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Introduction

Various kinds of fluorinated compounds have been synthe-
sized in order to produce, enhance, and modify the functions
of materials, such as fluorous biphasic catalysts,[1] organic
thin-film transistors,[2,3] and liquid crystals.[4] Fluorination
has a significant effect on the properties of liquid crystalline
compounds, such as their thermal stability and viscosity, as
well as on the nature of the liquid crystal phase. It is well
known that the introduction of fluorine atoms into a side
chain enhances the smectic character of a liquid crystal.[5,6]

The smectic A (SA) phase is stabilized even for compounds
with a core that consists of a single benzene unit owing to
the stiffness of perfluoroalkyl (Rf) chains.[7±10] On the other
hand, various liquid crystalline phases have been produced
by the introduction of Rf chains. Lateral substitution of Rf

chains into the cores produces columnar and/or a new type

of lamellar structure in which the molecular axes are paral-
lel to the layers.[11] Tetrahedral molecules of pentaerythritol
derivatives also show enhanced liquid crystallinity, produc-
ing lamellar, columnar and/or cubic phases.[12] Furthermore,
it has been revealed that fluorination is a very powerful and
efficient strategy with which to construct self-assembled ar-
chitectures that produce highly functional liquid crys-
tals.[13±15] The strong ability of fluorinated molecules to pro-
duce supramolecular systems in dilute aqueous dispersions
in contrast to their hydrocarbon counterparts has also been
recognized.[16]

These significant results have been attributed to the
micro-segregation of fluorinated and hydrocarbon moieties
that is induced by different chemical properties.[17±20] Mole-
cules with different chemical fragments are sometimes
called polyphilic molecules.[21] It has been concluded from
properties such as the low boiling points and low surface
tensions of perfluorocarbons relative to the corresponding
hydrocarbons that weak interactions exist between fluorinat-
ed moieties.[22] Thus, the effect of fluorination is called the
™fluorophobic∫ effect. However, the term ™fluorophilic∫ has
also been used to describe the aggregation and/or affinity of
fluorinated moieties.[16a, 23,24] The crystal structures of several
fluorinated compounds have been determined in order to
elucidate the effect of fluorination. The remarkable stability
of fluorine-substituted naphthalenebisimide has been attrib-
uted to the dense packing of Rf chains in the crystal, which
prevents the penetration of oxygen and water.[2c] 4-Cyano-
phenyl 4-perfluoroheptylbenzoate crystallizes in a bilayer
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Abstract: The series of alkyl 4-[2-(per-
fluorooctyl)ethoxy]benzoates (F8-n)
shows a systematic change of crystal
structures depending on the length of
the alkyl chain: separate packing of
perfluorooctyl (Rf) and alkyl (Rh)
chains from each other for shorter (n=
2) and longer (n=11) members, alter-
nate packing of Rf and Rh chains for
middle (n=6,7) members, and an inter-
mediate type of packing for n=4.

Semiempirical MO calculations show
slightly repulsive interactions between
the Rf chains, and attractive ones be-
tween Rf and Rh chains and between
Rh and the core of a molecular pair. It

is concluded that fluorination deter-
mines the molecular shape of the crys-
tal structures by making the chain
rigid. It is confirmed that the interac-
tions between Rf chains are small com-
pared with those between other moiet-
ies and that they are forced to aggre-
gate owing to the exclusion from other
moieties. Thus, the effect is dependent
on the geometries and intermolecular
interactions of the other moieties.

Keywords: intermolecular interac-
tion ¥ liquid crystals ¥ perfluoroalkyl
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structure due to strong CN�CN interactions,[25] while 4-per-
fluoropropylmethoxyphenyl 4-undecyloxybenzoate has a
monolayer stacking in which molecules are aligned in the
same direction.[26] In the crystal of a chiral mesogen with a
perfluoroheptylethoxy group, molecules are arranged in a
head-to-tail fashion with two of four independent molecules
oriented in the same direction and the other two in the op-
posite direction.[27] In our recent work, ethyl 4-[2-(perfluoro-
octyl)ethoxy]benzoate and 2-[2-(perfluorooctyl)ethoxy]ni-
trobenzene have similar packing modes in which Rf chains
aggregate in bilayer structures despite the different substitu-
ents.[28]

In order to understand and evaluate the effect of fluorina-
tion from a fundamental aspect, systematic crystal structure
analysis has been carried out together with the computation-
al evaluation of rather simple compounds. The homologous
series of the ethyl compound mentioned above, alkyl 4-[2-
(perfluorooctyl)ethoxy]benzoates (F8-n), has a simple mo-

lecular constitution of an Rf chain, an alkyl (Rh) chain, and
a core moiety comprising only a single aromatic ring. The
SA phase, although monotropic, appears in shorter (n�5)[9a]

and longer members (n�11) but not in middle members of
the series, as shown in Figure 1.[9b]

This behavior is unique as
compounds with chains of inter-
mediate length usually favor
liquid crystalline phases. Com-
parison of the members of the
series with and without the SA

phase should give us a better
understanding of the effect.
This paper describes the crystal
structures of F8-4, F8-6, F8-7,
and F8-11, and compares them
with that of F8-2.[28] The results
of energy partitions of intermo-
lecular interactions between
four nearest-neighbor mole-
cules calculated by using the
MOPAC2000 software pack-
age[29] are also described.

Results

Molecular structures : The crystal data and molecular struc-
tures of F8-4, F8-6, F8-7 and F8-11 are shown in Table 1 and
Figure 2, respectively. There are three crystallographically
independent molecules, A, B, and C, in F8-4 (100 K) and
two molecules, A and B, in F8-11. The molecular structures
of F8-4 are essentially the same at 100 K and 200 K except
for the degree of disorder. At 100 K, the fluorine atoms of
molecules B and especially C are still highly disordered.

Several carbon atoms in the chains have large and elongated
temperature ellipsoids. Several C�C bonds in the Rf chains,
especially in the highly disordered C molecule, have shorter
bond lengths and wider angles than normal. In addition, sev-
eral peaks of up to 2 e ä�3 remained around the Rf chains.
All these results suggest that in the highly disordered chains,
librational and/or flip-flop motions of the zigzag C-C-C skel-
eton are quenched at low temperatures. The fluorine atoms
in F8-11 are also highly disordered. Several bond lengths
and angles in these chains deviate from normal values due
to the averaging of disordered structures.

The C-C-C angles of ordered atoms in Rf chains are still
slightly larger (113±1188) than usual, which suggests that the
increase is caused by the presence of large fluorine atoms.
The ethoxy skeleton, O3-C8-C9-C10, has a twisted confor-
mation in all the cases, as shown in Table 2. Each Rf chain
(C10±C17), except for the highly disordered F8-4(C), is
slightly twisted in the same sense within a molecule and is
attributed to F�F repulsion.[30] On the other hand, the Rh

chains have an all-trans conformation except for F8-4.
In F8-7, the core moiety is disordered. The benzene ring

(C1±C6), C7, and O3 are highly planar with root mean devi-

Figure 1. Transition temperatures for the F8-n series. Crystal-isotropic
transitions (*) and SA-isotropic transitions on cooling (&). Adapted from
reference [9b].

Table 1. Crystal data for F8-4, F8-6, F8-7, and F8-11.

F8-4 F8-6 F8-7 F8-11

T [K] 200 100 200 200 130
formula C21H17F17O3 C23H21F17O3 C24H23F17O3 C28H31F17O3

Mr 640.34 668.40 682.42 738.53
crystal shape plate plate plate plate needle
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/a P21/n P21 P21 P1≈

a [ä] 10.863(2) 26.348(2) 28.463(10) 29.821(5) 9.5272(11)
b [ä] 9.813(13) 9.5144(7) 9.030(2) 8.9051(11) 59.697(12)
c [ä] 23.900(5) 31.673(2) 5.1960(14) 5.1843(7) 5.434(2)
a [8] 90 90 90 90 90.50(3)
b [8] 91.302(6) 113.657(10) 91.84(3) 92.374(12) 92.40(2)
g [8] 90 90 90 90 88.197(13)
V [ä3] 2496.2(9) 7272.8(9) 1334.7(7) 1375.6(3) 3086.3(14)
Z 4 12 2 2 4
1calcd [gcm�3] 1.704 1.754 1.663 1.648 1.590
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ations of 0.012 and 0.05 ä for the major and minor confor-
mers with occupation factors of 0.8 and 0.2, respectively.
The dihedral angle between the two planes is 85.5(6)o, that
is, almost perpendicular.

The molecules of F8-4, F8-6, and F8-7 are Z-shaped, al-
though those of F8-6 and F8-7 are much extended, while F8-
11 is bow-shaped (bent), as is F8-2.

Crystal packing : Figure 3 (top) shows the crystal structure
of F8-4 at 100 K viewed along the b axis. Crystallographical-
ly independent molecules, A, B, and C, are shown in purple,
black, and green, respectively. The cell at 100 K is three
times the size of that at 200 K, with the b axis common and
a’=a+2c and c’=�a+c, whereby a and c are the axes of
the high-temperature cell and a’ and c’ are those of the low-
temperature one. The packing patterns are essentially the
same at 200 K and 100 K. A crystal, that had previously
been cooled to 130 K and then heated to room temperature,
had the high-temperature cell, showing a reversible phase
transition. The structure viewed along the [10 1] direction is
shown in Figure 3 (lower part). Here, the nearest neighbors
of respective molecules are shown separately for clarity. The
butyl chain extends towards the Rf chain of a neighboring
molecule, leading to the partial overlap of Rf chains.

The Rf and Rh chains of the middle members of the series
(F8-6 and F8-7) aggregate alternately (alternate type), as
shown in Figure 4. Interatomic distances between the Rf and
Rh chains are not shorter than the sum of the van der Waals
radii of the fluorine and hydrogen atoms (1.47 and 1.20 ä,
respectively[31]), showing that there are no special interac-
tions such as C�H¥¥¥F hydrogen bonds between the chains.

On the other hand, the Rf and Rh chains in F8-11 aggre-
gate separately (separate type), as shown in Figure 5. The
core moieties and Rf chains are parallel to the b axis, while
the Rh chains are tilted with respect to the axis (408).

The schematic diagram of these structures (Figure 6) as
well as that of F8-2 shows a systematic structural change
depending on the chain lengths; the separate-type structure
for F8-2 and F8-11, and the alternate-type structure for F8-6

and F8-7. The structure of F8-4
is similar to those of F8-6 and
F8-7 in that adjacent molecules
are arranged in opposite direc-
tions, as shown in Figure 3.
However, the overlap of the Rf

chains is more significant than
in F8-6 and F8-7, and so is re-
garded as an intermediate-type
structure.

Computational studies : In mo-
lecular crystals, molecular and
crystal structures are deter-
mined by intermolecular inter-
actions. The intermolecular
binding energy and geometries
can be determined, in principle,
by solving the Schrˆdinger
equation for an assembly of

Figure 2. Molecular structures with the numbering scheme for non-hydro-
gen atoms of F8-4 (100 K), F8-6 (200 K), F8-7 (200 K), and F8-11
(130 K). Displacement ellipsoids are shown at the 50% probability level.
All the molecules are numbered in similar ways. For F8-7, the disordered
core moiety with minor occupancy is shown in gray.

Table 2. Torsion angles of the Rf and Rh chains of F8-4, F8-6, F8-7, and F8-11.

F8-4 F8-6 F8-7 F8-11
A B C A B

O3-C8-C9-C10 �81.6(5) 70.4(6) 68.4(5) �71.2(5) 72.7(7) 77.5(10) �66.1(12)
C8-C9-C10-C11 164.7(4) 175.1(5) 176.3(4) �177.5(3) 171.9(5) 174.7(9) �160.8(10)
C9-C10-C11-C12 164.8(4) 169.2(5) 177.6(6) �176.6(4) 176.4(5) 175.2(10) �172.3(11)
C10-C11-C12-C13 161.6(4) 168.7(5) �179.4(7) �175.8(4) 176.1(5) 162.9(10) �169.3(11)
C11-C12-C13-C14 164.4(4) 165.3(5) �179.7(11) �171.5(3) 176.0(5) 171.5(10) �168.8(14)
C12-C13-C14-C15 162.5(4) 167.0(5) �171.9(19) �173.5(4) 176.7(5) 168.1(11) �175.5(13)
C13-C14-C15-C16 164.3(4) 170.6(4) �169(3) �173.8(4) 178.6(5) 171.5(11) �171.9(14)
C14-C15-C16-C17 162.7(5) 175.9(5) �160(4) �178.6(5) 178.4(7) 174.7(12) �163.8(15)
O2-C18-C19-C20 45.2(12) �27(2) �70.9(5) �176.6(5) 177.2(7) 177.6(7) 166.7(8)
C18-C19-C20-C21 72.7(13) �172.6(17) 179.3(5) 173.2(5) �172.0(7) 176.3(7) �169.4(8)
C19-C20-C21-C22 179.0(5) �178.2(6) �178.0(8) 175.6(7)
C20-C21-C22-C23 177.3(6) �175.1(7) 177.9(8) �175.1(7)
C21-C22-C23-C24 178.0(7) 179.6(8) 178.6(7)
C22-C23-C24-C25 178.1(8) �179.9(7)
C23-C24-C25-C26 176.4(7) 178.4(7)
C24-C25-C26-C27 178.4(8) �179.5(7)
C25-C26-C27-C28 178.5(8) 179.7(7)
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molecules. It is difficult, however, to evaluate the intermo-
lecular interactions accurately, because they are much
weaker than intramolecular interactions. In order to evalu-

ate the intermolecular interac-
tions by ab initio molecular or-
bital (MO) methods, it is neces-
sary to employ highly sophisti-
cated ab initio theory in the
treatment of electron correla-
tion effects and also a large
number of basis functions. Such
ab initio approaches may not
be applicable to the large mole-
cules treated here, simply be-
cause of the huge computation-
al costs. The semiempirical MO
method is an alternative ap-
proach. In this method, molecu-
lar integrals are evaluated ap-
proximately by using empirical
parameters to reproduce the
experimental data (geometries,
heats of formation, dipole mo-
ments, and ionization poten-
tials) of a set of molecules.
Compared with ab initio meth-
ods, the computational costs are
significantly reduced, but of
course quantitative evaluations
of intermolecular interactions
can not be expected. Moreover,
it is still practically impossible
to treat a large number of mol-
ecules in a straightforward
manner. In the present study,
the semiempirical MO method,
AM1, has been applied to esti-
mate intermolecular interac-
tions between four nearest mol-
ecules (tetramer) in crystals, in
order to discuss, at least, the
tendency of the interactions.

The molecular structures of the separate type (F8-2 and
F8-11) are different to those of the alternate type (F8-6 and
F8-7): bent and extended, respectively. The difference is
caused by the 180o rotation of the ester linkages. The energy
difference between the bent and extended molecules, calcu-

Figure 3. The crystal structure of F8-4 at 100 K viewed along the b axis (top) and along the [101] diagonal
(lower three). Hydrogen atoms and disordered atoms with minor occupancies are omitted for simplicity. Mole-
cules A, B, and C are shown in purple, black, and green, respectively. Red lines denote the cell of the higher
temperature phase in which all the molecules are equivalent. In the lower part of the figure, nearest neighbors
are shown separately for respective molecules: molecules A related by 21 axes and molecules B and C related
by inversion centers.

Figure 4. The crystal structure of F8-6 (top) and F8-7 (bottom). Hydrogen
atoms are omitted for simplicity. For F8-7, the disordered moiety with
minor occupancy is shown in gray.

Figure 5. The crystal structure of F8-11. Hydrogen atoms and disordered
atoms with minor occupancies are omitted for simplicity.
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lated by using the AM1 method, is almost negligible for
F8-2 and F8-6 : the bent molecule is more stable by
0.13 kcal mol�1 for the former with no energy difference be-
tween the molecules of the latter. Therefore, the molecular
shapes are determined by the requirements of crystal pack-
ing.

We evaluated the intermolecular interactions in the tet-
ramers of crystals of F8-2 and F8-11 (separate type), and
F8-6 (alternate type). The structures of the tetramers used
in the calculations were as described in detail in the compu-
tational procedures section of the Experimental section. To
determine the structure of each tetramer, geometry optimi-
zation was carried out, starting with the molecules in the re-
spective crystal structures, as determined by X-ray analysis.
Figure 7 shows the resultant fully optimized structures ob-
tained with two different conditions, GNORM=1.0 and
GNORM=5.0, whereby GNORM=x indicates that geome-
try optimization stops when the norm of the energy gradi-
ents for each atom of the tetramer becomes less than

x kcal mol�1 ä�1. As shown in Figure 7, in the optimizations
with GNORM=1.0, the Rf chains separate in the separate
type F8-2 and F8-11 molecules, while the Rf and Rh chains
of the alternate type F8-6 maintain chain contact. On the
other hand, in the optimized structures obtained with
GNORM=5.0, intramolecular parameters were almost fully
optimized, while the molecular conformations and intermo-
lecular geometries were essentially maintained including the
twisted moieties of the ethoxy groups. The following energy
partition analyses were performed for the structures deter-
mined with GNORM=5.0.

The intermolecular interaction (DE) of the tetramer is de-
fined as the difference in the heat of formation of the tet-
ramer and the sum of those of the four isolated monomers.
Thus, the binding energy is defined as �DE. In the calcula-
tions on the four isolated monomers, the geometrical struc-
tures of the respective monomers were taken from those in
the tetramer optimized with GNORM=5.0. The results are
summarized in Table 3. The tetramers of F8-2 and F8-6
(real) were stabilized. For F8-11, the tetramer with the Rh

chains inside is more stable than that with the Rf chains
inside. For F8-11 with Rf chains inside, models 1 and 2 show
destabilization of the tetramer, while model 3 gives slight
stabilization. The difference results from the geometry of
the tetramer, especially the lateral overlap of the molecules,
as discussed below.

In the AM1 method, the total energy can be divided into
contributions from the respective atoms and atom pairs be-
cause of the neglect of the diatomic differential overlap
(NDDO) approximation. The binding energy of the tetra-
mer can also be partitioned into contributions from those
within each monomer and from each pair of monomers. By
taking a partial sum of the interatomic energy of atoms that
belong to different monomers, we can discuss the origin of
intermonomer interactions. First, interactions between mo-
lecular pairs, lateral (I±II) and longitudinal (I±III), were
evaluated. As shown in Table 3, the contribution of the
former is much larger. Note that interactions between paral-
lel molecules in the separate type as well as antiparallel
molecules in the alternate type are negative (attractive).
Discrepancies between the total energy (DE) and the sum
of the interactions between I±II and I±III are attributed to
the fact that destabilization of monomers due to the change
of electron density distribution between isolated and aggre-
gated molecules was included in the calculation of DE,
while only two-center intermonomer contributions were cal-
culated for I±II and I±III interactions. Good correlation,
however, exists between the two evaluations.

Next, contributions from the interactions between differ-
ent moieties were evaluated. For this purpose, a molecule
was divided into three fragments, that is, Rf, Rh and the re-
maining core moiety. The results for the interactions be-
tween I±II pairs are shown in Table 3. There are two differ-
ent geometries for the Rf±core, Rf±Rh, and Rh±core pairs, re-
spectively. Interactions between cores are positive for the
separate type, and negative for the alternate type. It is rea-
sonable that parallel cores are repulsive in the former, while
antiparallel cores are attractive in the latter. Interactions be-
tween Rf chains are slightly positive with almost the same

Figure 6. Schematic diagram of the crystal structures of F8-2, F8-4, F8-6,
F8-7 and F8-11. Ellipsoids, lines and squares denote Rf and Rh chains and
the core moieties, respectively.

Figure 7. Optimized molecules with GNORM=1 (left) and GNORM=5
(right). The tetramer of F8-11 shown here is of model 1. Fluorine and hy-
drogen atoms are shown in pink and blue, respectively.
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value in all cases except for F8-6 (separate type), in which
the Rf chains are far from each other. Repulsive interactions
between the Rf chains are due to the head-to-head contacts
of strong dipole moments in the C�F bonds of neighboring
molecules. On the other hand, interactions between Rh

chains depend largely on the chain length and the geometry
of the tetramers. For F8-11, the larger the core-core repul-
sion is, the larger the Rh±Rh attraction is owing to the
degree of lateral overlap of the corresponding moieties. For
shorter members of the series, positive values were ob-
tained, for which reasonable explanation could not be
found. Probably, more aggregation would be necessary for
the interaction to be attractive. On the other hand, interac-
tions between Rf and Rh chains are always negative. Attrac-
tive interactions between Rf and Rh chains may be attribut-
ed to the induction effect of the strong dipole of a C�F
bond on the C�H bond. In the alternate type F8-6, in which
Rf and Rh chains are the nearest-neighbor moieties, these in-
teractions are relatively large. In other cases, the Rf and Rh

chains are far from each other, but still show attractive inter-
actions. Similarly, cores and Rh chains are strongly attractive
except for in F8-6. In contrast, interactions between cores
and Rf chains are slightly repulsive in many cases.

Hypothetical separate-type structures of F8-6, derived
from the molecular arrangements of F8-11 by cutting off
C5H10 from the chains, were also examined. The trends in
the binding energy and energy partition for models 1, 2, and
3 of F8-6 coincide with those of F8-11. It is shown that the
alternate type is more stable than any of the separate types,
which agrees with experimental observation of the alternate

type. Moreover, the melting points of middle members of
the series are higher than those extrapolated from shorter
and longer members, as shown in Figure 1.

Discussion

Intermolecular interactions in crystals : As shown in
Figure 6, crystal structures change systematically depending
on the chain lengths: the separate type for shorter and
longer members, and the alternate type for middle members.
The bent molecules in the former case result from the re-
quirements of close packing of significantly different cross
sections of Rf and Rh chains. On the other hand, extended
molecules with similar lengths of Rf and Rh chains fill the
space efficiently in the alternate arrangement. However, a
separate type is also geometrically possible for middle mem-
bers, because both the shorter and longer members adopt
this type of structure. If the tendency to micro-segregation
was strong enough, the separate type would be realized also
for the middle members. Moreover, F8-4 has an intermedi-
ate type of overlapping of Rf chains. These facts suggest that
micro-segregation is not always dominant. Similar situations
have been encountered in several cases. Swallow-tailed com-
pounds with Rf chains in the ™tails∫ produce smectic phases
with antiparallel arrangements of molecules, while those
with an Rf chain in the ™head∫ show columnar phases with
segregation of Rf and Rh moieties.[32] Biphenyl compounds
with Rf moieties in different positions in the chains show
different smectic phases (SA and SE) with quite different mo-

Table 3. Results of the calculations [kcal mol�1]. The results for the real alternate-type and hypothetical separate-type crystals of F8-6, derived from F8-
11, are shown.

Model[a] Configuration[b] DE[c] I±II I±III Energy partition between I±II[c]

core±core Rf±Rf Rh±Rh Rf±core Rf±Rh Rh±core

F8-2 Rf±Rf �1.33 �3.26 0.24 2.74 0.64 2.72 0.16 �0.39 �4.96
�1.74 �0.50 �1.94

F8-6 (real) �2.22 �6.24 0.11 �6.53 0.12 1.22 0.47 �0.82 �0.02
0.59 �2.12 0.83

F8-11 1 Rf±Rf 0.68 �3.37 0.16 2.88 0.88 0.36 0.14 �0.53 �5.10
0.15 �0.33 �1.82

Rh±Rh �1.72 �6.06 0.06 2.81 0.65 �1.46 0.13 �0.53 �5.67
0.25 �0.35 �1.80

2 Rf±Rf 0.75 �2.56 0.21 2.27 0.94 �0.29 0.10 �0.42 �2.00
�0.42 �0.37 �2.38

Rh±Rh �0.41 �2.51 �0.93 2.28 0.90 �0.18 0.13 �0.43 �2.06
�0.42 �0.37 �2.37

3 Rf±Rf �0.62 �7.67 0.08 4.41 0.52 �2.84 �1.34 �0.52 �2.28
0.21 �0.41 �5.42

Rh±Rh �1.02 �7.75 0.08 4.41 0.57 �2.93 �1.39 �0.54 �2.28
0.20 �0.40 �5.40

F8-6 (hypothetical separate type) 1 Rf±Rf �0.08 �2.91 0.17 2.96 0.64 2.76 0.62 �1.03 �6.29
0.39 �0.56 �2.41

2 Rf±Rf 1.84 �0.92 0.07 2.25 0.92 1.42 0.10 �0.45 �2.03
�0.39 �0.36 �2.38

3 Rf±Rf �0.27 �4.62 0.14 4.35 0.46 0.50 �1.63 �0.53 �2.20
0.19 �0.41 �5.36

[a] See Experimental section for details of models 1, 2, and 3. [b] Rf±Rf and Rh±Rh denote the arrangements with Rf and Rh chains inside, respectively.
[c] For tetramer.
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lecular arrangements.[21b] Further, a pentaerythritol deriva-
tive with benzene rings bearing Rf and Rh chains side-by-
side has a more stable columnar phase than the nonfluori-
nated counterpart.[12a] These facts are well understood in
terms of the attractive interactions between Rf±Rh pairs, as
described in the previous section.

The results of computational analysis show that the major
contributions to the molecular aggregation to be core±core
interactions in the case of the alternate type (F8-6) and
core±Rh interactions in the case of the separate type (F8-2
and F8-11). In F8-11, interactions between Rh chains
become significant as the lateral molecular overlap becomes
large. Interactions are slightly repulsive between Rf chains
while they are attractive between Rf and Rh chains even
when the chains are at a distance. Also the attractive inter-
actions between the cores and Rh chains are larger than
those between the cores and Rf chains.

In the limited model of four molecules, the contributions
of the respective moieties have been evaluated: weakly re-
pulsive interactions between Rf chains are shown. In the
bulk state, molecules around the tetramer would affect the
situation, especially dipole±dipole interactions, by working
as dielectric media and/or by cancelling the different direc-
tional dipole±dipole interactions. However, it is expected
that the relative contributions obtained here for the tetra-
mers are still valid as a simple model.

Relationships between crystal and liquid crystal structures :
In a previous study,[9b] the layer thickness (d) in the SA

phase was measured to be 30.0, 28.7, 28.5, and 27.9 ä for
F8-1, F8-2, F8-3, and F8-4, respectively; this gives ratios of
layer thickness to molecular length (l) of the extended
shape of 1.36, 1.22, 1.12, and 1.08. Thus, it was concluded
that the SA phase of the shorter members is not a simple
monolayer but an interdigitated one. For a similar mesogen,
methyl perfluorooctylbutyloxybenzoate, d/l was determined
to be 1.35 and a model with overlapping Rf chains was pro-
posed, and was designated as bimolecular SA.[8] On the other
hand, d/l for F8-12 was determined to be 1.72, which is
much greater than one. Thus, for the SA phase of F8-12, an
interdigitated model with overlapping Rf chains in the
middle part of a layer was proposed.[9b]

The crystal structures determined here do not transform
directly to the SA phase on heating. Nevertheless, they are
expected to show characteristic features of molecular aggre-
gation. Actually, their behavior is closely related to their
liquid crystallinity: the shorter and longer members with the
separate-type packing produce the SA phase on cooling from
the isotropic phase, while the middle members with the al-
ternate-type packing do not. It is interpreted that in the
latter systems, the tendency towards micro-segregation is
not strong enough to maintain the SA phase.

It is interesting that the ratio (d/l) decreases as the Rh

chain length increases in the shorter members. A plausible
explanation lies in the change of crystal structure from the
bimolecular arrangement of the separate type (F8-2) to the
partially overlapping arrangement of the intermediate type
(F8-4): lateral intermolecular interactions and, hence, lateral
molecular overlap increase as the Rh chain length increases.

Unfortunately the layer thickness of F8-11 was not meas-
ured due to the instability of the supercooled SA phase.
However, the layer thickness (60 ä) of the SA phase of
F8-12 is comparable to the dimension of the b axis of F8-11
(59.697 ä). As two methylene groups in the bilayer contrib-
ute less than 3 ä (5 %), another model is proposed for the
molecular arrangement of the longer members in the SA

phase based on the crystal structure of F8-11. Rf and Rh

chains are separated in a bilayer arrangement as in the crys-
tal and melting Rh chains fill the space between layers of
rather rigid Rf chains. It was concluded that the activation
barrier for bond rotation is higher in the Rf chains than in
the Rh chains.[33] The present model is consistent with an
average distance between adjacent molecules of 5±6 ä due
to the greater contribution of fluorine atoms than hydrogen
atoms to the reflection intensity and also due to the higher
degree of order in the Rf chains. This model also avoids the
large gaps between Rh chains of the previous model. It is in-
terpreted that the intermolecular interactions between Rh

chains are strong enough for longer members to produce
the bilayer structures, but not for shorter members.

Conclusions

First, systematic change of crystal structures depending on
the chain length was found. Secondly, these structures are
closely related to the mesophase behaviour. Thirdly, inter-
molecular interactions were estimated for tetramers, which
indicated slightly repulsive interactions between Rf chains.

From these results, we conclude that the primary effect of
fluorination is to give a molecule rigidity, which determines
the molecular shape. To accommodate the rigid molecules
in a crystal lattice as densely as possible, a separate type of
packing is favorable in cases in which the lengths of Rf and
Rh chains are very different, in contrast to the case of Rf

and Rh chains of similar lengths. It is confirmed that the in-
teractions between Rf chains are small compared with those
between other moieties and that they are forced to aggre-
gate due to the exclusion from other moieties. Thus, the
effect is dependent on the geometries and intermolecular in-
teractions of other moieties.

Experimental Section

The compounds were synthesized previously.[9] Single crystals were ob-
tained by slow evaporation from a solution of dichloromethane and etha-
nol. Two different crystals were obtained for F8-11: thin plate and thin
needle. The former, which was obtained at about 260 K, collapsed rapidly
at room temperature.

X-ray crystal structure analysis : Experimental details of data collection
and the final results of refinements are summarized in Table 4. Data
were collected at low temperatures, because the data obtained at room
temperature could hardly be solved due to the highly disordered fluorine
atoms. Absorption correction was carried out based on a Y scan for F8-6,
F8-7 and F8-11. Structures were solved by applying SHELXS97[34]

(F8-11) and SHELXS86[35] (others) and refined by applying SHELXL97[36]

on jF j 2. Hydrogen atom positions were geometrically calculated and in-
cluded in intensity calculations but were not refined.
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For F8-4, the data obtained at 200 K on the AFC-7R diffractometer gave
only a poor result. Data sets were collected again at 200 and 100 K on a
RAPID diffractometer. The results obtained from the data, however, still
gave large R values, as shown in Table 4. At 200 K, all the fluorine atoms
were highly disordered: each atom was divided into two or three portions
and yet the resultant temperature ellipsoids of anisotropically refined
atoms were large and elongated. At 100 K, two of the three crystallo-
graphically independent molecules still had highly disordered Rf chains
with several peaks of up to 2 eä�3 around them.

For F8-7, the Rf chains were disordered at the inner moiety of the chain.
Furthermore, when the refinement with anisotropic temperature ellip-
soids for most non-hydrogen atoms converged to R1=0.103, residual
peaks around 1 e ä�3 appeared to form a definite structure of the core
moiety composed of a benzene ring, an alkoxy O atom and an ester link-
age. Assignment of these atoms as a disordered conformer with a small
occupation factor of 0.2 led to R1=0.070 without any significant distor-
tion of the geometry. For F8-11, the relatively large R1 and wR2 values
can be attributed to the highly disordered Rf chains and the low diffrac-
tion intensities due to the very thin crystal.

CCDC-220044±220047 (F8-4 (100 K), F8-6, F8-7, and F8-11) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).

Computational procedures : Semiempirical MO calculations were carried
out on F8-2, F8-6, and F8-11 by using the AM1 method in the
MOPAC2000 software package.[29] As the target molecular system, the
structures of the tetramers (four molecules closest to each other) were
taken from the respective crystal structures determined by X-ray analysis.
The tetramer of F8-6 with alternate packing is uniquely chosen as the ab
plane. For F8-2, there are two choices, the ab and bc planes, of which we
took the latter with the larger lateral overlapping of molecules. For F8-
11, there are more choices because of the two crystallographically inde-
pendent molecules, A and B. In addition, tetramers with Rf chains inside
and outside were examined because it was expected that the contribu-
tions from both Rf and Rh are significant and comparable. Six cases were
examined in total: [A(x,y,z)+B(x,y,z)+A(1�x,�y,1�z)+
B(1�x,�y,1�z)] (model 1), [A(x,y,z)+B(1+x,y,z)+A(2�x,�y,1�z)+
B(1�x,�y,1�z)] (model 2), and [A(x,y,z)+A(x,y,z+1)+
B(1�x,�y,1�z)+B(1�x,�y,2�z)] (model 3) for the arrangements with
Rf chains inside and [A(x,y,z)+B(x,y,z)+A(1�x,1�y,2�z)+
B(1�x,1�y,2�z)] (model 1), [A(x,y,z)+B(1+x,y,z)+A(2�x,1�y,2�z)+
B(1�x,1�y,2�z)] (model 2), and [A(x,y,z)+A(x,y,z+1)+
B(1�x,1�y,2�z)+B(1�x,1�y,3�z)] (model 3) for the arrangements with
Rh chains inside. For simplicity, disordered structures were truncated to

the ideally ordered structures. Hypo-
thetical separate-type structures of F8-
6 were derived from the molecular ar-
rangements of F8-11 by cutting off
C5H10 from the chains. In this case,
only arrangements with Rf chains
inside were obtained for the three
models mentioned above. Geometry
optimizations were performed with
GNORM=5 for the respective tet-
ramers with no symmetry restraints to
avoid additional energy change. The
binding energies were calculated for
the resultant structures. The intermo-
lecular interactions were analyzed by
the energy partition (ENPART)
option of MOPAC2000.
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