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Abstract

Two series of Schiff base (SB) liquid crystals (L&ntaining the 5-membered rings
isoxazoline or isoxazole were synthesized and cheniaed; 27 isoxazoline and 20 isoxazole
compounds were obtained. Nematic, smectic A, angcBmC mesophases were found and
characterized by Polarized optical microscopy (POMifferential scanning calorimetry
(DSC), and X-ray diffraction. The scientific probleaddressed was how the isoxazoline and
isoxazole rings affect the mesophase structure stadbility. Molecular packing and
anisotropic interactions based on enthalpy andopwytproperties were used to explain the
thermal and structural behaviour observed for ls#hes. The proposed mechanism was
assisted by Density functional theory (DFT) caltolas, providing new insights into the
molecular organization of this kind of system.

Keywords: Liquid crystals; isoxazolines; isoxazolkestropy effects; enthalpy effects.

1. Introduction

Isoxazolines and isoxazoles have proven to beleged structures in pharmaceutical
and biological areas.[1-10] As an example of ail@ged natural structure, acivicin, an
isoxazoline derivative, was the inspiration for gymthesis of a collection of new molecular
probes for bacterial proteome analysis.[11] Considetheir similar molecular connectivities
with isoxazolines, isoxazoles are also found in ynpharmaceutical applications, and they
have been classified as privileged structures. Aexample, nonsteroidal anti-inflammatory
drugs (NSAIDs) are widely used for the treatmentpafn and inflammation, especially
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arthritis. NSAID drugs act as aspirin, whose fumatiis to block the formation of
prostaglandins (PGs) originating from arachidonmdaby the cyclooxygenase (COX)
enzyme. Valdecoxib is one isoxazole example thatheen tested as a potent and selective
inhibitor of COX-2.[12] The combination of two orare pharmacophore groups in a single
molecule enhances biological activity. In this neljasoxazolines linked tetrazoles and uracils
tethered to isoxazoles, isoxazolines and triazoleere prepared for biological
screening.[13,14]

The concept of privileged structures can be transfieto functional materials, where
some structural, electronic, and morphological gmarsites are required. In liquid crystal
science, it is well-established that mesomorphioperties represent a delicate balance
between steric constrains and anisotropic attradtiteraction.[15-23]

According to the best expert in thermotropic ligargistal behaviour, visual inspection
of the molecular framework drawn on a piece of pap@lmost decisive to define if such a
virtual molecule could be a liquid crystal (LC).sdal inspection works very well in almost
all situations. The decision is guided by some garralles established a long time ago based
on structural and electronic prerequisites thatetukes need to have.[24]

Rod-shaped molecules tend to be ordinary liquicstatg (calamitic liquid crystals,
CLCs), and disc-shaped molecules may present cauin@ behaviour. On the other hand,
bent-shaped molecules favour the appearance ohasual polar order, or, as chameleons,
some conformational issues can induce two distilgeid crystal behaviours and make it
difficult to define the existence of mesomorphisnd ahe kind of mesophase.[25] In this
context, isoxazolines and isoxazoles open new petises in organic synthesis to be
explored by the organic experimentalist. In fadteyt have been explored by us and
others[26—34] in the synthesis and characterizatibmew liquid crystal compounds. As
expected, isoxazolines and isoxazoles usually a€LlaCs[35] and, more recently, as banana
liquid crystals.[36] Our progress in the prepanatod LCs based on isoxazolines, isoxazoles,
thiazoline, and thiazoles has shown that they ¢sm produce a false impression as to their
identity as a LC. This is especially the case falaoules with a match and mismatch of
hydrogenated and perfluorated alkyl chains.[36-B&e-membered aromatic heterocycles
represent an interesting class of organic compotmée explored in LCs due to their ability
to perform very well as mesogenic inductors. Leasalin LCs is the use of non-aromatic 5-
membered heterocyclic compounds. Facing the isgl@®d to the existence of a mesophase
in 5-membered 3,5-disubstituted isoxazolines, wesg@nt our findings regarding the LC
behaviour of two series of Schiff bases (SBs) dairtg isoxazoline §) and isoxazolel()
rings (Figure 1). The SB series carries a non-planar 5-membered heteracgdkazoline,
while the SB10 series carriea planar and aromatic 5-membered heterocyclic BagaThe
carbon atom, indicated by the arrow, defines theaplkase window, thermal stability of the
crystal phase, and the mesophase. Relevant tcstimgct is the relationship between the
enthalpy and entropy of these two series of SBguZezling game was established with those
energetic parameters. They were tentatively usesptain the mesomorphic behaviour of the
9 and10 series in terms of steric demands and anisotliopgcactions in the mesophase and
in the solid state.
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Figure 1. Molecular structure of Schiff bases (SBs) contagnisoxazolin® and isoxazold0
rings.

2. Results and discussion

2.1. Synthetic procedures

Our target molecules, SBsand10, were synthesized by two molecular partnerships:
anilines6 and7 and aldehyde8. To perform as LCs, heterocyclic rings were irsthbn the
aniline component. In this way, isoxazolines amk#@zoles were chosen, considering our
previous results concerning the properties of L¥%40] Isoxazoles can be derived in two
steps: by oxidation from isoxazolines,[41] whichrevén turn built up via [3+2] 1,3-dipolar
cycloaddition between oxim&and styrene8.[42]

Scheme 1 and Scheme 2 describe our strategy td thel heterocyclic isoxazolines and
isoxazoles in a straightforward way. Aldehyldand styrene8a—f are commercially available
chemicals. Oximation ol yielded p-nitrobenzaldehyde oxim2, which precipitated at the
end of the reaction when the temperature droppedam temperature. It was collected as a
crystalline solid, without the need for recrystadlion. Next, oxime2 was exposed to a 5%
aqueous solution of NaOCI/GEl, to give, in situ, the reactive nitrile oxide, which was
captured by styreneS8a—f The cycloadductgla—f were obtained in fair to good yields.
Oxidation of the isoxazoline ring was performedngsy-MnO, under toluene refluxing,
producing isoxazoleSa—d and 5f. Transformations ofla—f to 5a—f convert less anisotropic
isoxazolines to more anisotropic isoxazoleprarmesogenic ones.[16] Compoundées4f and

5f are useful intermediates to be used in more etedgand anisotropic molecules. Acetyl
andtert-butyl protecting groups can be removed, providimg espective phenofgy and5g.



105 In doing so, removal of the protecting groups faka by Williamson alkylation with linear
106 and branched alkyl bromides, suchralsutyl bromide and 2-ethylhexyl bromide, gadie—i
107 and5h-iin good yields.
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4h R = n-Butyl (91%) 5i R = 2-Etylhexyl (87%)

4i R = 2-Etylhexyl (77%)
108

109 Scheme 1Synthesis of isoxazolinégsm—f precursors andh—i and5h—i intermediates.
110

111 The next step in our strategy was to prepare &dodn of anilinea—f and anilines
112 7a-f Reduction of the nitro group to the aniline grougs done using Sn£2H,0 as the
113 reducing agent. The reaction was conducted undsir@gen atmosphere and with absolute
114 ethanol as a solvent, as outlined in Scheme 2.yiiglds of the amino isoxazoles containing
115 an alkyl group were fair to low in general. We atbab this methodology because the
116 traditional reaction using Hand Pd/C had failed, especially with isoxazolieewhtives. The
117 heterocyclic reduction to 1,3-aminoalcoohol wasrtian collateral reaction observed.
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6b X = Cl (92%) 7b X = CI (91%)
6¢ X = Br (70%) 7¢ X =Br (91%)
6d X =H (86%) 7d X = H (46%)
6e X = OC4Hg (91%) 7e X = OC4Hq (35%)

6f X = 0O-2-Ethylhexyl (32%) 7f X = O-2-Ethylhexyl (43%)

Scheme 2Reduction reaction of nitro compounds to aniliGasf and7a—d

Scheme 3 outlines the Schiff bas@an—9fn and 10an—10in. The condensation
reaction between anilingga—f and 7a—f and aldehyde8a—d with acetic acid was done in
ethanol under reflux for 2 h. At the end, the dolutwas cooled and the products were
collected as a precipitated solid. SBs were isdlai® a solid powder. Purification was done
by two or three recrystallizations in ethanol. 8slobtained were resolubilized in DCM, and
SB solutions were filtrated using Millipore filteré collection of 27 isoxazolines and 20
isoxazoles was prepared. The descriptan the code indicates the number of carbon atoms
that belong to the linear alkyl chain bonded imaatic aldehydes.
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Scheme 3Preparation of SB3an—9fn and10an—10M.

All final LC compounds were characterized #y and**C NMR spectral and thermal
analysis (DSC and POM). Experimental descriptiasswell DSC traces andtH and **C
NMR spectroscopic characterizations, are availabtee supporting information (SI).

2.2. Liquid-Crystalline Properties

All final compounds showed mesomorphic behavioonsidering that molecules in
these series have rod-shape topologies. The t@raitproperties for all molecules with
iIsoxazoline and isoxazoles nuclei are given in &abland Table 2, respectively. For both
series, 6 sets of liquid crystals were prepareccémh serie9an—9fn and10an—10fn with n
representing the linear alkyl chain (n=1, 2, 48610, and 12 carbon atoms) in one terminus
of the rigid core, while the other terminus congamsubstituent X that differs in shape and
polar nature (a = Me, methyl; b = Cl, chlorine; 8% bromine; d = H, hydrogen; e = But,
butyl; and f = 2-EtHex, 2-ethylhexyl).

Figures 2—4 display some pictures that were sealefe series9 and 10 and were
taken by POM. Figure 2a displays the SmA textureahpounddb8 with a polar chlorine
group, which was identified by the focal conic damsa(FCDs) for the sample covered by a
cover glass and the parabolic (polygonal) textureside the cover glass. Figure 2b displays
the texture of the nematic mesophasedid, with black and coloured areas being relative to
the homeotropic and planar texture, respectivelyordcooling, the transition between the
isotropic liquid phase and the N mesophase is bgenematic droplets that formed at the
bottom left corner of Figure 2b. Figure 2c shows tilistinct areas of SmC texture obtained
upon cooling at 150°C d3e8 Broken focal-conic fan-shaped defects combineith Wash
and bright areas of the Schlieren texture of SmE€ seen for9e8 Figure 2d displays
Schlieren texture with typical gray disclinationimis and lines oRel2 Compounds with
short alkyl chains, such &el (methyl), 9e2 (ethyl), and9e4 (n-butyl), showed the N
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mesophase, whil®e6-9e12 containing medium and long alkyl chains, presgrntee SmC
mesophase. Two examples of Schlieren texture oSth€ mesophase can be seen in Figure
2c,d. The nematic mesophase was observed for cardpawithout substituent at the para-
position of the phenyl ringd6 and9d8).

Figure 2. (a) Focal conic defects and homeotropic texturéhen SmA mesophase f&h8
upon cooling at 184°C ??heating scan). Polygonal texture at left side withmoverslip and
focal conic domains at right side. (b) Schlierenl &omeotropic texture for monotropic N
mesophase f®@d6. (c) SmC mesophase f8e8upon cooling at 150°C. (d) Schlieren texture
of the SmC mesophase feel2



182 Table 1.Phase transition temperatures for isoxazolinedfSAsesO.

Oy

Transition Temperatures (°C)°

)° [Enthalpy (kJ.mol™ )] {Entropy (J.mol*K™)}

Entry R X
Cr SmC SmA N |
9a6 | CgHis Me o 144[37.5){89.9}"¢ - - . (135) o 159 [0.35]{0.80} o
9a8 | CgHyy Me . 140 [25.0]{61.3}>* - - . 149 [0.92]{2.20} . 155 [0.57]{1.32} .
9a10 | CyoH» Me o 138 [25.6]{63.4}>* - - . 155 [5.04]{11.6} - - o
9a12 | CpHys Me o 135 [34.8]{85.5}° - - . 154 [6.60]{15.4} - . o
9b6 | CgHis cl o 159 [24.7]{57.1} - - . 183 [4.70]{10.3} - - o
9b8 | CgHiy cl o 149 [49.5]{117} - - . 183 [12.7]{27.8} - . o
9b10 | CioHy cl o 141 [32.8]{79.2) - { . 183 [8.50]{18.6} - . o
9b12 | CyoHys cl o 134 [29.7]{73.1} - - . 179 [4.56]{10.1} - . o
96 | CeHis Br o 169 [44.0]{99.6} - - . 184 [7.30]{15.9} - - o
98 | CgHyy Br o 161 [36.4]{83.8}° - - . 186 [8.50]{18.5} - . o
9¢10 | CyoHy Br o 152 [28.5]{67.1} - - . 184 [7.22]{15.8} - . o
9c12 | CyoHys Br o 148 [28.1]{66.6} 4 - . 182 [7.36]{16.2} - . o
9d6 | CgHis H o 139 [38.4]{93.1} - - . (128) [1.14]{2.83} (140)°[0.71]{1.73} | e
9d8 | CgHiy H o 139 [46.8]{113} . - . (128) [0.98]{2.45} (141)° [4.32]{10.5} | e
9d10 | CioHy H o 137 [38.7]{94.3} - - . 144 [5.31]{12.7} . o
9d12 | CyHys H o 136 [36.3]{88.7} - - . 147 [5.67]{13.5} - . o
9el CHs n-BuO o 153 [29.0]{68.0} - - - - o 166 [0.36]{0.83} o
9e2 C,Hs n-BuO o 148 [22.5]{54.0} - - - o 177 [0.42]{0.92} o
9e4 C4H, n-BuO o 156[31.2]{73.0} - - - - o 170 [0.63]{1.50} o
9e6 | CgHis n-BuO o 148 [25.1]{59.6} . 149 [0.16]{0.39} . 162 [0.19]{0.43} o 169 [1.38]{3.11} o
9e8 | CgHy, n-BuO o 138 [24.8]{60.5}° . 158 [3.60]{8.30} - - - - o
9e10 | CyoHy n-BuO o 134 [24.3]{59.8} . 161 [5.90]{13.6} - - - o
9e12 | CyHys n-BuO o 133 [30.9]{76.3} . 162 [7.31]{16.8} - - - - o
of6 CeHis | 2-EtHexO o 86 [13.2]{36.8} . 116[0.12]{0.31} . 124 [3.20]{8.06} - - o
ofg CgHyy | 2-EtHexO o 93 [15.4]{42.1)° . 115 [2.30]{5.87} - - - - o
9f10 | CyoHy | 2-EtHexO o 93 [20.7]{56.7} . 124 [6.31]{15.9} - - - - o
9f12 | CjHys | 2-EtHexO o 97 [21.4){57.7} . 122 [6.10]{15.4} - - - - o
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Scan rate = 10°C mihfor all samples. Cr denotes the crystal phase. Sr8@ectic C phase, SmA = Smectic A phase, and\¢matic phase. Monotropic N, SmA, and SmC
mesophases observed by POM upon cooling are imieses. The transition temperatures and enthajues were collected from a second heating scémetésoxazolines-
BS. *Tonset was considered for crystal to mesophase. BRBference 39°Reference 40%alues for enthalpy and entropy for the transitetween crystal phases were

summed®Peak temperaturéScan rate = 2°C mih.

Table 2. Phase transition temperatures for isoxazoles Soadesl 0.

Transition Temperatures (°C) [Enthalpy (kJ.mol™)] {Entropy (J.mol 'K ™)}

Entry R X

Cr SmC SmA N |
10a6 CeH1s Me ° 143 [32.3]{77.6}b'c - - - - o 287 [0.48]{0.85} o
10a8 CgH47 Me ° 141 [37.3]{90,0}b - - - - o 278 [0.68]{1.24} o
10a10 CioH21 Me ° 125 [23.1]{58.1}b ° (140) - o 253 [0.44]{0.84} o
10a12 CioHys Me [ 126 [44.0]{110.1}b ° 178 [0.32]{0.70} - - o 255 [1.05]{1.99} o
10b6 CeH1s Cl ° 130 [34.8]{86.4} - - o 278 [0.70]{1.26} ° 304 [0.68]{1.17} °
10b8 CgH47 Cl ° 128 [39.8]{99.4} - - o 289 [3.071{5.48} - - °
10b10 CioHy1 Cl ° 126 [47.7]{119,5}° - - ° 293 [5.19]{9.18} - °
10b12 CioHys Cl [ 127 [52.4]{131,1} - - ° 288 [5.751{10.3} - - °
10c6 CeH1s Br ° 143 [30.9]{74.3} - - o 299 [0.60]{1.03} ° 316 [0.271{0.46} o
10c8 CgH47 Br ° 137 [53.8]{131.4} - - ° 301 [5.52]{9.63} - - °
10c10 CioH21 Br ° 132 [50.7]{125.2}b - - ° 295 [4.501{7.93} - °
10c12 CioHys Br [ 129 [54.2]{134.6} - - ° 280 [4.301{7.71} - - °
10d6 CeH1s H ° 135 [39.9]{97.7} - - - - ° 231 [0.54]{1.06} °
10d8 CgH47 H o 129 [38.7]{98.0}d - - - ° 224 [0.53]{1.07} °
10d10 CioH21 H o 139 [33.7]{101.8}d - - - - ° 198 [0.41]{0.90} °
10d12 CioHos H o 118 [52.6]{134.7} - - - - ° 205 [0.59]{1.23} o
10e6 CeH1s n-BuO ° 118 [17.9]{45.8} - - - - ° 270 [3.011{7.54} °
10e8 CgH45 n-BuO [ 122 [17.0]{43.1}b ° 248 [1.09]{2.10} - - - - °
10f6 CeH1s 2-EtHexO ° 96 [17.2]1{46.7} ° 139 [0.71]{1.72} - - o 173 [0.71]{1.60} °
10f8 CgH47 2-EtHexO ° 100 [34.7]{93.2) ° 146 [0.88]{2.10} - - - - °
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Scan rate = 10°C mihfor all samples. Cr denotes the crystal phase, Sn8inectic C phase, SmA = Smectic A phase, andNiematic phase. Monotropic SmA and SmC
mesophases observed by POM upon cooling are imjh@ses. The transition temperatures and enthallwes were collected from the first cycle for thexazole-BS:Tonset
was for the crystal to mesophase ofBeference 3FReference 40'Values for enthalpy and entropy for the transiti@tween crystal phases were summed.
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Figure 3 displays the texture presenting the uridulgophenomenon [43,44] observed
for isoxazoline9e6 The mesophase sequence Cr 148 SmC 149 SmA 16O Nsk was
assigned. Some comments will be addressed to thébdl@viour of9e6 concerning its
nematic mesophase texture in Sl section

Figure 3. Polarizing optical microscopy (POM) images of fimgerprint texture observed for
SB9e6as the temperature approaches the transitioretsthropic state.

Figure 4 displays the representative textures 8s Sontaining the isoxazole ring.
Three SBs were selected and the texture was bdeftgribed.[45] A planar texture of the N
mesophase is shown in Figure 4a for compol@dlO near to the transition temperature to
the isotropic state. From left to right in Figure, 4 dark red wave is seen, which flows over
the dark yellow region, leaving behind bubbles iofamd black areas. Figure 4b shows the
SmC mesophase in two distinct defects - a grailjiesen texture at the left and a broken
fan-shaped texture at the right for compodi@8at 230°C. A classical Schlieren texture of
the nematic mesophase is shown in Figure 4c foppoaimd10f6. In Figure 4d, the transition
between SmC and N mesophases upon coolingdi@ris shown. At the left side, the texture
is brighter than the right side due to freedomhef phase director in the N mesophase and the

greater order in the smectic mesophase.
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Figure 4. (a) Planar texture for the nematic mesophas&0dfLO upon heating. (b) Grainy
Schlieren texture (at left) and broken fan focaticdexture (at right) for SmC upon cooling
for 10e8 (c) Schlieren texture upon heating fif6 at 230°C and (d) Schlieren texture for
the N— SmC transition upon cooling.

Upon examination of the transitional propertiestlns series, some trends may be
drawn according to data in Table 1. The seriesanimy small and polar terminal groups
connected to the phenyl ring at the 5-position le# heterocyclic ring (methyl, chlorine,
bromine, and hydrogen) displayed SmA and/or N miegsgs. For medium and large alkyl
groups in the same phenyl ring-jutyl and 2-ethylhexyl), the tilted SmC and nemati
mesophases are predominant. The mesophase ranggpanior all LC compounds listed in
Table 1 and Table 2 are dependent on the naturthefheterocyclic ring. The SmA
mesophase was found for compouds, 9bn, 9cn, 9dn, and9f6. However, for seried0
only 10bn and 10cn displayed the SmA mesophase. Inversely, the N phese was
mandatory for serie$0. As a general outcome, the results confirm th@tagole is by far the
best molecular moiety to induce mesomorphism. Hoxazoline ring, even being a non-
planar core due to tetrahedral carbon atoms irdénte its framework, is also a mesophase
molecular inductor. The ranges of mesophases daamlines were about 20°C. On the other
hand, the isoxazole nucleus showed an expressi¥e mesophase range, sometimes higher
than 150°C. That is a huge mesophase stabilitg, ddkmpoundLOb6, where the range up to
174°C. Anisotropic interactions originating frometplanarity and more extensive resonance
conjugation are the reasons for the high mesophktselity of the isoxazole ring in the
mesophase, allowing it to interact in a more effectmanner in the condensed and fluid state
through arestacking interaction.[29,] The main drawback ofsS®ntaining the isoxazoles in
this series is that their thermal decompositionrupeating becomes more intense when the
samples are exposed to high temperatures, espgevib#n the temperature ranges of the
analyses cross the line of the mesomorphic staisotoopic state. This is the price to pay to
be more stable and to resist losing their orieoai order when going to the isotropic state
due to the efficient intermolecular interaction aas the 3,5-diarylisoxazole system. DSC
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thermograms in Figure 5 represent this behaviouneMas9cl0 displays stable behaviour
during the second cycle of heating and coolinchimiange of 60-220°Q,0c10decomposes
during the first cycle of heating when the samplexposed to temperatures of 60-350°C. In
general, temperatures of melting for isoxazolines kigher than the isoxazole ring. In
contrast, isoxazoles display high values of cleatemperature. Thermal stability here is a
relative concept considering that the LC behavi@mains stable for the isoxazoline series
due to the low value of the isotropic transitiomgeerature. This means that the thermal
stability depends on the mesophase range undernvaltisa.

Enthalpy and entropy values are dependent on duthntture of the transition
temperature that has been considered and the bgtBconuclei present in these SBs. In
general, enthalpy and entropy values for isoxazwlege superior for the transition of the
crystal phase to the mesophase, and they displayet enthalpy and entropy values for the
transition from the mesophase to the isotropicest&teric packing considerations are
important to mesophase formation for isoxazolir@s] anisotropic attractive interactions
rather than electrostatics are decisive for thieil#iaof the mesophase in isoxazole systems.

Considering the transitional data exemplified f@&s®c10and10c10,we can discuss
some interesting features of these two SB mole@rehitectures. The mesophase range for
9c10is AT = 32°C, while forl0c10it is AT = 163°C, being five times higher owing to the
fact that the molecular topology favours molecufaacking of isoxazole against the
isoxazoline ring in the mesophase. Clearing traorsitemperatures are also very discrepant
between them. Whil8c10 goes to the isotropic state at 18410¢c10enters the liquid state
only at 295°C. Enthalpy and entropy data colledtedhese SBs are also interesting, which
reflect the nature of molecular packing in thedalnd in the mesomorphic state.
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Figure 5. DSC thermogram for compoun@is10and10c1Q

Figure 6 describes the molecular arrangement far@B0and10c10in the alltrans
conformation. This helps us to understand more rddgg the thermal behaviour and the
dependence of the mesophase nature and transgiopetatures observed in Table 1 and
Table 2. Differences in their LC behaviour cannetdttribute specifically to the electrostatic
interactions, considering that both LCs have higth similar dipole values. Estimated values
of the dipole moment fo®cl10 and 10c10 by DFT calculations are 6.6 D and 5.6 D,
respectively.[46] Dipolar moment directions deviggatially from the molecular axis, being
more accentuated for isoxazolingslQ Molecular folds for9c10and10cl0are indicated as
132.09° and 155.34°, respectively (SlI). The lordjital and lateral direction given by the
dipole moment corroborate the predominance of #matic mesophase for serif3and the
smectic mesophase for seri@sOrientational order is gained in serit® while positional
order is gained in seriés
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Figure 6. Ball-stick model for compound®cl0 (up) and 10c10 (down) obtained by
molecular modelling and dipolar moments, respebtive

Isoxazolines and isoxazoles can be considered rtoosmpounds due to their
similarity in molecular connectivity. However, déspthe same sequence of atoms in their
structures, they drastically differ when viewedtimee-dimensional (3-D) space. The SBs
described in this study assume a hockey-stick sbhapsidering that the length(land L,) of
the aryl substituent at position 3 and 5 of thesfegtyclic compound are not symmetrical in
their constitution and are different in length. iEstted DFT values area 27.3 A and 6.2 A
for the longest and the shortest aryl groups%ctQ respectively. For the isoxazole ring,
these two aryl groups are located on the same mialeplanec (left side of Figure 7) and
the anglg3 describes the molecular bend of the 3,5-disultetitarylisoxazoles. By changing
from isoxazole to isoxazoline, the tetrahedral oaratoms are inserted into positions 4 and 5,
which pull the shorter aryl group dfffie o plane (basal plane). Now that aryl groups are no
longer positioned in the same plane, the coplanasitnot observed anymore. Molecules
change their in-plane hockey-stick shape, as sed¢hei isoxazole, to assume a new out-of-
plane hockey-stick shape in the isoxazolines. Tew angles should be assigned is the
angle related to how the aryl group is compeliedoe off theo—plane andy is the new
molecular bending of the isoxazoline ring. While ®5-disubstituted isoxazole ring has just
one molecular plane where all atoms are confinesl,3t5-disubstituted isoxazoline has two
molecular planes—the main plang) (and a secondary plane’] that contains the shorter
aryl group.

For isoxazoles, an anticlinic arrangement of mdEsus proposed, according to
Figure 7. Molecules alter their relative nitrogemdaoxygen heteroatom positions in-layers
and out-layers. Inside the layers, molecules changenolecular orientation considering that
the heterocyclic ring is non symmetric. By pasdnogn layer to layer, the relative orientation
of the molecules is also alternated from rightetib &nd vice-versa in an attempt to adjust the
dipole moment. The lamellar structure that emedigslays a packing density superior to the
isoxazoline counterparts bgstacking, and the clearing transition temperatuaed the
mesophase thermal window for isoxazoles assumehigtiues than the isoxazolines, as seen
in Table 1. For comparative purposes, entropy wabf®cl0and10cl0associated with the



349
350
351
352
353

354
355

356
357
358
359
360
361
362
363
364

365
366
367
368
369
370
371
372
373
374
375
376

transition from the crystal phase to the SmA measptare 67.1 J mdland 125.2 J maot,
respectively. The entropy value observed, whichinsost twice as high fat0c10,is a direct
consequence of the intermolecular interactiondéndrystal phase for isoxazoles. In general,
enthalpy and entropy values for compounds listedTable 1 and Table 2 follow this

NN ) )
| (2|
L ) ) ) ))) ) 49) Lo )
pleaieti « < « (( of 2 <

non planar isoxazoline (blue),
define by & plane Side view of isoxoles graphically described by bar and by heterocyclic

(b) Anticlinic stacked hockey-stick isoxazole molecules

Figure 7. General hockey-stick shape structure and distwietvs of the anticlinic
arrangements in the SmA mesophase of the hockelystiape LC from SBs. From the left
side, isoxazoles are represented by a red baraMteénding angle dd and isoxazolines are
described by a blue bar with a bending angle olut of theo plane — basal plane. The side
views describe the hockey-stick molecules in thmeeléar structure of the SmA mesophase.
At the right, the isoxazole ring orientation is s as a way to clarify the anticlinic
arrangement. The neutrality of the layer is preserigy inversion of the isoxazole ring in-
layer and out-layer. In the interlayer, a synclimwlecular disposition is assumed to
accommodate interface fluctuations.

A plausible arrangement of isoxazoline compoundseicted in Figure 8. This is an
oversimplified view of the packing manner of thelewnles prepared in this work. Attempts
to obtain single-crystal resolution of one of thBsSliscussed in Table 1 and Table 2 have
failed. However, our more recent results have sliotvat isoxazoles and isoxazolines in their
crystal phase are packed in a similar way.[#Ag single crystal resolution reported by
Zanata[48] and Zerirov[49] also supports our choiae shown in Figure 8. Figure 8a
describes the molecular packing of isoxazoline comgs, considering that it is a racemic
mixture and the heterocyclic ring is non symmetritaus, moving laterally from pile to pile,
the molecular dipole inverts its direction, pointed the opposite direction to maintain
neutrality of charges between the layers. In lgyerslecules develop a lamellar structure on
the y-coordinate (in-plane horizontal direction)onSidering a racemic mixture, we can
envisage four piles of the molecules composeR ahdS enantiomers in a vertical direction
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(z-axes). The aromatic moieties in black and btu&igure 8 are positioned in two distinct
molecular planes: the main plar® @nd a secondary plane’), respectively. This molecular
arrangement in the crystal state of the isoxazslisgesponsible for lower transitional values
than the isoxazoles during the melting process.Figure 8, the possible molecular
arrangements in the crystal phase for isoxazolaseth on X-ray data from the literature are
shown.[47-49] The chiral centre on the isoxazolieéine that the solid could be envisaged
being constitute by racemic or homoquiral domaihdoes not matter what kind of domain
we assume; molecules under these circumstancefdsiedain neutrality in terms of polarity
and handness. Figure 8a shows the top view of mdixe piles, with their right-handness
and left-handness being obey as well as for madealipole. Figure 8b is an oversimplified
model of the chiral domains in the crystal phasette R)-isoxazoline configuration. The
blue ball and stick drawn in th& plane represent the shortest molecular alkylgrglup
connected at the C-5 carbon atom on the isoxazadlige The principal molecular plane)(
contains the longest aryl group connected at tf3ec@rbon atom of isoxazoline, and the blue
ball up and down represents the chiral cenReo( S). In both Figure 7 and Figure 8,
anticlinic arrangements are proposed for molecuafethe 9 and 10 series. However, in the
interface of the layers, if we are independentlpsidering theo or ¢ plane, the synclinic
arrangement is assumed.[50-51] Upon heating, tiet walume betweew ~ planes increases
more significantly than betweenplanes (Figure 8d). The compactness in the crpstase is
looser (void volume) for serie9 than serieslO. Conversely, values of the transitional
properties (enthalpy and entropy) for the SmA mhbasp to the isotropic state are, in general,
smaller for isoxazoles than for isoxazolines, akcated by9cl10and10cl0selected for this
discussion.

U300 g Wt

Ar N-O ~N
N
O—l;l Q"WAr bb bb \\\\b ds/\,;
W\Ar g—l{l Up layer R b b b volume

(d) Side-view for
(a) Racemic domains ?\?\?\ racemic domain
Tor isoxazolines. \§\§\ CL ?\?\ (e) 6 and 6" plane

SN (©
A ot Joov > A

Down layer S

\ \
LS S
Main plane
A A Q
N-O —

(c) Front-view of the isoxazoline racemic arrangments . SN \\
Molecules with arbitrary R and S configuration stacks up on direction Ty :
(b) Homochiral domains of the y-coordinate. Dipolar moments alternates from the piles by Secundary plane G
for (R)-isoxazolines. piles moving on direction of the x- and y-coordinate.

Figure 8. General description of (a) racemic isoxazoline3 émd the homochiral
configuration for R)-isoxazolines. (c) Hypothetical molecular arrangeirthrough front- and
side-views. Molecules stack up, forming layer dintes, and each layer is next to others with
the opposite chirality. Each pile has its own has#nand its dipole moment is inverted to
maintain neutrality. (d) Anticlinic arrangementresached when a set of four isomers is side-
view. (e) Main and secondary plaoeando’.
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The deviation of linearity as assigned by an@esdy (Figure 7) of the LCs analysed
in this study, as well as the mesomorphic behavidwseries9 and 10, are dependent on the
type of heterocyclic connecting the two aryl groap$8- and 5-positions. Data in Table 1 and
Table 2 reveals that there is a gain in orientatiarder for more anisotropic molecules of
series10, and positional order acts in favour of less Ime@s that belong to seri€s The
molecular bend of non-linear molecules generatasngérical defects on the mesophase
structure, which inhibits longitudinal diffusion éimmposes a rotational restriction along the
phase director. To compensate for the non-lineapeshmolecules respond in such a way that
they can move laterally, thus favouring the forimatiof a layered structure by lateral
diffusion. Upon cooling, the geometrical constrafrthe non-linear molecules becomes more
evident and decisive for both the mesophase windiegvmainly the mesophase nature. The
molecular order that increases upon cooling higitéighe conflict between molecular packing
and steric constraints - the excluded volume matsféself through the geometric defect. The
maximization of available space and, therefore,nti@mization of free volume are critical
for the formation of nematic or smectic mesopha€essidering that the bending of serées
is composed of two molecular planes é&nd ¢”), while series10 presenting the 3,5-
diarylisoxazole embedded in a single molecular @l@r) the excluded volume for seri€s
tends to increase upon heating and, consequetdy,vbid volume between molecules
becomes progressively high against anisotropic raoteon of the mesogens. These
intermolecular forces are not enough to sustairemudés close together in the mesophase for
a long period of time as the temperature increddetecules of serie in the isotropic state
rotate and translate freely in the available spghea in the mesophase. In the LC state for
series9, molecules are hindered to rotate or translate Hretefore, molecule motions are
greatly hindered and the LC state has low rotatiand translational entropy. When going to
the isotropic state, molecules gain considerabiatiomal and translational entropy and the
transition from mesophase to liquid state to sefiegs driven mostly by entropic effect.
Before reach the isotropic state, molecules foreseéd undergo to thermal expansion in
direction of short aryl group represented by bloe/hin Figure 8. The expansion induced by
the heat is responsible in some extension for tedgminance of SmA mesophase for series
9. For serieslO, molecules are not greatly hindered due to plaaadn and conjugation of
the heterocyclic ring. The void volume is reducathwains in anisotropic (attractive forces)
interactions, and the balance between the minimizaif free volume and attractive forces
manifests itself through a large mesophase randecamsequently, low enthalpy and entropy
values at the transition from the mesophase tastiteopic state (Figure 8).

In the mesophase, linearity, flatness, and conjoigatontribute significantly to the
molecules slides one over the others easier farge Isuperficial area. The orientational order
in this circumstance is maintained through the @rapic interactions 1éstacking) due to
higher molecular anisometry. However, those attabwanish and molecular fold overlaps
and orientational or translational motion becomerendiffuse because of the loss of
anisotropic interactions. The entanglement of thlaryl chains (blue ball and stick in
Figure 8) of the non-linear moleculed @istributed in two molecular planes also contiésu
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decisively to the shortening of the observed measphrange and, consequently, to the
reduction in the clearing temperature. The entangtds of the two distinct aryl groups at the
3- and 5-position of the isoxazoline ring locatadhe main planed) and a secondary plane
(0") inhibit the rotational and translational diffasi in the mesophase. Figure 8c briefly
describes the molecular packing for seesvhere we are assuming that the sliding of the
layers is reached only when the free space foryawelecule is available. Piles of molecules
in racemic or homoquiral domains will be able towflfreely in the liquid state only when
individual molecules overcome the volume definedthoy alkylaryl groups of the” plane,
with an increase in the corresponding entropy au¢hé thermal expansion (Table 1 and
Table 2). Also, the chiral carbon atom9n10 contributes to the enthalpy value since every
single chiral carbon atom on every single isoxamolecule presents residual polarization,
and neutrality comes from the other isomer with agig@ handness (Figure 8d).[52]
Compounds of serie®, considering the void volume, behave similar testhain polymers
with bulky side groups presenting high glass ttamss.[53]. The void volume for
isoxazolines is bigger than isoxazoles due to thterwoven continuos and alternates
networks (Figure 8). Due to the intertwining of theolecular planes, the liquid state is
reached only after all the intermolecular interatsi between the planes have broken down.
To be able to flow freely, molecules of seri@snust initially expand laterally across the
secundary sigma plane with increasing void volubateral diffusion come first and then the
molecules can slide one molecule over the othetudmally.In this way, the mesophases and
thermal data of seri€sand10 can be understood according to Figure 9. The guith&dctor

is the main driving force for maintaining close etilger molecules for serid®, while entropy

is determinant factor for molecules of serf&sFor any fluid phase transition, these two
molecular planes carrying aromatic groups are calyi hindered to flow freely in the
mesophase. X-ray data reveals that in a wide aeglen the intermolecular distance #1310

is higher than forlOc1Q which is consistent with the formation of racemichomoquiral
domains.

oo
\ .

Lateral diffusion Q Void volume Longitudinal diffusion

Figure 9. Schematic model of the clearing process. Blackvesr give the lateral and
longitudinal diffusion for9 and10 series, respectively. Gray circles represent the $pace
generated by translation of the non-linear molexukeor clarification (simplification), the
molecular fold fo9 is not seen by the blue ball, as shown in Figure 8
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In the melting process, the solid crystal collapdae to the increase in molecular
fluctuation, vibration, and rotation of atoms thgbuchemical bonds. The energy of the
crystal lattice that evolved at the transition @rt@lly retained in the mesophase. Steric
considerations of the solid state are criticalrfon-linear molecules where the void volume
tends to increase as the molecular bend changes thie o plane toc” plane. Molecular
packing and electrostatic interactions in the sstate are adjusted in such a way that they
determine the melting temperature of the solidc@ifrse, if the heat used to melt the material
is too high, the dynamic process between anisatragtractive forces and packing issues to
sustain the long-range orientational order is st no mesophase will be formed. Thus, the
geometry and packing considerations are closelgtael with the mesophase nature and
transition temperature. Data in Table 1 and Tab&stablish a puzzling game, where more
anisometric mesogens for serie@ present a larger mesophase range than s@riegth a
predominance of the nematic mesophase and highbalpyp and entropy values for the
melting process and lower values for the transibetween the mesophase and the isotropic
state. Conversely, the less anisometric sediedisplays in general lower values for the
transition from the crystal state to the mesoplzaskhigher values for the mesophase to the
isotropic state. The precise adjustment of eletdtimsand packing preferences favours the
propagation of a long-range orientational ordemiore anisometric molecules such as series
10, while positional order or lateral diffusion byetimal expansion favours the less linear
molecules of serie8, favoured due to residual polarization of the ahaentre by molecular
bending of SBs containing the isoxazoline ring. painted out by Pinal[54], melting
temperature is dependent on the molecular symn({€tynelley’s rule). Data in Table 1 and
Table 2 related to the melting point for SBs ofie®® and 10 display, in general, divergent
behaviour of the Carnelley’s rule. Most compourids belong to serie8 present melting
temperatures higher than compounds of sdi@esvhich is probably an exception to this rule.
As an example, consid®bn/9cn and10bn/10cnSBs, where this violation is clearly seen for
less symmetric compounds having higher melting tgoilm addition, an interesting effect is
seen fo®bn/9cncompounds containing an alkyl chain and halogematas terminal groups.
The melting point decreases as the alkyl chairess®s, anflbn/9cn present almost the same
clearing transition temperature around 184°C, whiayhlights the entropic effect that the
alkyl chains have on the crystal phase for isoxaeslrather than isoxazoles.

X-ray diffraction measurements, as shown in Figlde were carried out with the selected
9¢10 and 10c10 compounds to confirm the lamellar structure andlbbain the interlayer
spacing of the SmA mesophase. For both compouhdsg./doo, ratio is approximately
equal to 2, which is consistent with a moleculandfiar structure. The interlayer spacings of
34.0 A and 36.3 A for compoun@s10and10c1Q respectively, are a little longer than their
calculated molecular lengths (31.8 A and 32.5 Adpnsidering the most extended
configuration. Bent-shaped molecules can presenvudsof-layer fluctuation (OLF) at the
interfacial curvature, independent of whether males assume synclinic or anticlinic
configurations.[50] Therefore, increasing the ilager spacing as a result of this kind of
fluctuation is common to smectic liquid crystals.
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Figure 10. X-ray diffractogram of compound&10and10cl10captured at 160°C and 180°C,
respectively. Th&cl0spectrum was divided by a factor of 3 a@it10vertically translated

for better view.

3. Conclusions

In summary, liquid-crystalline SBs containing 5-nimred isoxazoline9 and
isoxazole10 were evaluated using DSC, POM, X-ray, and DFT watons. A puzzling
game was established related to the mesomorphpegres by comparison of the enthalpy
and entropy data. They were used to justify thacatte thermal behaviour for both series,
transition temperatures between the crystal phasieet mesophase and the mesophase to the
liquid phase. The mesophase range and the natuhe shesophase were analysed based on
packing issues and anisotropic interactions. Thd volume was tentatively assigned as one
of the major causes of this complicated behaviespgcially for compounds of the S8slIn
general, enthalpy and entropy values were condijeraigh for more anisometric SBs
belonging to serie40 in the transition from the crystal phase to thesopdase, while those
energetic values were inverted, favouring the éessometric SBs belonging to seriem the
transition from the mesophase to the isotropic hikelting points were higher for seri@s
than seried0 and clearing temperatures displayed the oppositewour. From the thermal
data, we have concluded that the entropy effestiadvour of serie8, while enthalpy is the
driving force for seried0. The relationship between structure and liquidstals properties
was also supported by X-ray diffraction data byeixation of Miller peaks for two SB9¢10
and10c1Q and through DFT calculations. Molecular foldirgeding) of the main molecular
axis was determinant in the nature and stabilinatibthe mesophase. SB have an in-
plane bent-core shape and displayed a huge mesopdrage with a predominance of the N
mesophase. On the other hand, SBse out-of-plane bent-core shape and showed d smal
mesophase range with a predominance of the snmaesophase.
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Highlights

» Synthesis of Schiff bases (SBs) containing isoxazoline and isoxazole rings.

« Entropy and enthal py effects dictated the liquid crystals properties.

» Molecular geometry of heterocyclic is critical on mesomorphic behaviour.

» Isoxazoline SBs were predominantly smectics while isoxazoles SBs were
nematics.

» Lateral and longitudinal diffusion were expressin terms of molecular geometry.
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