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Abstract

A series of MIDA (N-methylimino diacetic acid) boronates carrying 4-alkoxy, 3,4-bisalkoxy, or
3,4,5-trisalkoxyphenyl substituents were synthesized and their mesomorphic properties
characterized by differential scanning calorimetry (DSC), polarizing optical microscopy (POM)
and X-ray diffraction (WAXS, SAXS). Most derivatives were liquid crystalline. In the case of
mono- and bisalkoxy-substituted derivatives, already Ce chains induced SmA mesophases despite
the bulky MIDA head group. With increasing chain lengths Coln phases replaced SmA phases in
the disubstituted series. Quantum chemical calculations of a series of MIDA boronates show that
the B-N bond is a dative bond with a positive charge on the boron atom and negative charges on
the nitrogen and oxygen atoms, respectively. In addition, no m-interaction between aryl moiety and
B-N bond was found, thus the mesogenic unit is electronically fully decoupled from the MIDA
head group. These theoretical findings were supported by IR and Raman spectra and a single crystal
structure analysis of 4-ethoxyphenyl MIDA boronate. Calculations of the electrostatic potential of
the MIDA boronate reveal a special polarity pattern that can support the formation of a two-

dimensional network and is likely to explain the liquid crystalline self-assembly. The absence of
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any electronic cross talk between MIDA head group and B-aryl or B-alkyl substituents allows the
efficient tailoring of the mesophase type through variation of the substituents.

Key words: MIDA, Boronate, Liquid Crystal, Smectic, Columnar, Quantum Chemical Calculation
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Introduction

Boron containing materials have received increasing interest during the last decade due to their
specific properties. For example, tris-coordinated boron compounds are Lewis acidic, isoelectronic
with carbeniumions, possess n electron acceptor as well as inductive o electron donor capacity,
undergo formation of tetracoordinate borates and conjugate adjacent w-systems, while compounds
containing B-N bonds are isoelectronic with the corresponding C-C analogues and display strong
luminescence.”1 With regard to thermotropic liquid crystals most work has been devoted to
borondifluoride B-diketonates (or B-enaminoketonates),®'4 borondipyrromethene (BODIPY)
derivatives (1)1*5271 and boron clusters (2)128%1 (Fig. 1). In diketonate and BODIPY derivatives
such as 1 or subphthalocyanines, the boron atom is surrounded by a flat mesogenic n-system, which
not only contributes to the liquid crystalline self-assembly, but also adds favorable absorption and
emission characteristics. In contrast, the bulky closo-carboranes 2 are incorporated into rigid rod-
like units in order to obtain suitable mesomorphic properties. These boron clusters are not only
suitable for liquid crystal display applications due to their high dielectric anisotropy Ag3:%:371 pyt
also as battery electrolytes.*81 Moreover, they provided insight into fundamental aspects of soft
matter such as the contribution of Coulomb and dipolar interactions on the stabilization of

mesophases.[":¥?]
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Figure 1. Discotic BODIPY 1[24, calamitic boron cluster 22, discotic borolane 31 and

boroxine 4149

In contrast, boronic acids, boronates and derivatives thereof are much less explored regarding
liquid crystalline properties despite their extensive use as highly versatile building blocks for
transition metal-catalyzed cross-coupling reactions.**#?l Based on early work by Setol34]

3

This article is protected by copyright. All rights reserved.

10.1002/chem.201605648



Chemistry - A European Journal 10.1002/chem.201605648

electron deficient discotic triphenylene borolanes 3 have been developed by King.8 During our
previous studies on discotic boroxines 4“%%° we noticed that neither of the synthetic precursors,
i.e. pinacol borolanes 55452 boronic acids 6!° and diethanolamine boronates 7 respectively,
displayed any mesomorphism despite their wedge shape in case of 3,4,5-trisalkoxy-substituted
derivatives and the possibility to enforce nanosegregation through hydrogen bonding for the latter
two cases 6 and 7 (Fig. 2). In agreement with our own work a literature survey revealed that
boronate derivatives 5— 7 with only two or one side chain were not liquid crystalline.[53-55:48.56]
Much to our surprise the tetragonal N-methyliminodiacetic acid (MIDA) boronates 8 showed

double melting, which was taken as evidence for mesophase formation.
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Figure 2. Pinacol borolanes 5 (Cn)s with n=10 — 12052 poronic acid 6 (C11)n*? and
diethanolamin boronates 7 (Cn)s with n=10-12 showing no liquid crystalline
behaviour and liquid crystalline MIDA-boronates 8 (Cn)m (n=6 — 14, m=1 — 3)
presented in this work.

MIDA boronates are air stable Lewis acid/base complexes pioneered by Contreras®”%8 and
Burke® as organoboron species, which are protected against transmetallation and can be
reactivated for further cross coupling by simple saponification giving access to a great diversity of
compound classes.[] Based on variable temperature NMR studies Contreras calculated an
activation enthalpy of >90 kJ/mol for the cleavage of the B-N dative bond,®" indicating the
remarkable stability. Further insight came from experimental and theoretical vibrational
spectroscopy studies by Tschumper, Hemmer and coworkers.[®t However, liquid crystalline self-

assembly of MIDA boronates has not been reported in the literature.

For the formation of thermotropic liquid crystalline phases several factors are important. For
example space filling, i.e. minimization of free volume, and shape anisotropy of the mesogenic
molecules, i.e. disk- or rod-shaped mesogens with attached hydrophobic alkyl chains, are

parameters, which lead to nanosegregation because structurally or chemically incompatible parts
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do not mix with each other but occupy different domains.[52-7% Other parameters such as n—m-
interactions, hydrogen bonds or fluorophobic interactions also contribute to the stability of the
mesophase.[27%  For example, hydrogen bonding determines the phase behaviour of
supramolecular liquid crystal dimers as reported by Imrie.l’*l In addition, dimer formation of
molecular dipoles has been identified as the origin for the reentrant behaviour of 4-alkoxy- and 4-
alkyl-4-cyanobiphenyl binary mixtures.l’? Polar interactions play a stabilizing role in bent-core
molecules.I”®! For amphiphilic, ionic or zwitterionic liquid crystals nanosegregation of charged
molecular subunits and less polar groups together with electrostatic interactions are the major
driving forces for mesophase formation. Besides chemical incompatibility the difference in
molecular flexibility contributes to nanosegregation.[’ It should be emphasized that the presence
of mesogenic units is not required in order to obtain liquid crystalline phases.”d Prominent
examples are lyotropic,[”®>"®1 amphotropicl’"! and ionic liquid crystals.[®®-7%78] As demonstrated by
Saito, even classical thermotropic systems such as 4-alkylcyanobiphenyls display amphiphilic

properties upon mixing with n-alkanes.[’”]

However, these various parameters did not provide an obvious explanation for the unique liquid
crystalline self-assembly of MIDA boronates 8 with respect to boronic acid derivatives 5— 7. The
above-mentioned lack of knowledge on the materials properties of MIDA boronates 8 motivated
us to explore them as a novel class of thermotropic liquid crystals. Our aim was to understand the
different phase behaviour of MIDA boronates 8 as compared to boronic acid derivatives 5 — 7. By
a combined theoretical and experimental study, we hoped to gain insight into the role of dipolar
interactions on the liquid crystalline self-assembly of such Lewis acid/base complexes and to obtain

design principles useful for other thermotropic liquid crystals. The results are described below.
Results and Discussion
Synthesis

Three series of MIDA boronates 8 (Cn), 8 (Cn)2and 8 (Cn)s (n =4, 6, 8, 10, 12, 14) with one, two
or three alkoxy side chains at the phenyl ring were prepared (Figure 3). Mono-, di- and
trisalkoxybromobenzenes 9 — 11 were lithiated with n-BuLli, followed by sequential treatment with
boron triisopropyl borate and MIDA according to the method by Burkel™! and the resulting MIDA

boronates 8 (Cn)m were isolated in 20 - 75 % vyield. For comparison, biphenyl derivative 13 (C12)
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carrying a typical calamitic mesogenic subunit was prepared from the respective 4’-bromo-4-

dodecoxy-biphenyl 12 accordingly.
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a: 1) nBuLi, THF, -78 °C, 30min; 2) B(O'Pr);, THF, -78 °C ... RT;
3) MIDA, DMSO, 125 °C, 2 h; n = 4, 6, 8, 10, 12, 14

Figure 3. Synthesis of MIDA boronates 8 (Cn)m and 13 (C12).
Mesophase Behaviour

Mesomorphic properties were investigated by differential scanning calorimetry (DSC), polarizing
optical microscopy (POM) and X-ray diffraction (WAXS, SAXS). A typical DSC curve is shown
in Figure 4a for decyloxyphenyl MIDA boronate 8 (C10). Upon 1% heating two endothermal phase
transitions were visible, the melting from the crystalline to the liquid crystalline at 111 °C and the
clearing into the isotropic liquid at 178 °C. Upon 1% cooling only the formation of the liquid
crystalline phase at 179 °C was observed. Upon 2" heating and 2" cooling only the clearing points
were observable. Due to the fact, that melting (or crystallization) peaks could not be clearly
identified for most of the MIDA boronates, these transitions were determined via POM. For this
purpose, the respective sample was heated and cooled with the same rates as in the DSC
experiments (A = 5K-min™). If a phase transition occurred, heating and cooling was reiterated in

that temperature range with lower heating and cooling rates (A = 2K-min™).
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Figure 4. a) DSC traces of first, second and third heating / cooling cycle of 8 (C1o), b) DSC
traces of first heating and cooling of 13 (C12) (heating / cooling rate 5 K-min™), c)
DSC traces of first, second and third heating / cooling cycle of 8 (Cio)2 (heating /

cooling rate 5 K-min%).
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Figure 5. Phase widths of the MIDA boronates 8 (Cn)m and 13 (Ci2) obtained by DSC and
POM (heating/cooling rate 5 K/min). Phase transition temperatures were taken upon
second heating, exceptions: 8 (Cs) was taken upon second cooling, 13 (C12) was
taken upon first heating. The following phases were observed: = crystalline (Cr),

m smectic A (SmA), = hexagonal columnar (Col).

The complementary DSC and POM results are summarized in Figure 5 (for details of DSC traces
see Supp. Info). Compounds 8 (Cs), 8 (Cs), and 8 (Ces)s with short side chains were non-
mesomorphic. All other MIDA boronates showed enantiotropic mesomorphism regardless of the
number and lengths of side chains. For the monoalkoxyphenyl series 8 (Cn) mesophase widths and
stabilities increased with increasing chain lengths n from 19 K (n = 6) to 96 K (n = 14). In order to
check, whether the high clearing temperatures between 179 °C for 8 (C10) and 200 °C for 6 (C14)
might lead to decomposition, TGA measurements for 8 (Cio0) were carried out. As shown in Figure

S18b, TGA revealed that the compound was stable up to 300 °C. For comparison, the mono-
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substituted biphenyl 13 (C12) was studied by DSC (Fig. 4b). Upon 1% heating three endothermal
transitions were observed, at 116 °C a melting transition from crystalline to crystalline phase, at
161 °C to the liquid crystalline phase, and at 246 °C from the mesophase to the isotropic liquid.
The phase width of 85 K is similar to the respective alkoxyphenyl derivative 8 (C12), although, at
elevated temperatures. During subsequent cooling no more phase transitions were visible.
Presumably, clearing to the isotropic liquid lead to decomposition, which is in contrast to the
thermal stability of the alkoxyphenyl derivative 8 (Ci0). Under the POM strong homeotropic
alignment was detected for the 8 (Cn) series and for 13 (C12). After shearing filament-like textures
were visible, suggesting the presence of a SmA phase (Figure 6). Presumably, homeotropic
alignment is enforced by the polar head group interacting with the glass surface.

Figure 6. POM images: a) homeotropic aligned sample of 8 (Cio) at 170 °C, b) same sample
of 8 (C1o) after shearing at 170 °C, c) 8 (Ci2) after shearing at 150 °C, d) 13 (C12)
after shearing at 200 °C, e) 8 (Cu1o0)2 after shearing at 120 °C, f) 8 (C1o0)2 at 100 °C
after cooling from the SmA phase, g) 8 (C10)s at 105 °C, h) 8 (C12)s at 100 °C. All

images were taken during 2" cooling from the isotropic liquid (except 13 (C12)

9
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which was investigated during 1% heating), heating/cooling rate was 5 K-min™,
100x magnification.

DSC and POM experiments of the dialkoxyphenyl series 8 (Cn)2 showed in each case mesophases
of similar phase widths as compared to the monoalkoxyphenyl series 8 (Cn), albeit decreased
melting and clearing points. With increasing chain lengths n the clearing temperatures increased.
More importantly, the phase type changed with increasing chain lengths. While the shortest
member of the series 8 (Cs)2 displayed a crystalline to SmA transition at 65°C and a clearing
transition at 120°C upon heating, the higher homologue 8 (Cio)2 displayed a melting point at 49°C,
followed by a transition to the SmA phase at 111°C and a clearing transition at 130°C. The phase
sequence is reproducible as can be seen in Figure 4c, however the melting point from crystalline
state to the low temperature mesophase is broadened significantly during cooling and not visible
in the 2" and 3" heating cycles. Under the POM 8 (Cs)2 and 8 (Cs)2 displayed strong homeotropic
alignment with filament like textures after shearing. This indicates the presence of a SmA
mesophase. The high temperature phase of 8 (Cio0)2 showed a similar behaviour implying a SmA
phase as well (Figure 6e). Subsequent cooling to the low temperature mesophase gave an obvious
change to fan-shaped textures which are typical for Col, phases (Figure 6f). The higher homologues
of the dialkoxyphenyl series, 8 (C12)2 and 8 (Ca4)2, each showed only one broad liquid crystalline
phase with temperature ranges of 85 K and 108 K respectively. POM investigations showed focal
conic and broken fan-like textures with, especially for 8 (C14)2, large homeotropic areas, suggesting

Coly phases.

All members of the trisalkoxyphenyl series 8 (Cn)s with @ minimum chain length of Cg showed
broad Coln phases. The addition of a third side chain at the phenyl ring led to a further decrease of
melting and clearing points as compared to the 8 (Cn)2 series, while mesophase widths remained
between 61 K and 121 K. For derivatives with longer alkyl chains (n = 10, 12, 14) stable room
temperature Coln phases were detected. The melting point of 8 (C12)s was even below 0 °C at -
15 °C, with a clearing point at 106 °C 8 (Ci2)s showed the broadest mesophase (121 K) of all
examined MIDA boronates. Under the POM fan-shaped textures of the Coln phase revealed
homeotropically aligned areas. Typical examples are shown for 8 (C10)3 (Figure 6g) and 8 (C12)3

(Figure 6h) respectively.

10
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Crystal Structure

Fortunately, the non-mesomorphic MIDA boronate 8 (Ca) provided single crystals suitable for
X-ray crystal structure determination (Figure 7a).* MIDA boronate 8 (C4) crystallized in the
monoclinic centrosymmetric space group P21/c with one molecule in the asymmetric unit (full
XRD data see Supporting Information). Crystal quality was only sufficient, indicated by a R(int)
of 0.14, which is mainly caused by thermal fluctuations of the alkyl chains. In addition, the carbonyl
function in the MIDA unit shows a slight rotational disorder with equivalent population factors
(C3A=03A / C3B=03B). With respect to these conditions, the angles and distances at the boron
and at the nitrogen are in good agreement with a tetrahedral surrounding. The angles at the boron
are with values of 01-B1-02 = 109.4(4)°, O1-B1-C6 = 113.0(5)° and O2-B1-C6 = 114.4(4)° close
to the ideal tetrahedral angle. The same applies to the angles at the nitrogen atom,
C4-N1-C5=111.1(5)°, C4-N1-C2 = 113.5(6)° and C5-N1-C2 = 108.5(5)°. The B-O distances are
identical with 1.464(7) A and 1.467(7) A, respectively. The B-N distance is with a value of 1.658 A
in the same range as reported before for phenyl MIDA-boronate derivatives.®! The distance of the
boron to the phenyl moiety is 1.573(7) A. The packing diagram of the unit cell (Figure 7b) reveals
a lamellar structure, in which polar and hydrophobic domains are formed by the MIDA boronate
head groups and the alkoxy phenyl moieties, respectively. It should be emphasized that in the solid-
state phenyl rings are involved in the interdigitated side chains. Thus, a polar MIDA boronate
bilayer is sandwiched between two non-polar alkoxyphenyl bilayers, strongly resembling a smectic

bilayer geometry.

11
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Figure 7. a) Molecular structure of 8 (Ca) in the crystalline state. b) View of the unit cell along

the b axis with distinct bilayer-like structure.
Quantum Chemical Calculations

As discussed in the previous section, the single crystal data of 8 (C4) gives an idea of how the
molecules are arranged in the liquid-crystalline phase. With this information at hand, we wanted to
understand the role of the MIDA head group. In particular, we wanted to investigate, whether there
is any cross talk between the head group and the phenyl-alkoxy residues and understand the
difference between MIDA boronates 8 and pinacol borolane 5, boronic acids 6 and diethanolamine

boronates 7 regarding phase behaviour.

The TURBOMOLE program packagel®223 was employed for all quantum chemical calculations.
Equilibrium structures were computed with Mgller-Plesset second-order perturbation theory (MP2)
and the def2-TZVPP basis sets for all atoms.®4 The resolution-of-the-identity approach was used
to speed up two-electron integral evaluations using the appropriate auxiliary basis sets.[®]
Relaxed MP2 electron densities were used for the natural population analysis (NPA)E7 of the
charge distribution and for computing dipole moments. As TURBOMOLE does not support
computation of natural bond orbitals, we resorted to intrinsic bond orbitals (IBOs)®! based on the
Hartree-Fock orbitals, which serve about the same purpose and for which an in-house

12
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implementation is available. Graphical representations of the quantum chemical results were
prepared with the TmoleX program. [

The MP2 approach, in particular in connection with basis sets of triple-C type as used in this study,
is known to give reliable structures for main group compounds with typical errors not exceeding
0.02 A relative to highly accurate reference computations.®®%!l We also note that the B-N bond
distance computed with this approach is in much better agreement with the experimental value
determined above for 8 (Ca) as compared to density functional theory approaches. Details about
this issue, further validation studies and the relevant parameters that characterize the bonding to
the boron atom are given in the Supporting Information. All important structure parameters of the
single crystal structure are well reproduced. Computed and experimental bond lengths agree within
0.02 A, bond angles agree within 4 degrees. This confirms that the method describes the electronic

structure of the molecules sufficiently well.

In order to shed further light on the bonding situation in the MIDA boronate head group,
particularly around the boron atom, we computed the partial charges by a natural population

analysis (NPA). The results are shown in Figure 8 (left).

Figure 8. Left: Computed partial charges on the head group of 8(C4). The charges refer to the
indicated atoms or to CH. and CHsz groups. Right: Intrinsic bond orbitals
characterizing the bonding to boron. Isosurfaces are shown in the top row, while the
bottom contains a color-coded contour plot in a plane containing boron and the

corresponding neighboring atom.

13

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201605648

According to the NPA, the boron atom is strongly charged with nearly one positive unit charge
accumulated on this center. All surrounding atoms carry negative partial charges, indicating
significantly polarized bonds to boron. This result clearly suggests to address the B—N bond as a
dative bond (where the two electrons are still formally counted for nitrogen), as a Lewis-structure
with a shared electron pair implies a negative formal charge on boron and a positive formal charge
on nitrogen, clearly in contrast with the above result.

To further elucidate the bonding situation, we computed the intrinsic bond orbitals (IBOs) of the
molecule. The orbitals representing the bonding to boron are shown in Figure 8 (right). The IBO
corresponding to the B—N bond clearly shows strong nitrogen sp® character and little contribution
from boron and should be thus addressed as a dative bond. The IBOs corresponding to the B-O
and B—C bonds are also polarized but to a lesser degree. No further IBO indicating n-conjugation
of the alkoxyphenyl ring and the MIDA boronate head-group is found.

2 % 20

(o] o] (o] (o]
o P B
Me \j ©/ \j N /@/ \Nf - /@/ \j

14 15 8(Cy) 8(Cy)
o] o] o)
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CeH130 ‘ EtO I EtO |
OEt OEt
8(Ce) 8(C2)2 8(Ca)s
Figure 9. Derivatives computed for natural population analysis.

For closer investigation of the influence of the substituents the analysis of the partial charges was
extended to seven different MIDA boronates carrying methyl (14), phenyl (15), 4-ethoxyphenyl
(8 (C2)) 4-butoxyphenyl (8 (Cs)), 4-hexyloxyphenyl 8 (Cs), 3,4-diethoxyphenyl (8 (Cz2)2) and
3,4,5-triethoxyphenyl (8 (C2)s) units at the boron atom (Figure 9). This study revealed that the
substituents have a negligible influence on the electronic structure of the MIDA boronate group.
Neither the type of substituent in 14, 15 and 8 (C2), i.e. methyl vs. phenyl vs. 4-ethoxyphenyl nor
the length of the side chains in 8 (C2), 8 (C4), and 8 (Cs) or the number of side chains in 8 (Cz),
8 (C2)2and 8 (C2)s give a substantial difference of the partial charges. The partial charge on boron
changes by less than 0.01 e, for the remaining atoms by even less than 0.002 e (Table 1 and
Supporting Information). We therefore conclude that the MIDA boronate head group is

electronically fully decoupled from the residue at the boron atom.

14
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Table 1. Comparison of computed partial charges of boron and its neighboring atoms.
Substituent Compound Bl N1 o1 02 C6
methyl 14 +0.924 -0.361 -0.617 -0.618 -0.940%
phenyl 15 +0.929 -0.356 -0.616 -0.618 -0.362
4-ethoxyphenyl 8(C2) +0.931 -0.357 -0.616 -0.618 —0.382
4-butoxyphenyl 8(C4) +0.931 -0.357 -0.616 -0.618 —0.382
4-hexyloxyphenyl 8(Cs) +0.931 -0.357 -0.616 -0.618 —0.382
3,4-diethoxyphenyl  8(C2): +0.933  -0.357 -0.616 -0.617 -0.376
3,4,5-diethoxyphenyl 8(C2)3 +0.934 -0.357 -0.616 -0.619 -0.358

&The partial charge of the entire CH3 group is —0.274 e.

This result was further supported by IR and Raman spectroscopic studies at room temperature (for
details on the measuring conditions see Supporting Information). The following B-N stretching
modes were observed in the IR and Raman spectra respectively: v(B-N) = 592 and 591 cm™ for
8 (C10), 587 and 589 cm for 8 (C10)2, 587 and 593 cm™ for 8 (C10)3. The values do not show any
differences between mono-, di- and tri-substituted phenyl derivatives further supporting the

absence of any electronic communication between the aryl ring and the B-N bond.

From the above theoretical and experimental data, we anticipated that the distinct mesomorphic
behaviour of MIDA boronates 8 — as compared to structurally related boron compounds 5 -7,
which carry the same aryl moiety — should be somehow related to the polar character of the head
group. Therefore, the electronic properties of the MIDA group in the model system 8 (C2) were
compared with the other boron containing groups: diethanolamine boronate 7 (C2), boronic acid 6
(C2), and pinacol borolane 5 (C2). Note that our findings in Table 1 strongly suggested that we
could confine our study to the ethoxy group (abbreviated as C>), as the length of the alkyl chain

did not have any significant influence on the electronic structure of the head group.

Our computations showed that the head groups of compounds 5 — 8 indeed have a significantly
different polar character, see Figure 10. The strongly alternating partial charges on the MIDA
boronate 8 (C2) as shown in Figure 8, already suggested that this group carries a strong dipole
moment. This is in fact the case, we computed a dipole moment of 7.6 Debye units. More detailed
insight is gained from inspecting the electrostatic potential of the molecule, Figure 10a. The oxygen
atoms of the carboxyl groups accumulate negative charge and give rise to a strongly negative
potential in this region. Positive charge is accumulated near the opposite methyl group and

methylene bridges. As indicated in Figure 10a, the charge distribution can be qualitatively

15
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addressed as originating from two distributed dipoles. As we will discuss below, this charge
distribution may in fact rationalize the formation of a layered structure.

Replacing the carboxyl units in MIDA boronate 8 (C2) by alkoxy groups in diethanolamine
boronate 7 (C2) resulted in a much less polar charge distribution (Figure 10b). The overall dipole
moment is still 5.9 Debeye units, but the negative charges accumulate in a much smaller area.
Hence we do not get the distributed dipoles as discussed for 8 (Cz2). The same is observed for
boronic acid 6 (Cz) and pinacol borolane 5 (Cz) which also have much smaller dipole moments of

2.8 and 1.4 Debeye units, respectively (Figure 10c,d).

[o) ,QO OO‘V‘ OH o _
! B9 _B 8
[ W2 T Wl or 7
EtO Et0" 7 H EO EtO
8(Cy) 7(€) 6(C2) 5(Cy)
% C L &
@ Y
(a)7.6D (b)5.9D (c)2.8D (d)1.4D

Figure 10.  Visualization of the electrostatic potential of different boron containing head-groups
in MIDA boronate 8 (C2), diethanolamine boronate 7 (C2), boronic acid 6 (C2) and
pinacol borolane 5 (C2) with a 4-ethoxy-phenyl ring as further residue at the boron
atom. The electrostatic potential is color coded (red =-1.9 eV to blue = +1.9 eV) on
an isosurface of the electron density (0.0067 A-%). Two different perspectives are
shown (from the side and from below). Computed dipole moments are given on the
bottom of each column. For (a) the electrostatic potential may be qualitatively
described as originating from two distributed dipoles as indicated in the bottom

view.
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2
a%?

Figure 11.  Schematic distribution of dipoles in the MIDA boronate packing scheme according

to crystal structure of 8 (Ca).

As indicated above, the charge distribution computed for 8 (C4) can be interpreted as two
distributed dipoles. This charge distribution is compatible with a 2D packing of the molecules as
derived from the crystal structure of 8 (Ca), see Figure 11. Note that cofacially arranged dipoles
prefer an antiparallel alignment while dipoles arranged in a linear chain prefer parallel alignment.

The schematic distribution of the dipoles in Figure 11 also gives a hint on the mechanisms of the
mesophase formation from MIDA boronates 8. On the one hand, the different polarities of the
MIDA and the alkoxyphenyl group lead to phase separation and formation of the bilayer structure.
On the other hand, the strong dipolar interactions of the MIDA groups stabilizes the sublayer as
shown in Figure 11, whereby a layer-like mesophase can be formed. In the case of 5, 6, and 7 either
weaker tendencies of phase separation or weaker dipolar interactions do not support a stable bilayer
structure. With the results of the quantum chemical calculations in hand it was possible to deduce
a general understanding on the mesophase formation of the MIDA boronates 8 which was utilized

to explain the following X-ray investigations.
Mesophase Geometries

To gain further insight in the phase geometries of the liquid crystalline MIDA boronates small
(SAXS) and wide angle (WAXS) X-ray scattering experiments were conducted (for full XRD data

see Supporting Information). First, the derivatives for which the POM investigations suggested a
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layer-like mesophase were investigated. Therefore, the samples were investigated via SAXS at
different temperatures during cooling from the isotropic liquid. From the obtained (001) XRD
reflexes the respective layer spacings d were determined. In Figure 12a the results of
monoalkoxyphenyl derivative 8 (Ci0) and bisalkoxyphenyl derivative 8 (Cio)2, in the high
temperature mesophase, are depicted. During cooling the layer spacing gradually increased, which
is typical for SmA mesophases, presumably because of a decreasing interdigitation of the alkoxy
chains.®? Interestingly, the layer spacing of 8 (C1o) is larger than that of 8 (C10)2 although the latter
has two side chains which should require more space than the one of the mono substituted

derivative.

For better comparison, the layer spacings at the reduced clearing point dreq (at 0.95 x T¢)[* were
calculated for all derivatives 8 (Cn) (n = 6 — 14) and 8 (Cn)2 (n = 6 — 10) using the equations of the
trendlines of the respective SAXS layer spacing temperature dependency. Additionally, for each
compound the molecular lengths L (and 2L) between the outer most atoms in the stretched all-
trans conformation were calculated by using the Avogadro 1.1.1 software (Figure 12b).%%1 The dreq
values for both substitution patterns 8 (Cn) and 8 (Cn)2, and for 13 (Ci2) are between L and 2L
indicating the formation of smectic bilayers SmA; for both series. However, the observed layer
spacings differ increasingly with longer alkyl chains from the calculated bilayer distances
indicating a stronger interdigitation with increasing alkyl chain lengths. Therefore, a comparison
of the dreq values with the maximal interdigitated bilayers is of interest. The size of the MIDA
boronate head group together with the attached phenyl ring is Lcore = 8.15 A. For maximum
interdigitation it is assumed that the layer spacing is Lmax = L + Lcore, Since the alkoxy side chains
are completely interleaved (Fig. 12c). The values of Lmax are very close to those of the respective
layer spacings dred indicating a strong interdigitation especially for longer chain lengths. For
8 (C12), 8 (C14), 13 (C12), and 8 (C1o0)2 the calculated interdigitation give values of 99 %, indicating
a complete interdigitation at the reduced clearing point. However, these findings do not suggest the
participation of the core structure in the interdigitation as implied in the single crystal structure of
8 (C4) (Fig. 7b).
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Figure 12.  a) Layer spacing temperature dependency of e 8 (C1o) and m 8 (C10)2 in the SmA>
phase derived from SAXS experiments (* transition from the SmA; phase to the low
temperature Coly phase), b) layer spacing at reduced clearing points e dreqs COmpared
tosingle (4, L) and double (=, 2L) molecular lengths, and to maximal interdigitation
(X, Lmax), €) illustration of the molecular dimensions.

According to the DSC and POM studies (Figure 4c, Figure 6e,f) bisdecyloxy-substituted derivative
8 (C10)2 displayed a second mesophase at lower temperatures in addition to the SmA> phase. The
results of the XRD experiments of this lower temperature mesophase are shown in Figure 13a. The
SAXS profile only displays one reflection indexed as (10) which is not sufficient for the assignment
of the phase. However, the Coln phase geometry was confirmed by the WAXS experiment shown
in the inset of Figure 13a. In addition to the broad halo at 4.5 A caused by the molten alkyl chains,

a hexagonal orientation of the (10) reflection was detected, which is typical for Coln mesophases.
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Figure 13.  a) SAXS profile of 8 (C10)2 at 90 °C and WAXS diffraction pattern at 90 °C (left),
magnification of inner signals of the WAXS pattern (right), b) SAXS profile of
8 (Cs)3zat 90 °C and WAXS diffraction pattern at 90 °C (left), magnification of inner
signals of the WAXS pattern (right).

For the remaining dialkoxy- and trialkoxyphenyl MIDA boronates 8 (Cn)2 (n =12, 14) and 8 (Cn)3
(n=8-14) XRD investigations confirmed the assignment of Col, phase geometries. For
derivatives 8 (Cui4)2, 8 (Cs)3, and 8 (C10)3 hexagonal orientations of the (10) reflection were found
either in the WAXS or SAXS experiments. Figure 13b shows the results of the XRD experiments
for 8 (Cs)s. The SAXS profile displays three reflexes in the ratio of 1 : 1/v/3 : 1/2 indexed as (10),
(11), and (20).°* Moreover, the depicted WAXS pattern displays a halo in the wide angle region
and six distinct reflexes in the small angle region arranged in a hexagonal manner supporting the

assignment of the Coly phase.

In order to rationalize the transition from the smectic mesophases observed for mono- 8 (Cn) (n =6
—14) and dialkoxy-substituted derivatives 8 (Cn)2 (n = 6 — 10) to columnar hexagonal mesophases
for 8(Cn)2(n=10 — 14) and trialkoxy-substituted MIDA boronates 8 (Cn)3(n=8 — 14)

minimization of free volume and increasing sterical demand of the alkyl chains seem to govern
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mesophase formation. Presumably for one or two side chains a lamellar organization is preferred
resulting in SmA: bilayers (Figure 14). However, as the lengths of the two alkoxy chains exceed
C1o or an additional third chain is attached to the phenyl ring, the bilayer cannot accommodate any
longer the MIDA boronates 8 (Cn)m in an anti-parallel interdigitated fashion, but a micellar-like
aggregate of the wedge-shaped mesogens is favoured, resulting in the Coln phase. The number of

p-Na-Ah

molecules per disk Z could be calculated according to Z = , Where p is the density

(considered close to 1), Na is Avogadro’s constant, A is the columnar cross section, h is the height
of a disc (approximately the d-value of the respective halo), and M is the molecular weight of a

single molecule.®

The results of these calculations are summarized in Table 2. For 8 (C10)2, a Z-value of 6 was
calculated. Therefore, in a hexagonal lattice with a lattice parameter anex = 38.3 A one disc consists
of 6 molecules forming a micellar-like aggregate. Upon increase of the side chain lengthston = 12
and n = 14 respectively, the lattice parameters remained relatively constant at anex = 37.7 A and
anex = 38.3 A respectively, while the number of molecules per disc decreased to Z =5 for 8 (C12)2
and 8 (Cu4)2, presumably due to increased interdigitation and increased volume requirements of a
single molecule within the micellar aggregate. For the trisalkoxy-substituted MIDA boronate
8 (Cs)s with Cg chains a lattice parameter anex = 31.2 A was obtained and the calculated Z-value
was 4. Upon increasing the side chain lengths to n = 10 and n = 12, the lattice parameters increased
steadily to anex = 33.5 A and anex = 36.3 A respectively, while the calculated Z-values remained
constant at Z = 4. Probably due to the increased volume fraction of the trisubstituted MIDA
boronates, e.g. 8 (C12)s as compared to the corresponding disubstituted counterpart 8 (Ci2)2 fewer
molecules can be accommodated in the micellar aggregate, thus the Z-value decreases from 6 and
5 in the disubstituted series to 4 in the trisubstituted series. However, constant Z-values for 8 (Cs)s,
8 (C10)3 and 8 (C12)s3 are only possible, if the lattice parameter increases with increasing chain
lengths. Surprisingly, in case of MIDA boronate 8 (Ci4)3 with three Cy4 chains a significantly larger
lattice parameter of anex = 50.1 A was detected. In order to accommodate such a lattice, the number

of molecules with the micellar aggregate needs to be increased considerably fromZ =4t0o Z=7.
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Table 2.
— 8 (Cu4)2 and 8 (Cs)z — 8 (C14)3.
Mesophase el /A dexp(dea) / A DK z°

8 (Cyo), Colyat90 °C a=383 331 (10) 6
p6émm 4.5 halo

8 (Cyp), Colyat120°C  a=37.7 326 (10) 5
pémm 16.3 (16.31)  (20)
4.1 halo

8 (Cu), Colpat140°C  a=383 332 (10) 5
pémm 4.6 halo

8(Cg); Colyat90°C a=312 270 (100 4
p6émm 15.6 (15.60) (11)
134 (1351) (20)
42 halo

8 (Cio)s Colyat 90 °C a=335 290 (100 4
p6mm 4.6 halo

8 (Cyp)s Colyat70°C a=363 315 (100 4
p6émm 4.7 halo

8 (Cu)s Colyat 60 °C a=50.1 434 (10) 7
p6émm 21.7 (21.71)  (20)
14.4 (14.47)  (30)
10.1(9.96) (32)
9.5 (9.48) (41)
8.8 (8.68) (50)
47 halo

2 The parameter anex corresponds to the column diameter and was

calculated with ane = 2-dio / V3. ®Rounded to integers. !

10.1002/chem.201605648

XRD data for MIDA boronates displaying hexagonal columnar mesophases 8 (C1o)2

The X-ray diffraction data together with the observation, that even MIDA boronates with relatively

short alkyl chains, i.e. C¢ for 8 (Cn), 8 (Cn)2 and Cg for 8 (Cn)3 displayed mesomorphic properties

suggested that the dipolar interactions between the MIDA boronate head groups play an important

role in the stabilization of the mesophase, even in the absence of either strong van der Waals

interactions exerted by long alkoxy chains or strong n—mn-interactions.

This article is protected by copyright. All rights reserved.
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Figure 14.  Proposed self-assembly of the MIDA boronates 8 into SmA; or Coln mesophases

depending on the number and lengths of the alkoxy side chains.
Conclusion

In conclusion, we have demonstrated for the first time that MIDA boronates can indeed induce
thermotropic liquid crystalline properties even when the MIDA boronate head group is connected
to a mono-, di- or trialkoxyphenyl unit with relatively short alkyl chain lengths of Ce for 8 (Cn),
8 (Cn)2 or Cg for 8 (Cn)s. In order to understand, why MIDA boronates 8 form stable mesophases,
whereas the corresponding pinacol borolanes 5, boronic acid 6 or diethylamino boronates 7 are
devoid of any liquid crystalline self-assembly, quantum chemical calculations were carried out.
The calculations clearly revealed a charge distribution at the B-N bond, where the positive charge
is located at the boron atom, while the negative charge is positioned at the nitrogen atom,
suggesting that the bonding situation in the MIDA boronate should be characterized by a dative
bond rather than a zwitterionic Lewis structure. According to the calculations the MIDA head
group is electronically fully decoupled from the remaining substituent at the boron, regardless
whether the phenyl ring carries ethoxy substituents or longer alkoxy chains. This allowed us to use
non-mesomorphic 4-ethoxyphenyl MIDA boronate 8 (C2) as a mimic for higher homologues
8 (Cn) (n>6) capable of liquid crystalline self-assembly in subsequent calculations, where the
unique properties of the MIDA head group in comparison with diethylamino boronate, boronic
acid and pinacol borolane head group were assessed. According to the calculations the overall
dipole moment decreases in the series 8 (C2) > 7 (C2) > 6 (C2) > 5 (C2), suggesting that dipolar
interactions between mono-alkoxy-substituted MIDA boronates 8 (Cn) play a prominent role in the
stabilization of smectic mesophases. Dipolar interactions even seem to overrule hydrophobic
interactions or hydrogen bonds which are present in the boronic acid derivatives 5 (Cn) - 7 (Cn).
Experimental results showed that for MIDA boronates 8 (Cn)m the mesophase type is determined

by the number and lengths of alkoxy chains, i.e. for one or two short alkoxy chains smectic A
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phases were observed, while two longer or three alkoxy chains led to hexagonal columnar
mesophases. Thus, the scope of MIDA boronates has been extended far beyond cross-coupling
reagents into tailor-made soft matter. It should be emphasized that our work on dipolar interactions
in liquid crystalline MIDA boronates complement recent studies by Kaszynski,[® who was able to
quantify the contribution of dipolar interactions to the clearing temperature of carborane clusters
via isosteric and isoelectronic replacement. Future work must demonstrate, whether dipolar

interactions can be employed to generate other novel thermotropic materials.
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In contrast to the non-mesomorphic aryl boronic acids and diethanolamine boronates, MIDA

boronates form smectic or columnar mesophases which was rationalized by strong dipolar

interactions according to quantum chemical calculations.
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