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Polar (u = 16 D) and UV transparent >250 nm quinuclidinium (1) and sulfonium (2) zwitterionic
derivatives of the [closo-1-CBgH o]~ anion were synthesized and studied as additives to nematic hosts.
The molecular and crystal structures for 1 [C19H44BoN triclinic, P-1, a = 9.766(2) A, b =10.481(3) A, c
= 12.098(3) A, & = 93.804(9)°, B = 90.249(10)°, y =102.587(10)°, Z = 2] were determined by X-ray
crystallography and compared with the results of HF/6-31G(d) calculations. Low concentration
solutions (<10 mol%) of 1 and 2 in ClEster host (Ag = —0.59) were investigated using thermal and
dielectric methods. The results for 1 and 2 showed virtual [Ty;] values of 139 °C and 92 °C, and Ae
extrapolated to infinite dilution of 70 + 1 and 61 + 2, respectively. Dielectric results were analyzed
using the Maier-Meier relationship and calculated molecular parameters. The apparent order
parameter S, was found to be 0.63 and 0.50 for 1 and 2, respectively, which is smaller than that for the
pure host (S = 0.66). Analysis of the Kirkwood factors g obtained for each concentration gave an
association constant K of 63 + 2 and 37 + 1 (model 1) for the assumed dimerization of molecules (2M

= M,) of 1 and 2, respectively, in solutions of ClEster.

Introduction

Nearly all liquid crystal (LC) electrooptical devices, such as flat
panel displays,™? rely on the so-called Fréedericksz transition,?
where polar oriented molecules re-orientate in an external elec-
tric field resulting in a change of the optical properties of the bulk
material.*> The threshold voltage (Vy,) for the reorientation of
the LC molecules is inversely proportional to the square root of
dielectric anisotropy, Ag, which in turn is proportional to the
molecular dipole moment and its orientation relative to the main
molecular axis, ~p*(1 — 3cos?B). Therefore, the larger the dipole
moment, the lower the threshold voltage (Vy, ~ 1/p).

Liquid crystals with positive dielectric anisotropy (Ag > 0) are
typically designed by using polar terminal substituents, such as
—CN,® -NCS,” and F,? or heterocycles, such as pyrimidine® or
dioxane,” as part of the rigid core, with the net dipole moment
oriented along the long molecular axis.*»'*!' Dipole moments
associated with these molecular fragments are moderate and
generally do not exceed 5 D (e.g., for benzonitrile’? p = 4.52 D).
Much larger molecular dipole moments are observed for zwit-
terions,*® and for some compounds values near 16 D have been
measured."!S Anisometric compounds (elongated molecular
shapes) possessing such large dipole moments could serve as

“Organic Materials Research Group, Department of Chemistry, Vanderbilt
University, Nashville, TN, 37235, USA

*X-ray Crystallographic Laboratory, Department of Chemistry, University
of Minnesota, Twin Cities, MN, 55455, USA

1 Electronic supplementary information (ESI) available: synthetic details
and characterization data for compounds 1, 2, 4, 5, 8, and 10, details of
dielectric data, dielectric analysis, crystal data collection information,
selected experimental and theoretical geometrical parameters for 1 and
2, archive of calculated equilibrium geometries for 1 and 2. CCDC
reference number 731853. For ESI and crystallographic data in CIF or
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effective low-concentration polar additives that significantly
increase Age of the liquid crystalline material. However, most
zwitterions have geometries incompatible with a typical nematic
LC material, which limits their usefulness in electrooptical
applications. To date only three classes of zwitterionic mesogens,
pyrazo[l,2-a]pyrazoliumolates,'® syndones,'” and N-pyridinio-4-
alkoxybenzamidates,'® have been reported but their compati-
bility with nematic materials has not been investigated. A class of
zwitterions that are particularly attractive for the design of polar
mesogens or additives to nematic materials is based on mono-
carbaborates A and B (Fig. 1).**7!

closo-Monocarbaborates [closo-1-CBoH o]~ and [closo-1-
CB;H5]” (A and B, Fig. 1) belong to an extensive family of
closo-boranes, which are characterized by sigma-aromaticity and
complete negative charge delocalization.** The geometry of the
two clusters, A and B, appears to be appropriate for the
formation of calamitic liquid crystals, as is indicated by results
for their electrically neutral isostructural p-carborane
analogues.???¢ Extensive experimental data demonstrate that

G — -

Fig. 1 The structures of the ionic [closo-1-CBgH o]~ and [closo-1-
CB1H,] clusters (A and B), and their polar derivatives (IA and IB).
Each vertex represents a BH fragment, the sphere is a carbon atom, and
Q" stands for an onium group such as an ammonium, sulfonium, or
pyridinium.
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both p-carboranes support liquid crystalline phase formation,
and their derivatives strongly prefer the nematic over smectic
phases. Therefore, clusters A and B substituted in the antipodal
positions with appropriate groups are expected to exhibit an LC
state or at least be compatible with the nematic phase. The use of
an onium fragment, Q*, as one of the substituents introduces
a substantial dipole moment oriented along the long molecular
axis (Fig. 1). Our previous calculations®" demonstrated that the
dipole moment expected from such derivatives of clusters A and
B can exceed 15 D, which is difficult to obtain in organic non-
zZwitterionic species.

The unique properties of closo-boranes and opportunities to
engineer highly polar and oriented materials for electrooptical
applications prompted us to investigate the two mono-
carbaborates A and B as the centerpiece of rod-like compounds
IA and IB (Fig. 1). In this paper, we focus on the 10-vertex
system, the [closo-1-CBgH o]~ anion A. We establish the method
for the introduction of alkyl and appropriate onium fragments
into the {closo-1-CBy} cage and prepare the first two such
derivatives, 1 and 2, from isomerically pure iodo acid*” [closo-1-
CByHg-1-COOH-10-I]". We investigate both derivatives as
additives to nematic hosts, and study such binary mixtures by
thermal and dielectric methods. The dielectric data are analyzed
with the aid of the Maier-Meier relationship, which uses
molecular parameters derived from quantum-mechanical calcu-
lations. Finally, we quantify the behavior of 1 and 2 in the
nematic solution by deriving the association constant K from the
dielectric data.

CsHyqq CsHqs

QO

3. ¢

CsH1s CgHia

Results
Synthesis

Derivatives 1 and 2 were prepared starting from iodo amine®® 3
by a combination of alkylative cyclization at the C(1) vertex and
Pd(0) catalyzed coupling at the B(10) vertex.

For quinuclidinium derivative 1, iodo amine 3]NHMejs| was
reacted with excess hexylmagnesium bromide in the presence of
Cul and Pd(0) giving hexyl amine 4[NMey] in 33% yield. Phos-
phonium adduct 5 was isolated as a by-product in 20% yield and
partially characterized. The formation of an adduct similar to 5
was also observed in the Pd-catalyzed hexylation of iodo acid
[closo-1-CByHg-1-COOH-10-I]- NMe,* using tricyclohexyl-
phosphine as a ligand.?® Alkylation of amine 4[NMe4] with
tribromide®® 6 in the presence of a base under phase-transfer
catalysis conditions gave quinuclidinium derivative 1 in 33%
yield (Scheme 1).

The introduction of the sulfonium fragment at the C(1) vertex
and formation of 2 was envisioned by using a dinitrogen

L NHMe;* NH> NMe,*
CegH1aMgBr, Cul _‘ K;COj, 18-Crown-6
(PPh3),PdCl, CsH11C(CH,CH,Br); (6)
reflux, THF reflux, CH;CN
I CgHia
3[NHMe3] 4[NMe,] _I )
Pth*@NHZ
5
Scheme 1
N
I +
N* SCH=NMe,
_‘ Me;NCHS —|
t NMe4*OH= 5H,0
CsH11CH(CH,CH4Br); (9)
L7 | 8 rt, CHsCN
CsH1q

CeH 132nC|
Pdzdbag, [HPCy3]BF,

reflux, NMP/THF

—

10

@0

Scheme 2

functionality in analogy to the preparation of [closo-1-CBgHy-1-
SCsHo] from [closo-1-CBgHyg-1-N5].3° Our initial experiments
with diazotization of hexyl amine 4{NMe4] demonstrated that the
corresponding dinitrogen derivative [closo-1-CBgHg-1-N,-10-
C¢H 3] was an unstable oil that was difficult to purify and handle.
Therefore, we focused on iodo dinitrogen derivative 7, which we
previously prepared in high yield from amine 3 and isolated as
a stable, crystalline solid, suitable for further synthetic trans-
formations.?® Thus, the dinitrogen derivative 7 was reacted at
ambient temperature with Me,NCHS to form protected
mercaptan 8, which upon reactions with dibromide®' 9 under
hydrolytic conditions gave sulfonium derivative 10 in 39%
overall isolated yield. The hexyl group was introduced at the
B(10) position by reacting 10 with hexylzinc chloride under
Negishi conditions, previously used for the hexylation of iodo
acid® [closo-1-CBoHg-1-COOH-10-1]"NMe,*, giving sulfonium
derivative 2 in 58% yield (Scheme 2).

Thermal properties

Calorimetric (DSC) and optical (POM) analyses revealed that
both polar derivatives 1 and 2 are high melting solids (>200 °C)
and neither forms liquid crystalline phases. DSC demonstrated
two transitions for each compound corresponding to a Cr-Cr
transition and melting (Table 1). The solid-solid transition in
quinuclidinium 1 is a high energy, broad peak spread over 40 K
with a maximum at 126 °C. The melting at 363 °C has a similar
high endotherm and is accompanied by rapid decomposition.
The analogous transitions for the sulfonium 2 occur at lower
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Table 1 Transition temperatures (°C) and enthalpies (kJ/mol in paren-
theses) for 1 and 2¢

a

Cr, 109 Cr, 363
(21.6) (19.0)

U

I(dec) Cr, 66 Cr, 209 r
(21.1) (10.9)

@ Cr = crystal, I = isotropic. > A second Cr—Cr transition at 86 °C (2.3 kJ/
mol) was observed in an aged sample.

temperatures at which the compound is thermally stable. An
additional transition at 86 °C (2.3 kJ/mol) was detected in a one-
year-old sample of 2. After heating this sample to 150 °C fol-
lowed by conditioning at ambient temperature for 5 hrs the
transitions at 66 °C and 86 °C were replaced with new transitions
at 55 °C and 77 °C, respectively. After 20 hrs at ambient
temperature the original transition at 66 °C partially reappeared
in addition to the other two transitions. The isotropic phase of 2
supercools by 12 K before crystallization.

POM observations of samples of 1 and 2 revealed practically no
change in the appearance of the crystals at the solid-solid transitions.

Electronic absorption

Spectroscopic analysis demonstrated that both compounds are
practically transparent above 250 nm (Fig. 2). The quinuclidi-
nium 1 and sulfonium 2 have high-energy absorption bands with
the maximum at 204.5 nm and 210 nm, respectively, and with
a shoulder feature at about 230 nm. The spectra recorded for 1
and 2 are similar to those obtained for [1-closo-CBgHo-1-NMes]*°
and [1-closo-CBgHo-1-SMe,]*® with the absorption bands shifted
to lower energies (10 nm for 2) presumably due to the presence of
the alkyl group at the B(10) position.

Molecular and crystal structures

Colorless, triclinic crystals of 1 were grown from a toluene/iso-
octane mixture by slow evaporation. The solid-state structure for
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Fig. 2 Electronic absorption spectra of 1 and 2 recorded in MeCN.

Fig. 3 Thermal ellipsoid diagram representation of quinuclidinium 1
drawn at 50% probability. Pertinent interatomic dimensions: C(7)-N(1)
1.505(2) A, C(6)-B(1) 1.593(3) A, avrg B-C(7) 1.619 A, avrg B-B(1) 1.715
A, C-N(1) avrg 1.525 A. Quinuclidine cage twist avrg 18.8°.

1 was determined by X-ray diffraction® and pertinent inter-
atomic dimensions are shown in Fig. 3.

Crystallographic analysis revealed that the unit cell is occupied
by two identical molecules of 1, that are related through an
inversion center. The separation between the long axes of the
molecules in the unit cell is about 5.8 A. In the crystal structure,
molecules of 1 form infinite sheets perpendicular to the ab plane
with alternating antiparallel arrangement.

In a molecule of 1, the C(7)-N(1) distance between the qui-
nuclidine ring and the {closo-1-CBy} cage is 1.505(3) A and the
average B-C(7) distance is 1.619 A. These distances are slightly
longer by 0.007 A and 0.011 A, respectively, than those reported
for the analogous trimethylamino derivative [1-closo-CBgHg-1-
NMes].** Similar differences are observed in the pair of 1-qui-
nuclidine and 1-NMejs derivatives of the {closo-1-CBy;} cluster.3*
The quinuclidine ring in 1 is twisted by an average value of 18.8°,
which is larger than the average value of 8.3° found in a similar
derivative of {closo-1-CBy;}.** This is presumably due to the
shorter Ccuee—N distance in the former than in the latter
compound. The pyramidalization angle®® a. of the nitrogen atom
in the quinuclidine ring is 21.2°, which is practically the same
as in the quinuclidinium derivative of the {closo-1-CB;}** and
also in the quinuclidine-1-boraadamantane complex.3¢

The dimensions of the {closo-1-CBy} cage are similar to those
reported for [1-closo-CByHo-1-NMe;].** Both alkyl groups are in
all-trans conformation with dihedral angles little deviating from
the ideal 180°. The largest deviation from planarity is observed for
the pentyl group in which the angle defined by C,—Cp—C,—Cs is
166°. The two alkyl groups, the hexyl and the pentyl, deviate from
the ideal staggered conformations with the {closo-1-CBo} cage
and quinuclidine ring by about 10° and 8°, respectively. Also, the
orientation of the quinuclidine ring relative to the {closo-1-CBo}
cage is about 6° off the ideal staggered conformation.

The angle between the two alkyl chain planes in 1, as defined
by C,—Cy-C, in each chain, is 11°.

Computation of molecular properties

The experimental structure of 1 is well reproduced by the HF/6-
31G(d) level calculations.?” The quinuclidine and the {I-closo-
CBy} cage adopt an eclipsed conformation in the ground state
(Fig. 4), which is consistent with the solid state structure of [1-
closo-CBgHo-1-MesN].3* In contrast, in 1 the two rings are 8.6°
away from the eclipsed conformation, presumably to minimize
the inter-planar angle between the two alkyl chains.

The alkyl chains prefer pseudo-staggered conformations rela-
tive to the cage and the ring, which results in 22° angle between
the alkyl group planes, each defined by the C,—Cg—C, atoms, in
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minimum maximum

Fig.4 Extended Newman projection along the long molecular axes of 1
and 2 showing main conformations. The bars represent the substituent
and the circle is the nitrogen or sulfur atom.

the global conformational minimum of 1. Similar conforma-
tional preferences are found in sulfonium 2 in which the sulfur
atom lone pair eclipses the C-B bond. The orientation of the
pentyl chain is staggered with respect to the thiacyclohexane ring,
which results in a wider interplanar angle between the alkyl
chains (41°), and consequently less linear molecular shape than
that of 1 in the global conformational minimum.

The HF level calculations demonstrated a substantial longi-
tudinal dipole moment, , exceeding 15 D for both molecules
(Table 2). The transverse component of the dipole, p | , is small,
which results in a nearly parallel orientation of the net molecular
dipole along the long molecular axes (B = 9°). The magnitude
and, to some degree, orientation of the dipole moment in 1 and 2
depend on the strength of the dielectric medium. IPCM calcu-
lations revealed an approximately linear dependence of the
dipole moment in 1 and 2 on ¢ of the medium in the range of ¢ = 1
(vacuum) to € = 4.6.%7

Polarizability tensors o for 1 and 2 were obtained using the
B3LYP method. Results shown in Table 2 demonstrate that
polarizability o and its anisotropy, Aa, calculated for both
compounds are consistent with those for typical two-ring liquid
crystalline compounds.3®

Binary mixtures

Both zwitterions exhibited low solubility in nematic hosts con-
taining a significant fraction of aliphatic groups. Thus, mixtures

Table 2 Calculated molecular parameters for 1 and 2“

1 2
. - <)~
wy/D 15.9 153
W, /D 2.9 2.6
WD 16.1 15.5
/o7 9 9
AalA® 25.1 25.8
el A 443 44.8

“ Vacuum dipole moments obtained with the HF/6-31G(d) method and
electronic polarizabilities at the B3LYP/3-21G level of theory. * Angle
between the net dipole vector p and . For details see the ESI.

with concentration of 1 >2.5 mol% in 5CB, 1.8 mol% in 6-CHBT,
and 2.7 mol% in ZLI-1132 were not homogenous either in the
isotropic phase or upon cooling to ambient temperature. Much
greater solubility of 1 was observed in ester ClEster,** and
solutions up to 6 mol% were obtained. The solutions were
apparently supersaturated, and after several weeks at ambient
temperature some microcrystals of 1 were formed in solutions
with concentration >2 mol%. The sulfonium derivative 2 exhibits
greater solubility in organic solvents, and solutions up to nearly
10 mol% in ClEster were obtained. This is consistent with the
lower melting point of 2 as compared to 1.

DSC analysis of the solutions in ClEster demonstrated a linear
increase of the clearing temperature Ty; with increasing
concentration of 1 (Fig. 5). Extrapolation of data in Fig. 5 gave
the virtual [Tyj] for quinuclidinium 1 of 139 + 1.3 °C. In
contrast, solutions of sulfonium 2 in ClEster exhibit a non-linear
dependence of Typ on concentration. The virtual temperature
[Tni] calculated for 2 using the 9.5 mol% datapoint is 92 °C,
which is nearly 50 K lower than [Tyy] for 1.

Dielectric measurements

The addition of small amounts of the zwitterion 1 or 2 to the
ClEster host possessing small negative dielectric anisotropy (Ag
= —0.59) dramatically changed its dielectric properties (Fig. 6).
The parallel component of dielectric permittivity, g, of the
material significantly increased, while the perpendicular
component, ¢, was little affected by the additive (Fig. 6). In
consequence, Ag increased and the negative Ag host was trans-
formed to a positive Ag material. The observed effect on the
material’s dielectric properties is consistent with the magnitude
and orientation of the molecular dipole moment in the additive,
and indicated good alignment in the nematic host. In addition,

5CB

6-CHBT

(0]
C7H15‘@_<
0‘@*@"'15
Cl

CIEster
54
Tni
°C 1
52 .
1 2
50
48
T T T T T |

0.00 0.02 0.04 0.06 0.08 0.10
mol fraction, x
Fig. 5 A plot of peak temperature of the N-I transition for binary

mixtures of quinuclidinium 1 (circles) and sulfonium 2 (diamonds) in
ClEster. Best fit line for 1: Ty = 90.8(+1.3)x + 47.8.
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Fig. 6 Dielectric permittivity tensors (g circles and € | diamonds) for the
host, ClEster, and 2.7 mol% solution of 1 as a function of temperature.
Estimated standard deviation for g and €, is 0.1.

temperature dependence studies of dielectric parameters of one
of the solutions demonstrated no anomalous behavior in the
temperature range of the nematic phase (Fig. 6). Thus, the results
indicate that both zwitterions 1 and 2 are compatible with the
nematic host.

A plot of dielectric permittivity parameters measured for each
solution at ambient temperature showed a non-linear depen-
dence on concentration of the zwitterion (Fig. 7). This suggests
a change of nature of the additive caused e.g. by aggregation.

Using equation 1, which reflects additive properties of dielec-
tric permittivity, dielectric anisotropy Ae of the pure zwitterion
can be calculated for each individual concentration of 1 and 2 in
ClEster. The resulting extrapolated Ae values were fitted to
a second-order polynomial®® and the curves for quinuclidinium 1
and sulfonium 2 are shown in Fig. 8. Extrapolation to infinite
dilution (x — 0) yielded a Ag value of 70 £ 1 for 1 and 61 £ 2 for
2. Similar analysis for the g component gave 88 & 1 and 84 £ 1
for 1 and 2, respectively.?”

Dielectric data analysis

Extrapolated dielectric data for 1 and 2 were analyzed quanti-
tatively using the Maier-Meier equation,** which relates bulk

6.0
i g

4.0
€

2.0
Ag

0.0
T T T T T T T T T 1

0.00 0.02 0.04 0.06 0.08 0.10
mol fraction, x

Fig. 7 Plot of g (triangles), €, (diamonds), and Ae (circles) vs concen-
tration of 2 in ClEster at 25 °C.

55—
50—
Ae -
45-

40—

35—

30+

2R
T | T I T I T I T I
0.00 0.02 0.04 0.06 0.08 0.10
mol fraction, x

Fig. 8 Plot of extrapolated Ag vs concentration of 1 (triangles) and 2
(diamonds) in ClEster fitted to a second-order polynomial.

parameters of the nematic phase, dielectric anisotropy Ae and
order parameter S, with molecular parameters, dipole moment p
and polarizability o (equation 2).4?

Considering the Maier-Meier relationship (equation 2) and
results of dielectric measurements (vide supra), extrapolated
dielectric parameters for the zwitterions depend on the Kirk-
wood factor*® g (equation 3), apparent order parameter** S,,,,
temperature 7, and concentration c¢. For 7'= const and at a given
concentration ¢ of the additive, dielectric parameters g, €, , and
Ag depend on g and S,,,. The two unknowns, S,,, and g, were
found for 1 and 2 by solving simultaneously the Maier-Meier
expressions for g and &, .*’

Ae = Zx[As, (1
Vi F e..z
Ae — ]\T{A %(1 - 300526)}5 2
foy* = gu* = (C - a> w 3)
_ M) a
R=00 " —ar @

a74Kc+l—\/8Kc+1

4K )
_ V8Ke+1-1 6
g=t ©

Initially, the medium was assumed to be the pure host, and the
effect of the additive on dielectric properties of the solution was
ignored. Analysis using dipole moments obtained in vacuum (g =
1) gave practically constant order parameter S,,, = 0.63 £ 0.01
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Fig.9 A plot of calculated Kirkwood parameter g for 1 (diamonds) and
2 (circles) vs. concentration c. Dipole calculated at € = 3.03 (model 2).
Fitting function shown as equation 6.

for 1 and S,, = 0.50 £ 0.01 for 2 in the entire range of
concentrations. The Kirkwood factor g was diminishing in
a nonlinear mode from 0.38 to 0.21 for 1 and from 0.42 to 0.24
for 2 with increasing concentration of the additive. When larger
dipole moments calculated for the dielectric medium of the host
(e = 3.03) were used for the analysis, the order parameters
remained the same, while the g factors were smaller by about 20%
for both additives. A plot of resulting g values is shown in
Fig. 9.%7

For comparison purposes dielectric parameters of the addi-
tives were calculated for ideal compatibility with (S,,, = Spes =
0.66) and solubility (g = 1) in the host. The resulting dielectric
values g and Ae for the pure zwitterions in ClEster are 178 and
147, respectively, for quinuclidinium 1, and 170 and 140 for
sulfonium 2. Calculations of S,,, and g using dielectric param-
eters extrapolated to infinite dilution (x = 0, Fig. 8) gave 0.62 and
0.50 respectively for 1, and 0.52 and 0.55 for 2. The results
indicate that the calculated dipole moments p are overestimated
by the HF computational method by about 30%.%

Since the zwitterions significantly increase dielectric permit-
tivity of the solutions, their dipole moments may vary with
concentration. Also the reaction field parameters 4 and F
(equation 2; see the ESIf) change appropriately with the
increasing dielectric strength of the solution. Calculations using
adjusted dipole moment of the additive and constant reaction
field parameters demonstrated a drop in the value of the Kirk-
wood factor by about 10%. When all three parameters, y, s, and
F, were treated as a function of &, the Kirkwood factor was
smaller by an additional 5%. While the adjustments of these
parameters affected the g factor, the apparent order parameter
S,pp for each zwitterion was practically unchanged.

The calculated small value of the Kirkwood factor demon-
strates that a significant fraction of the zwitterions exist as
aggregates, and the changing values of g indicate that the degree
of aggregation increases with the increasing concentration of the
additive. The observed aggregation of the zwitterion molecules
M in dilute solutions can be approximated with a simple model
of dimerization as shown in Scheme 3. Assuming that the dimer
M, has no dipole moment, p = 0, the dielectric data can be used

K

M Mo

Scheme 3

Table 3 Association constant K for 1 and 2¢

CeH1z ‘k«
K/L mol™!
1 2
- K-
Model Parameters
1 ufore=1 63+ 2 37+ 1
2 p for e = 3.03 110 + 2.5 58+ 1
3 n for variable ¢ 122 +3 68 +£3
4 w, i, and F for variable & 145+ 5 89 + 6

“ See text for details.

to calculate the constant K for the monomer-dimer equilibrium
process shown in Scheme 3. At equilibrium, the concentration of
the dimer M, is 0.5¢ and the monomer is ¢ — a, where c is the
concentration of the zwitterion in ClEster solution expressed in
mol/L. This leads to equation 4 for K, which is transformed to the
expression for a (equation 5). The effective dipole moment o is
related to the dipole moment p? by the Kirkwood factor g, which
can be expressed as a fraction of monomeric molecules (equation
3). Substitution of equation 5 into equation 3 and solving for g
leads to equation 6, in which g is a function of concentration ¢
and K is the association constant.

Fitting the Kirkwood factors g obtained for values of p
calculated in vacuum (model 1 in Table 3) to the single parameter
function (equation 6) gives the association constant K of 63
L/mol for quinuclidinium 1 and about a 40% smaller value, 37
L/mol, for the sulfonium 2. For the g values calculated for the
dielectric strength of the host (model 2, Table 3), the association
constant K values are 75% and 57% bigger, respectively, due to
larger calculated dipole moments for 1 and 2. The constant K
increased further when g was derived from adjustable dipole
moments (model 3), and the largest, 145 L/mol and 89 L/mol for
1 and 2, respectively, for g calculated with adjustable dipoles and
reaction field parameters (model 4). Incidentally, the correlation
factors for fitting data derived from adjustable parameters
(models 3 and 4) to equation 6 are progressively worse than those
for the fixed value of dipole moment values (models 1 and 2).
This is reflected in higher uncertainty of the K values obtained in
the former models as compared to those in models 1 and 2.

Discussion

The structure of the {closo-1-CBo} cluster permits the design of
anisometric molecules characterized by high compatibility with
the nematic phase. This is evident from the high virtual clearing
points, [Tyi] > 90 °C, and high apparent order parameters, S, >
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Table 4 N-I transition temperatures for selected compounds

Compound

T-
C@H134@7N®7C5H11
11 754 98¢
=N <
C5H11 .{ﬁgt .ﬁﬁf. CSHH
12 1714 ¢
CsH11M05H11

“ Virtual N-T transition temperature. © Determined in ClEster host. This
work. ¢ Not observed. ¢ Ref. 46. ¢ Sm-1 transition at 244 °C; ref. 46.

[Taal“r°C Ta/°C

138/) c

0.5, for both additives in ClEster host. The [Ty;] for quinuclidi-
nium 1 (139 °C) is higher by nearly 50 K than the [Tng] of
sulfonium 2, and favorably compares to [T;] values for similar,
non-polar two-ring compounds 11 and 12 measured in a different
host (Table 4).*¢ Interestingly, the [Tyy] for 1is close to an average
of the [Tny] values for the two analogues 11 and 12. Considering
the difference in the alkyl chain length and that the measurements
were performed in different hosts, the result indicates a rather
modest effect of high dipole moment on phase stability.

The observed difference of 47 K in [Tyy] values for the two
zwitterions 1 and 2 is consistent with poorer alignment of
molecules of the latter with the nematic director of the host than
those of quinuclidinium 1. Experimental results demonstrate that
1 aligns well with the host since the apparent order parameter,
Sapp = 0.63, is similar to that of the pure host (S = 0.66).°* In
contrast, the S, value for sulfonium 2 is markedly lower (0.50).

The difference in behavior of the two zwitterions in a nematic
phase is related, in part, to their conformational properties and
the ability to adopt a co-planar orientation of the terminal alkyl
chains. For the quinuclidiniun 1 the two alkyl chains are 23° off
co-planarity, while for the sulfonium 2 the inter-planar angle is
nearly twice as large, according to ab initio modeling. The qui-
nuclidinium 1 can, however, adopt an even more favorable
configuration (11° inter-planar angle in the solid state) appar-
ently without much thermodynamic penalty, as evident from the
XRD analysis. Presumably, this greater conformational flexi-
bility contributed to the higher [Ty value of 1. The high inter-
planar angle calculated for 2 (43°) is similar to that calculated
and observed experimentally*” for alkyl derivatives of 10-vertex
carborane derivative, such as 11 in Table 4, which is a conse-
quence of the cage symmetry.?'**” It is presumably for this reason
that binary mixtures involving many 10-vertex closo-borane
derivatives, including 2 (Fig. 5), exhibit a non-linear concentra-
tion dependence of Ty in the low mole fraction regions.*-48:4°

CsHyy

Cus‘@*gﬁcsH" = Cgﬁm@’s*'

2-trans 2-cis

Fig. 10 The trans and cis isomers of 2.

Besides the unfavorable orientation of the terminal alkyl
groups in the conformational ground state of 2, epimerization at
the sulfur center in 2 and the formation of the cis isomer (2-cis,
Fig. 10) may also contribute to the low dynamic anisometry of
the molecule, and, consequently, lower [Tyq] value as compared
to 1. Such epimerization and cis/trans equilibrium shown for 2 in
Fig. 10 is anticipated on the basis of our findings for another 10-
vertex cluster derivative.*

Both compounds 1 and 2 have significant dipole moments
oriented along the long molecular axis. This, considering their
good alignment with the nematic director, renders both
compounds as highly effective positive Ag additives. For instant,
1 mol% concentration of the zwitterion increases Ag of the
ClEster host by about +0.60 for 1 and +0.54 for 2. Unfortu-
nately, both compounds have rather low solubility in typical
nematic hosts, and their possible applications in electrooptical
devices will require structural modifications. Analysis of the two
zwitterions demonstrates that lowering the symmetry of 1 to that
of 2 decreases the melting point by about 150 K, increases
solubility by nearly 2 fold, and also lowers the tendency to
association (lower K value). Thus, further dissymmetrization of
2, by e.g. modifying the alkyl chains, is expected to improve the
solubility without significantly compromising its effectiveness as
a high Ag additive.

The Maier-Meier analysis provides a convenient method for
quantitative understanding of the behavior of the additives in
solutions. As we already demonstrated for other binary
mixtures,*>*' the calculated apparent order parameter S, indi-
cates the degree of alignment of the additive with the nematic
director, and hence its steric compatibility with the host. In
previous analyses,>*! the dielectric parameters were changing
linearly with the concentration of the additive giving a constant
value of the Kirkwood factor g. The non-linear behavior of the
dielectric data for solutions of 1 and 2, and consequently variable
Kirkwood factor g, indicate aggregation of the solute, which is
expected for highly polar compounds in weakly polar media.
Unlike in previous studies, the effect of 1 and 2 on the dielectric
properties of the solution is substantial and proper analysis of the
data may require inclusion of the dielectric effect of the additive on
p and reaction field parameters 4 and F. As the calculated dipole
increases in the higher dielectric strength medium, the additives
are more associated and smaller Kirkwood factors g are obtained.

Further analysis demonstrated that for hypothetical ideal
solutions of 1 and 2 in ClEster (high order parameter, S,,, =
Shost» and no aggregation, g = 1) the dielectric parameters of the
pure additives are about twice as large as those extrapolated to
infinite dilution (x — 0) from the real solutions. This is in part
due to the lower S,,, of the additives and in part to apparent
overestimation of the dipole moment at the HF level of theory.*®
Assuming that the extrapolated dielectric values are reliable, the
actual dipole moment of 1 and 2 is about 11 D.

Since the Kirkwood factor g derived from the Maier-Meier
equation is related to the fraction of non-associated molecules, it
can be used to calculate the association constant K for a simple
dimerization process. The actual molecular process leading to
lowering the effective dipole moment is presumably more
complex; it may involve a larger number of molecules in the
aggregates and incomplete compensation of the dipole moment
especially at higher concentrations.®> Nevertheless, such
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a simplistic treatment of the molecular association provides
a convenient and quantitative description of non-linear dielectric
systems such as solutions of 1 and 2 in ClEster. Moreover, the
calculated association constant K offers a means for quantitative
comparison of different highly polar additives. Out of the four
models of treatment of the molecular dipole moment of the
additive (Table 3), the most complete, but also most expensive
computationally, appears to be model 4 in which all three
parameters, p, 7 and F, are functions of the additive’s concen-
tration. However, for the practical purpose of comparing the
behavior of various polar additives, the simplest model involving
the molecular dipole moment calculated in vacuum is appropriate.

Summary and conclusions

Synthetic access to a new class of highly effective, low concen-
tration, positive dielectric anisotropy additives to nematic
materials has been developed. The first two examples, zwitterions
1 and 2, have been prepared and characterized in a nematic host.
Solution dielectric data were analyzed with the aid of the Maier-
Meier relationship and quantum-mechanical calculations, which
provided a convenient protocol for the quantitative under-
standing of the behavior of polar additives in solutions and for
the comparison of their properties. Data indicate that quinucli-
dinium 1 exhibits higher compatibility with the nematic phase
(higher apparent order parameter S, and higher [Ty]) than the
sulfonium 2. However, the sulfonium 2 is more soluble and has
a markedly lower association constant K.

Further tailoring of the properties of this class of zwitterions
for practical applications will involve structural modification of 1
and 2 to increase their solubility.

Computational details

Quantum-mechanical calculations were carried out using the
Gaussian 98% suite of programs. Geometry optimizations for
unconstrained conformers of 1 and 2 with the most extended
molecular shapes were undertaken at the HF/6-31G(d) and
B3LYP/3-21G levels of theory using default convergence limits.
Dipole moments of 1 and 2 for analysis with the Maier-Meier
theory were obtained using the HF/6-31G(d) method, and exact
electronic polarizabilities were calculated at the B3LYP/3-21G
level of theory. The latter are considered to be underestimated by
about 10%. Dipole moment components p and polarizability
tensors o were calculated in Gaussian standard orientation of
each molecule (charge based), which is close to the principal
moment of inertia coordinates (mass based). The IPCM solva-
tion model>* was used with default parameters to obtain molec-
ular dipole moment components for dielectric strength € of the
medium: 2.84, 3.03, 4.00, and 4.62. The resulting linear depen-
dence p(e) was used to calculate molecular dipole moments of the
additive for each solution.

Experimental

Binary mixtures preparation

Solutions of 1 or 2 in host ClEster (~10 mg) were prepared in an
open vial with agitation using a closed-end capillary tube with
moderate heating supplied by a heat gun. The binary mixtures

were analyzed by polarized optical microscopy (POM) to ensure
that the mixtures were homogeneous. The mixtures were then
allowed to condition for 3 hr at room temperature. The clearing
temperature of each homogeneous mixture was determined by
DSC as the peak of the transition.

Electrooptical measurements

Dielectric properties of solutions of zwitterions 1 and 2 in ClEster
were measured by a Liquid Crystal Analytical System (LCAS -
Series II, LC Analytical Inc.) using GLCAS software version
0.951, which implements literature procedures for dielectric
constants.> The homogeneous binary mixtures were loaded into
ITO electrooptical cells by capillary forces with moderate heating
supplied by a heat gun. The cells (about 4 um thick, electrode
area of 0.581 cm? and anti-parallel rubbed polyimide layer 2°-3°
pretilt) were obtained from LCA Inc., and their precise thickness
(£0.05 pm) was measured by LCAS using the capacitance
method before the cells were filled. The filled cells were heated to
an isotropic phase and were cooled to room temperature before
measuring the dielectric properties. Default parameters were
used for measurements: triangular shaped voltage bias ranging
from 0.1-20 V at 1 kHz frequency. The threshold voltage Vy, was
measured at a 10% change. For each mixture, the measurement
was repeated seven times for two cells. The first two measure-
ments for each cell were discarded as conditioning measure-
ments, and the remaining total ten results were averaged to
calculate the mixture’s parameters. Dielectric parameters of the
pure host ClEster were measured in similar cells in which the
electrode area (0.28 cm?) was covered with a surfactant to impose
a homeotropic alignment.
The results are collected in Tables S3 and S4 in ESI.¥
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