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Ketonization in Calamitic Liquid Crystals

Vladimir F. Petrov
LC Works, Camberwell, Vic., Australia

The effect of introducing the keto groups into their molecular structure on the
physicochemical properties of calamitic liquid crystals is discussed and rational-
ized in terms of existent theories.
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INTRODUCTION

Ketones are one of the most important and widespread functional
groups found in nature [1]. This article considers the characteristic
substituent effects that underline the physicochemical properties of
calamitic liquid crystals (LCs) containing terminal, linking, and lat-
eral keto-substituted groups. Many of these effects can be correlated
with the geometric and electronic structure of the keto groups and
their positions in the molecule. In ketones the bonds between the car-
bon and the oxygen atoms of the keto group are of ¢ and = types and
have the lengths of 1.20 A [2]. The oxygen has two lone-pair electrons;
one lone-pair orbital is mainly of type 2s, and the other lone-pair
orbital is of type 2p and its axis is perpendicular to the direction of
the = orbitals [2]. The carbonyl groups are well known by their tend-
ency to form the hydrogen bonds [1,3—6]. One can observe the meso-
meric effect caused by the conjugation of the carbonyl group with
another double bond or with a lone pair of electrons in ketones [2].
Keto-enol tautomerism is also well known in these compounds, which
shows the dominance of the enol forms [1,4-11]. As expected, these
features of the keto groups introduced into the molecular structure
of calamitic liquid crystals can affect their physicochemical properties.
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MESOMORPHIC PROPERTIES

The phase-transition temperatures of some ketones and reference
compounds are presented in Tables I-VI where Cr, Sm, SmE, SmC,
SmC*, SmCo*, SmCy*, SmC,, SmB, SmA, N, and I denote the crys-
talline, smectic, smectic E, C, C*, Cu*, Cy*, C,, B, A, nematic, and
isotropic phases, respectively. X is an unknown mesophase.

Terminal Keto Substitution

It has been demonstrated that the preferred conformation of the acetyl
group of acetophenone is in the plane of the phenyl ring [12]. Such a
planar structure has been confirmed by X-ray crystal studies [13].
Acetophenone has a barrier to rotation about the phenyl-carbonyl
bond equal to 5.4 kcal/mol, which is higher than that of the corre-
sponding methyl benzoate (4.92kcal/mol [14]). Methyl benzoate in
the liquid state contains, in addition to the main conformer with a pla-
nar structure and trans form of the ester group, a small amount of the
conformer of a different geometric structure [15]. In the corresponding
toluene, the orthogonal form is more stable (13.94 kcal/mol) than the
planar one [16].

According to Chow and Li [17], electrostatic force is most important
factor for ketones in which the high polarity of keto group can apply a
strong field effect onto nearby atoms. For the corresponding nonpolar
alkyl derivatives, orbital interactions can be transmitted either

TABLE I Mesomorphic Properties of Liquid Crystals:

iy Wy il T

No. A B K Phase transitions, °C Reference
1-1 C5H11 COC5H11 0 Cr 106 SmA 109.5 1 18
1-2 C5H11 C5H11 0 Cr 26 Sm 47.6 Sm 52.2 1 19
1-3 C5H11 OC6H13 0 Cr82Sm 841 20
1-4 C5H1100 COC5H11 0 Cr 1651 21
1-5  CsH,,CO OCgH, 5 0  Cr120.5 SmA 145.3 I 29
1-6 C5H1100 OOCC5H11 0 Cr 87.5 SmE 91 23
SmB 111.5 SmA 140 I
1-7 C5H11 OOCC5H11 0 Cr 47.5 Sm 87.4 1 20
1-8  C/Hys COCH, 1 Cr233.5Sm 2581 24
1-9 C;H15CO COCH3 1 Cr 230 SmC 238.5 N 250.5 1 25
1-10 C5H11CO COC5H11 1 Cr 236 Sm 267 1 26
1-11 C5H11 C5H11 1 Cr 192 Sm 2131 26
112 CsH,;;00C  COOCsH;; 1  Cr 141 SmA 203 I 26
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TABLE II Physicochemical Properties of Some Liquid Crystals:

=00

Phase
No. A B transitions,’C Ae An v, mm?% ! Reference
2-1 C5H11 COCgH7 Cr 52 Sm 97.3 1 3
2-2 C5H11 CgH7 Cr 23 SmB 96 1 27
2-3 C5H11 OC4H9 Cr 30 SmB 92 1 28
2-4 C5H11 COOCgH7 Cr 34.9 Sm 78.6 1 29
2-5 CsH;; COCHyCOCoHs Cr52X 941 0.065 23¢ 30
2-7 CgH7 CHzCOCgH7 Cr 56 SmB 92 1 27
2-8 CgH7 CQH4COCQH5 Cr 65 SmB 84 1 27
2-9 CsH; C4Hg Cr -6 SmB 94 1 31
210 CiH: ()—cor  Cri08N19751 17° 0.140° 33 32
211 CyH, @- F Cr5415m96.6 47 00977 167 33,34
N 155.21

@dExtrapolated from 10 wt% solution at 20 °C in ZLI-3086 and ZLI-4792, respectively.

bExtrapolated from 15wt% solution in the liquid-crystal material at 25 °C

“Extrapolated from 15wt% solution in the liquid-crystal material at 20 °C, 5, volume
viscosity, mPas.

through space or through bond more effectively than electrostatic
force.

It is believed that the structural and electronic features of these
groups may influence the mesomorphic properties of the liquid crys-
tals containing them.

As is evident from Tables I-IV, the terminal ketonization of liquid
crystals increases (compounds 1-1-1-3, 1-5, 1-6 1-7, 2-1-2-4, 2-6,
2-9-2-11, 3-1-3-10, 4-1-4-3) and decreases (compounds 2-7-2-9) the
clearing points (nematic—isotropic or smectic—isotropic phase-transition
temperatures) in comparison that those of the corresponding fluoro,
trifluoromethyl, alkyl derivatives, esters and alkoxy derivatives that
have the same number of carbon atoms in their alkoxy chains
(excluding compound 4-3 in which the C=0 bond is replaced by the
oxygen). The increased clearing temperatures of ketones have been
explained in terms of their increased polarizability, which is caused
by the conjugation between the keto and phenyl groups, and the for-
mation of the hydrogen bonds between the keto group and the hydro-
gen atom in the ortho position [3]. These bonds keep the keto group
in plane and enhance molecular rigidity [3]. Some of these results do
not support the theory of Maier and Saupe that increasing the
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TABLE IV Physicochemical Properties of Liquid Crystal:

CsH170 00 —(_)— ACTH(CHy)CeHy,

No. A Phase transitions, °C pas,D [Ps|, nCem? O, deg. Reference
4-1 CO 1150 SmA 132 SmC* (60) Sm 63.2 Cr 1.99 112¢ 21 43
4-2 COO Cr 68 Sm (65.5) SmCy* 118.5 SmC* 1.23 70¢ 21 43-45

122 SmA 149.8 I T 148 SmA
122 SmCo* 120.9 SmC*
119.2 SmCy* 118.4 SmC};
43 O Cr 65.7 Sm 83 SmC* 108 SmA 1491 0.68 38 17 43, 44

aTmeas = TSmA-SmC* — 10 °C.

anisotropy of polarizability should enhances the nematic thermo-
stability [46]. In this case, ketones, which have higher and lower
values of polarizability than the corresponding alkyl derivatives
and esters [47,48], should always exhibit higher and lower clearing
points, respectively.

TABLE V Mesomorphic Properties of Some Liquid Crystals:

Coton— Y— A — (Cpk — B

No. n A k B Phase transitions, °C Reference
51 4 CO 2 CN Cr1111 96
52 4 — 2 CON Cr 120 N 202 1 97
53 4 CH, 2 CN Cr8dl 96
54 4 COO 2 CN Cr79.8 N 24191 98
55 4 CH,0 2 CN Cr93N 193 I 98
56 5 CH,CO 2 CN Cr 139 Sm (138) N 153 I 99
57 5 — 2 CON Cr96 N 2221 100
58 5 CH,CH, 2 CN Cr 79 SmA 86 N 184 I 101
59 5 COCHy 1 O— C:H, Cr 60 Sm 104.8 I 3
510 5 CH,CO 1 O— CH, Cr95Sm1271 3
511 5 — 1 ()—ciy CralSmA 156N 1601 102

512 5 COO
513 5 c0c0 0 ( )—cgH, Cr71Sms3l 104
514 5 €00 0 ( )y—cg, Cr52SmB721 105

Cr 41 Sm 75 Sm 127 N 191.8 I 103

H
o
F
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TABLE VI Mesomorphic Properties of Some Liquid Crystals:

CyHops O —@— A —O— B

No. n A B Phase transitions, °C Reference
6-1 12 — COCH,COC3Hys Cr 124.4 SmA 125.8 1 106
6-2 12 COCH,CO CioHos Cr 62.5 Sm 76.5 1 107
6-3 12 COCH,CO 0OC13Hos Cr 73.1 Sm 94 1 108
6-4 12 COCH, 0OCoHos Cr 1051 109
6-6 9 COCO OCngg Cr1 60 CI'Q 68 1 111
6-7 9 COCH,CO OCoH1g Cr 71.7 Sm 91.2 1 108
6-8 9 COO OCoH 19 Cr 78.6 Sm 81.7 N 88.7 1 112
6-9 9 0O0CCOO0O OCoH;g Cr 82 SmC 80 N 811 112
6-10 9 COOO0O0OC OCoH;g Cr69.5 N 1051 112
6-11 9 COCH=CH 0OCoH g Cr811 113
6-12 9 COCH=CHCO OCoH1g Cr 98 SmC (94) I 114
6-13 9 OOCCH=CHCOO OCgH;g Cr 100 SmC 108 N 1151 112
6-14 9 — OCoH 19 Cr1151 21

The melting temperatures (crystal-nematic, or crystal-smectic, or
crystal-isotropic phase transition temperatures) of ketones can be
higher (compounds 1-1-1-3, 1-5-1-7, 2-1-2-4, 2-6-2-11, 3-1, and 3-
3-3-6, 3-9, and 3-10) and lower (compounds 3-7, 3-8, 4-1-4-3) with
respect to those of the corresponding reference compounds.

It has been shown that calculated potential map of 3-pentanone
(which is a function of the torsional angles ¢; and ¢,) contains
significantly larger areas of low energy in comparison with that of
2-pentanone [49]. Moreover, the steric hindrance to internal rota-
tions in the aliphatic ketones is higher when the dipole of the
C=0 bond is in the middle of the chain than toward the end [50].
In the corresponding pentane-2,4-dione, there are three diketo con-
formers and six enol ones, and its skeletal system of oxygen and
carbon atoms has been assumed to be planar [4]. One can expect
that these features of aliphatic ketones affect the mesomorphic
properties of compounds that have them as the terminal groups.
For example, moving the keto bond in the terminal group from
the molecular core decreases the clearing temperature and
increases the melting point (compounds 2-6 —2-8, Table II). It fol-
lows from Table I that the introduction of two carbonyl groups in
both terminal positions lowers (compounds 1-1, 1-2, 1-4, 1-8, and
1-9) and increases (compounds 1-10-1-12) the clearing tempera-
tures in comparison with those of the corresponding alkyl-ketones,
dialkyls, and diesters.
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Similarly, the melting temperatures of ketones can be lower (com-
pounds 1-8 and 1-9) and higher (compounds 1-1, 1-2, 1-4, 1-10-1-12)
with respect to those of the corresponding reference compounds.

As is evident from Table II, the terminal introduction of the
B-diketone group can enhance the melting temperature (compounds
2-2 and 2-5) and keep the same value (compounds 2-1 and 2-5) com-
pared with those of the corresponding ketene and alkyl derivatives,
whereas the clearing point of the B-diketone derivative 2-5 is lower
than those of the ketone 2-1 and alkyl derivative 2-2. Similar trends
have been reported for other ketones [25,51-89].

Linking Keto Substitution

It has been found that the benzophenone (BZ) molecule has Cs sym-
metry in the crystal state [90]. The dihedral angle between the phenyl
rings of BZ is 52.4° [91]. The angle between the planes defined by a
phenyl ring and the keto group is about 33° [90,92,93]. The barrier
to internal rotatation of this molecule is 7 kcal/mol for the planar con-
formation and 14 kcal/mol for the book conformation [91]. At the
minimum-energy conformation, the internal bond angle is calculated
to be 121°[91]. The minimum-energy path for conformational intercon-
version in BZ is determined by a balance between maintaining of -
conjugation among the keto group and the phenyl ring and avoiding
the mutual repulsion of the phenyl rings [93]. According to Shibakami
and Sekiya [94], the corresponding crystal phenyl benzoate has a
dihedral angle between two phenyl rings equal to 128.3°. The
0O(1)-C(7)—C(6)—C(1) dihedral angle, which characterizes the torsion
between the C(1)—C(6) ring and the COO group in the phenyl benzo-
ate, is 170.1°. The C(7)—0(1)—C(8)—C(9) angle, which characterizes
the torsion between the C(8)—C(13) ring and the COO group, is equal
to 67.5°, whereas the parent biphenyl has the minimum-energy confor-
mation with a torsional angle between the rings of 50.8° and a barrier
to rotation of 3.2kcal/mol for the planar conformation [91].

As expected, 4,4'-disubstitution of the bent BZ molecule did not
create the mesophases [95]. Similar absence of the mesophases can
be observed for the bent compounds that have the keto and methyl-
ene linkages (compounds 5-1-5-5, Table V), whereas the ethanone
derivatives exhibit significantly lower clearing temperatures or no
mesophases with respect to those of the corresponding reference
compounds (compounds 5-6-5-12, 6-4, and 6-5). Particularly lower
clearing point of the ethanone derivative in comparison with that
of the corresponding ester has been explained in terms of increased
flexibility of the former derivative, whereas more pronounced
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conjugation of the oxygen lone-pair electrons with the double bond in
the latter drivative enhances its rigidity [95]. The increased conju-
gation of the carbonyl group of ethanone with the phenyl fragment
can be responsible for the enhanced clearing temperature of com-
pound 5-10 compared with that of the corresponding derivative 5-9
that has the keto group connected to the “inactive” saturated cyclo-
hexane ring. It is evident from Table V that the introduction of the
a-diketone linkage into the molecular core of the saturated dicyclo-
hexanes forms the smectic phase and shows higher thermostability
and melting point than those of the corresponding ester (compounds
5-13 and 5-14).

According to Gabe et al. [115], the dihedral angle between the five-
atom planes of the rings of benzil is equal to 103.6° and the torsional
angle between the C=0 bonds is 108.4°. In the corresponding dibenzoyl
methane the carbonyl groups show approximately planar configur-
ation as for benzyl [116]. It follows from Table VI that 4,4’-dinonyloxy
substitution of benzyl does not create the mesophases (compounds
6-6—6-14). Similar absence of the mesophases has been observed for
the propenone derivative 6-11 and parent biphenyl derivative 6-14.
It can be proposed that increasing the conjugation among the C=0
bonds of the a-diketone and propenone linkages and the phenyl rings
of the aromatic systems results in more pronounced nonlinearity and
in consequent disappearance of the mesophases in comparison with
those of the corresponding nonaromatic systems, whereas linking
B-diketone (which has a lower repulsive interaction between the two
carbonyl oxygen atoms than «-diketone [116,117]) substitution of the
diphenyl systems can lead to higher clearing temperatures with
respect to those of the corresponding ethanone, ester, and other refer-
ence and parent compounds (compounds 6-3—6-11, 6-14; excepting
compound 6-12 and diphenylester of fumaric acid 6-13, Table VI).

The data collated in Table VI reveal that the terminal p-diketone
substitution results in significantly higher clearing and melting tem-
peratures than the linking B-diketone substitution (compounds 6-1
and 6-2). It can be explained in terms of enhanced conjugation of the
carbonyl groups with the phenyl rings, which results in more pro-
nounced molecular nonlinearity in the latter case [118]. Similar trends
have been discussed for other derivatives that have linking keto
groups [78,118-142].

Lateral Keto Substitution

It has been reported about using the keto group as a bridge between
the molecular cores and introduced lateral substitutents [143-145]
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in some derivatives with mesomorphic properties basically follows
similar trends observed for other laterally substituted liquid crystals
[146].

X-ray diffraction of liquid crystals is one of useful methods for the
study of the structure of their mesophases [147,148]. As in the case
of weakly polar alkyl and alkoxy derivatives [149], monolayer forma-
tion (d/L < 1, where d is the layer spacing, L is the molecular length)
and a dimeric density wave (d/L > 1) have been observed for ketones
[51,52,56,60,80,88,120].

It can be proposed that the electronic and geometric structures of
the keto based groups [4,12-14,17,91,115,116,150-155] play a very
important role in the intra- and intermolecular interactions
[6,151,156-158] that affect the packing of the molecules, which predo-
minantly influences mesophase stability [156-160]. Anisotropic
dispersion interactions, and consequently the anisotropy of polariz-
ability, depending on the electron-density distribution in the molecu-
lar fragments under consideration, also influence the packing and
hence the stability of the mesophases but play a secondary role com-
pared to the steric factors [160]. Other molecular aspects such as the
association [159] or dipole—dipole attraction in polar liquid-crystalline
derivatives, which can influence the packing of the molecules, also
affect the stability of the mesophases [160].

STATIC DIELECTRIC PROPERTIES

The relationship between the dielectric anisotropy Ae = ¢| — ¢,, where
¢ and ¢, are, respectively, dielectric constants that are parallel and
perpendicular to the nematic director n, and molecular structure of
liquid crystals is described by the theory of Maier and Meier [161]:

Ae = NhF/eo[Ax — Fu? /KT (1 — 3cos? B)]S, (1)

where h = 3¢*(2e" + 1), & = (g +2¢.)/3, Aa = (¢ — «.) is the polariz-
ability anisotropies; F is the cavity reaction field; p is the dipole
moment; B is the angle between the molecular long axis and the dipole
moment; N is the number of molecules per unit volume; and S is the
order parameter.

As is evident from Tables II and III, the terminal keto substitution
increases the positive dielectric anisotropy A¢ (and changes its nega-
tive sign in some cases) and its perpendicular part ¢, of liquid crystals
in comparison with those of the corresponding alkyl, alkoxy, and other
reference derivatives (compounds 2-10, 2-11, 3-1, 3-2 [approximately],
3-4, 3-6-3-10). These results are due to the enhanced dipole moments
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(for example, the dipole moments in absolute values and B angles of
acetophenone, methoxybenzene, and toluene diminish in the following
order: 2.96 D and 132°% 1.28 D and 72°% 0.37 D and 0° [162]) and polar-
izability of terminal ketones [47,48,162], whereas the introduction of
the keto groups in both terminal positions of two-ring dialkyl phenyl-
cyclohexanes results in the appearance of the moderate negative
dielectric anisotropy caused by the cancellation of the parallel parts
of the carbonyl dipole moments [3].

It has been shown that decreasing the ratio Ae/e; (in absolute
value) is favorable for supertwisted nematic display applications
[163]. As can be seen from Table III, liquid crystals with the terminal
keto groups show lower and larger values of this ratio in respect to
those of the corresponding alkoxy and alkyl derivatives, respectively
(compounds 3-4, 3-6, 3-9, and 3-10; see also 3-1).

It has been demonstrated that mesogenic molecules possessing
strongly polar terminal groups form associated pairs. Both head-to-
head and head-to-tail pairing occurs [157], but antiparallel association
predominates and reduces the effective dipole moment [159]. Despite
the increased dipole moments of ketones 3-1 and 3-4, compared with
those of the corresponding alkoxy derivatives (compound 3-2, approxi-
mately), they show nonassociating behavior [35,36].

OPTICAL PROPERTIES

The phenomenological relation between the refractive index and the
electric polarization is defined as [164,165]:

(n*2 - 1) (n*2 + 2) = Nuo* /3¢, (2)

where the mean polarizability « = (x| + 2a,)/3; the mean refractive
index n** = (n? +2n2)/3, and n, is the ordinary and n, is the extra-
ordinary refractive indices. From Equation (2) and the previous para-
graph, it follows that the ketones that have a larger induced
polarizability [47,48,162] exhibit the optical anisotropy An = ne — n,,
which is larger than that of the corresponding reference compounds
without the keto groups (compounds 2-10, 2-11, 3-7, and 3-8; see also
2-5, 3-1, 3-9; Tables II and III). These results can be explained in
terms of a reduction in the effective conjugation of the n-electron sys-
tem, resulting in a shorter resonance wavelength of the UV absorp-
tion spectrum for the corresponding liquid crystals without the
terminally introduced keto groups than for ketones [18], and the
alkoxy derivatives show similar behavior (compounds 3-1 and 3-2,
approximately).
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VISCOELASTIC PROPERTIES

It has been shown that the nematic liquid-crystalline materials for dis-
play applications should have a low viscosity for giving the acceptable
response times to liquid crystal displays (LCDs) [163,166]. According
to the results on the kinematic viscosity v presented in Tables II
and III, the terminal ketonization increases the viscosity of liquid crys-
tals (compounds 2-10, 2-11, 3-7, and 3-8; see also 2-5) in respect to that
of the reference compounds without the keto groups. These results can
be explained in terms of larger sizes of keto-substituted terminal
groups.

In the bulk of nematic LCs elastic properties are determined by
three elastic constants (Oseen—Frank constants) corresponding to
the restoring forces opposing splay (K;), twist (Ksz), and bend (Ks3)
[167,168]. It has been shown that the elastic constants depend on
molecular structure, intermolecular association, and temperature of
nematic LCs [169-171]. The elastic constant ratio Ks3/K;; of liquid
crystals is an important parameter for supertwisted nematic liquid-
crystal displays (STN-LCDs) and define their electrooptical perform-
ance [172]. The data collated in Table III show similar elastic behavior
of weakly polar terminal ketones and the corresponding alkoxy deriva-
tives (compounds 3-4 and 3-6; see also 3-1), and their low elastic ratios
should be favorable for the STN-LCD applications [172].

PHYSICAL PROPERTIES OF THE SMECTIC C* PHASE

The spontaneous polarization Ps of the smectic C* liquid crystals is an
important parameter because of its linear coupling with an applied
electrical field, which is the basis of the application of these materials
[173]. The polarization is caused by the cramped rotation of the dipoles
of the molecules and varies with the position of these dipoles with
respect to the chiral group [173]. The spontaneous polarization Ps is
a quantity that is directly related to the response time 7 as a switching
device [174]:

©=7,sin’ ©/P;E, (3)

where y, is the rotational viscosity, which refers to the rotation about
an axis perpendicular to the director n and Ps, O is the tilt angle, and
E is an applied electric field.

As can be seen from Table IV, the terminal ketonization of the
chiral liquid crystals results in the largest value of the spontaneous
polarization in comparison with that of the corresponding ester
and oxygen derivatives (compounds 4-1-4-3) These results can be
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correlated with the dipole moments p,, of the group adjacent to the
asymmetric carbon atom in the direction perpendicular to the molecu-
lar long axis. The tilt angle is similar for the ketone and ester deriva-
tives 4-1 and 4-2, and it is slightly lower for the oxygen derivative 4-3.

CONCLUSION

Systematic studies on the introduction of the keto group into the mol-
ecular structure of calamitic liquid crystals and their effects on the
creation of the mesophases and their physicochemical properties have
been performed, with attempts to correlate the molecular level para-
meters with the observed properties. The information here presented
may lead to a better understanding of the nature of liquid crystals.
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