〉

FIG. 6. (Color online) Temperature dependence of orientational
parameters 〈P2〉 (blue squares), 〈P4〉 (red circles) and 〈P6〉 (green
triangles) for the hydrocarbon part of mesogens (a) A, (b) B, (c) C4,
and (d) C9.
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FIG. 7. (Color online) The simulated ODFs with respect to the
SmA layer normal k for polar tilt angles of 16°, 19°, and 22° using an
experimentally measured SmC ODF with corresponding molecular
orientational fluctuations 〈θ〉 = 19° about the director n.

using Eq. (1) with X = cosθ . The corresponding average
molecular fluctuation 〈θ〉, also calculated from Eq. (1) at
the same temperature, is approximately 33° which is much
larger than the largest measured value of molecular polar
tilt α�25° measured in the SmC phase. Clearly, molecular
fluctuations larger than the molecular tilt will obscure any
decrease in the ODF at its center making even the conical
distribution of molecules to appear as sugarloaf. To illustrate
this, intensity distribution from one of the ODFs in the SmC

phase corresponding 〈θ〉�19°was used to simulate three ODFs
in the SmA phase with respect to the direction k and for polar
tilt (or, diffuse cone) angle α (=16°) smaller, (19°) equal,
and (22°) larger than 〈θ〉. Since one measures the molecular
distribution in the plane perpendicular to the x-ray scattering
vector, the calculations were done by convolving the two
intensity distributions tilted at angles of ± α relative to k
in that plane. The ODF of the resultant distribution was then
determined using the method of Davidson et al. The results,
in Fig. 7, clearly show that it is difficult to directly measure a
volcano like distribution unless α is larger than 〈θ〉.

It should also be pointed out that there is no a priori reason
to rule out the possibility of the ODF being volcano like in the
SmA phase of chiral systems and sugarloaf like in the nonchiral
SmA systems. In order to clearly demonstrate diffuse-cone
ODF, one needs a system with smaller molecular fluctuations
in the SmA phase, i.e., higher 〈P2〉. We plan to investigate
other chiral and nonchiral de Vries materials to test if any of
them unambiguously reveals a volcano like ODF.

The ODFs of the four systems investigated are similar to
those of conventional smectics but with a lower 〈P2〉 and highly
condensed smectic density wave. The width of f (θ ) decreases
with decreasing temperature and becomes much narrower
in the SmC phase. The narrowing of f (θ ) apparently increases
the average effective molecular length thereby compensating
the decrease in smectic layer spacing caused by increasing tilt
in the SmC phase. We calculated the effective length L of the
molecule from

d(T ) = L 〈cos θ〉 cos α(T ). (2)
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FIG. 8. (Color online) (a) Schematic of molecular orientation
in the de Vries (right) SmA and (left) SmC phases. Molecules
lie on the surface of a cone with polar tilt angle α and average
molecular fluctuations of 〈θ〉; (b) temperature dependences of 〈cosθ〉
for compounds A, B, C4, and C9.

where d(T ) and α(T ) are measured experimentally. The term
〈cosθ〉 represents average molecular fluctuations [Fig. 8(a)]
about n and is reflected in the width of the ODF. The value of
〈cosθ〉�0.80 in the SmA phase increases to�0.86 in the SmC

phase of compounds C4 and C9. Its temperature dependence
is shown in Fig. 8(b). This increase counteracts the layer
shrinkage caused by the increasing tilt α, leading to a much
reduced layer contraction. In the SmA phase, L increases
linearly with temperature from �58.5 to 60.0 Å for A, and
from�56.0 to 58.0 Å for B. Temperature dependence of L in
the SmC phase has the same value, −0.040 ± 0.007 Å/deg C,
for both compounds. This can be attributed to stiffening [2,3]
of the molecule as in conventional LCs. Clearly the layer
contraction in the SmC phase is significantly diminished by
the increase in 〈cosθ〉.

Interestingly, both the hydrocarbon and siloxane parts of the
molecule orient along the director n in the SmA phase but at
different angles α1 and α2 in the SmC phase. Consequently, the
molecules develop a kink in the SmC phase at the site where
HC and Si parts meet. If we use n to specify the direction of
one (the HC) part and n′ for the other (Si) part, then n and
n′ are collinear (noncollinear) in the de Vries SmA (SmC)
phase. In both phases, the degree of orientational order, S1,
of one (hydrocarbon) part is much larger than (S2) that of the

TABLE I. Liquid crystal phases and the associated order param-
eters. Here, the use of “‖” and “�” between unit vectors indicates
that they are parallel and oblique to each other, respectively, while
“—” stands for the corresponding parameters not being applicable.
For brevity’s sake, the in-plane SmC director is not included in this
table.

Parameters

Phase n, n′, k S1 S2 α1 and α2 �1 �2

Nematic n‖n′ �0 — — — —
Biaxial nematic n�n′ �0 �0 — — —
SmA and SmA1 n‖n′‖k �0 — α1 = α2 = 0 �0 0
SmC and SmC1 n‖n′�k �0 — α1 = α2 �= 0 �0 0
de Vries SmA n‖n′‖k �0 �0 α1 = α2 = 0 �0 0
de Vries SmC n�n′�k �0 �0 α1 �= α2 �= 0 �0 0
SmA2 and SmAd n‖n′‖k �0 — α1 = α2 = 0 �0 �0
SmC2 n‖n′�k �0 �0 α1 = α2 �= 0 �0 �0

second (siloxane) part as previously reported [20]. In the SmC

phase, the tilt angles α1 and α2 for n and n′ with respect to
the smectic layer normal k are needed to specify the phase
completely. When these findings are considered with the need
of two smectic order parameters, say �1 and �2, representing
the conventional smectic density and the dipolar density waves
to describe the frustrated smectic [43–46] phases, it becomes
apparent that one needs pairs of the four parameters, namely
n and n′, S1 and S2, α1 and α2, and �1 and �2 to specify the
relevant calamitic LC phases as outlined in Table I.

To summarize, we have presented direct evidence for
kinked molecular conformation in the SmC phase and deter-
mined order parameters 〈P2〉, 〈P4〉, and 〈P6〉 in the SmA and
SmC phases. The values of 〈P4〉 are positive and consequently,
the shape of the ODF is apparently sugarloaf like for both
compounds. Furthermore, narrowing of the ODFs in the SmC

phase significantly compensates for the layer shrinkage caused
by the increasing director tilt, and is the missing factor
responsible for rendering the layer contraction much smaller
than in the conventional smectics. These results provide a
major advancement in our understanding of the de Vries
smectics.
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