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Two series of structurally analogous esters (1) and diazenes (2) derived from the [closo-1-CBoH ]~
anion and containing two or three rings in the rigid core were prepared and their liquid crystalline
properties investigated. Salts containing NMe,* or NHEt;" counterion do not exhibit mesophases,
whereas the ion pairs with N-butyl-4-heptyloxypyridinium cation [Pyr] exhibit SmA and occasionally
soft crystalline phases in the temperature range of 90-180 °C. Three representative ionic liquid crystals,
1d[Pyr], 1f[Pyr] and 2d[Pyr], were investigated by powder XRD. Absorption spectroscopy
demonstrated that ester 1e[Pyr] is transparent above 280 nm and the diazene 2e[Pyr] exhibits

absorption bands typical for azobenzene derivatives.

Introduction

During the past decade, research of ionic liquid crystals (ILCs)
has significantly intensified and diversified." Among many
intriguing properties, anisotropic ion mobility exhibited by some
ILCs generated considerable interest in developing ion-conduc-
tive materials®>® for applications in batteries” and dye-sensitized
solar cells.? It has been established that the nature of the counter
anion plays a critical role in the properties.® For instance, high
ion-conductivity is observed for salts in which the negative
charge of the anion is delocalized and has weak electrostatic
interactions with the accompanying mesogenicity-driving
cation.* Another important aspect of ILCs is their photophysical
behavior; judicious choice of the m chromophore allows to
obtain photoresponsive,'® highly luminescent,’* or NLO active
ionic mesogens.'? In some pyridinium ILCs containing iodide***
or bromide'® as the counter anion, charge-transfer phenomena
have been observed. This suggests potential applications for
ILCs in photovoltaics, which is the driving force for the opera-
tion of solar energy conversion devices.'®

The vast majority of ILCs investigated to date comprise of an
organic cation, such as ammonium,*"7 imidazolium,*¢%1° or
pyridinium,*3-2*2! that drives mesogenicity. In general, the anion
in these materials is present for charge compensation, but it can
significantly affect mesophase stability and the clearing temper-
ature of the bulk material.' ILCs in which the anion drives the
mesogenic behavior are rare, and in which the ions are in the fully
dissociated state are difficult to design. Such materials, especially
lithium salts, are sought after for their potential applications as
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electrolytes for e.g. lithium ion batteries. The closest examples of
such ILCs are alkali-metal carboxylates,* phosphates,® and
phosphonates,* but their tight oxygen—metal interactions limit
the ion conductivity in the neat phase and usefulness as an
electrolyte. For this reason binary systems of non-ionic liquid
crystal hosts, which contain groups capable of metal ion coor-
dination (typically an oligoethylene oxide chain), and highly
ionic metal salts are used to obtain anisotropic metal ion
conductivity.?

closo-Monocarbaborates [closo-1-CBgH o]~ and [closo-1-
CB;H,]” (A and B, Fig. 1) are particularly attractive structural
elements for ILCs due to their electronic and geometrical
features.?**” In both structures, the negative charge is fully
delocalized over the cage, and the clusters are among the least
nucleophilic anions.?® For this reason, clusters A and B and also
some other closo-borates have been investigated as counterions
in ionic liquids®** and for applications as lithium-ion battery
electrolytes.™3! The geometry of the two closo clusters A and B is
appropriate for the formation of calamitic liquid crystals, as can
be inferred from results for their electrically neutral carborane
analogues.®*° As a consequence of the molecular symmetry,
clearing temperatures for the 12-vertex carborane derivatives are
generally higher than those for the 10-vertex analogues.3%3436:38
On the other hand, the symmetry of and the energy associated
with molecular orbitals allow for much more efficient electronic

o — g
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Fig. 1 The structures of the [closo-1-CByH o]~ and [closo-1-CB1H 5]~
clusters (A and B), and ion pairs of their 1,10- (IA) and 1,12-disubstituted
(IB) derivatives with the counterion Q*. Q represents a metal or an onium
fragment such as ammonium or pyridinium. Each vertex represents a BH
fragment and the spheres are carbon atoms.
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a, R=-0CgHqg-n

b R =-00CCgH+7-n

c,R= _OOCmCsHH

d, R=—OOC<@—C5H”

e, R=
TN\ CeHys
[Pyr], Q*=

C7H1SO@N+_C4H9 FR= @CsHﬁ

Fig.2 Structures of series 1 and 2. Each vertex represents a BH fragment
and the spheres are carbon atoms.

[NMe,], Q* = NMe,*
[NHEt;], Q* = NHEt;*

interactions with 7t substituents and consequently better control
of photophysical properties of 10-vertex cluster derivatives
(including those of A) than their 12-vertex counterparts, such as
derivatives of B.3¢:3840

The unusual properties of closo-boranes prompted us to
explore clusters A and B as structural elements of ILCs and to
develop a new class of conductive mesogenic metal salts. As the
first step towards this goal, we focused on two series of disub-
stituted derivatives of [closo-1-CBgH o]~ (IA), which can be
accessed from the recently reported*! isomerically pure [closo-1-
CByHg-1-COOH-10-1]". Here, we report the preparation of the
first calamitic ILCs based on the [closo-1-CBoH;o]™ cluster (A)
and investigation of two series of compounds, esters 1 and dia-
zenes 2, with three different cations Q* (Fig. 2). We establish
fundamental structure-property relationships for these ILCs
using polarizing optical microscopy (POM), differential scanning
calorimetry (DSC), and powder X-ray diffraction (XRD). We
also briefly investigate the photophysical behavior of two
mesogens in solution and in the neat state.

Results and discussion
Synthesis

Esters 1a[NMegy|-1f[NMey] were prepared from carboxylic acid
3[NMey] and phenols 4a—4f using dicyclohexylcarbodiimide
(DCC) and catalytic amounts of 4-dimethylaminopyridine
(DMAP) in CH,Cl, following a general literature procedure*?
(Scheme 1). The preparation of phenols 4a,** 4b,** 4¢,3* 4d,* and
4133 has been reported before.

NMe4

CGH134@PCOOH + HOOR

3[NMey] 4a-4f
DCC, DMAP
CH,Cly, rt, 12 hr

—| - NME4+
1a[NMe,]-1f[NMe,]

Scheme 1 Synthesis of esters 1[NMey]

O
/7
CGH134@7N

NMe4*OH", CgH1oBr |: 5[NMe,], R=H
CH3CN, rt, 12 hr 2a[NMe,], R = n-CoHyq

Scheme 2 Preparation of diazene 2a|[NMey]

Diazene 2a|[NMey] was prepared by alkylation of azophenol
5[NMey] with 1-bromononane following a similar procedure that
was described for the methylation of the parent azophenol**
(Scheme 2).

Diazenes 2b-2d were prepared by esterification of azophenol
5[NMey] with acid chlorides 6b—6d in CH,Cl, in the presence of
Et;N (Scheme 3). Complete exchange of counterion NMe,* for
NHEt;* was observed for diazenes 2b and 2d after isolation of
the crude product by column chromatography. Acid chlorides
6¢*5 and 6d*® were prepared using literature protocols.

Esters 1a|Pyr]-1f[Pyr] and diazenes 2a[Pyr]-2d[Pyr|] were
prepared by exchange of the NMe," or NHEt;* cation for N-
butyl-4-heptyloxypyridinium using bromide 7 in a biphasic
CH,Cl,/H,0 system.

Both carboxylic acid 3[NMey] and azophenol 5[NMey] were
prepared from iodides 8[NMey]*! and 9[NMey], respectively,
using Negishi coupling*®*” with 12-fold excess hexylzinc chloride
(Scheme 4). The electron-rich tricyclohexylphosphine ligand,
PCys;, was conveniently generated in situ from air-stable
[HPCy;3]BF4. The choice of the ligand was dictated by its

5[NMe,]
6b C|C0-08H17
NEt,, 6b-6d

cIco
CH,Cly, 1t, 12 hr m
e CsHys

// < > cico CsHas

2b[NHEt;]
2c[NMe,]
2d[NHEt;]

Scheme 3 Synthesis of diazenes 2.
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3[N'\’|64:|Y R= n—CeH13

- NMe4

CeH13ZnCl, Pd(0) 8[NMe,], R =1
CysP, THF/NMP,
85°C, 20 hr

NMe4*

N N OH
it

CeH13ZnCl, LiCl, Pd(0) 9[NMe,], R=1
Cy3P, THF/NMP,
rt, 20 hr 5[NMey], R = n-CgH3

Scheme 4 Preparation of intermediates 3]NMey] and S[NMey].
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—‘ ~ NMe,* —I- NEt,*

4 steps
| COOH | NHBoc
53% vyield
8[NEt,] 12[NEt,]
1. HCI/ MeOH

2. NaNO,/AcOH/H,0

Orome o7
CH4CN/H,0, 5 °C, 1 hr

1

9[NMe,]

Scheme 5 Preparation of dinitrogen derivatives 11.

reported efficiency in catalysis of coupling reactions of alkylzinc
reagents with a broad range of unactivated iodides, bromides and
chlorides, and excellent functional group tolerance.*®* The
carboxyl group of acid 8[NMey] tolerated coupling reaction
conditions at elevated temperatures, whereas what appeared to
be reduction of the azo group, as well as loss of symmetry, in the
{closo-1-CBy} cluster was observed in azophenol 9[NMe,] under
similar conditions. The addition of LiCl permitted the coupling
reaction of 9NMey] to occur at room temperature, presumably
due to increased reactivity and solubility of the organozinc
reagent.* In reactions of 8[NMey] with fewer equivalents of the
organozinc reagent, the formation of phosphonium zwitterion 10
by-product was observed. For instance, with 5 equivalents of
hexylzinc chloride the phosphonium by-product was isolated in
about 3% yield and partially characterized.

Azophenol 9[NMey| was prepared by azo-coupling of [closo-1-
CByHg-1-N,-10-I] (11) and tetramethylammonium phenolate
(Scheme 5). Dinitrogen species 11°° was prepared in 88% yield
starting from carbamate 12][NEt,4] using a procedure developed
for the preparation of the parent dinitrogen derivative [closo-1-
CByHy-1-N,].** The carbamate was prepared in a four-step
modified Curtius rearrangement starting from the iodo acid
8INEt,] in a procedure analogous to that described for the pro-
tected parent amine [closo-1-CBoHo-1-NHBoC|[NEt,].** This
method represents a marked improvement over our previous

synthesis of the iodo amine [closo-1-CBoHg-1-NH;-10-1].4!
Iodination of the amine [closo-1-CBgHo-1-NH,]~ with N-iodo-
succinimide in MeCN at ambient temperature, gave the 6-iodo
isomer as the only detected product instead of the expected
[closo-1-CByHg-1-NH,-10-1].

Liquid crystalline properties

Transition temperatures and associated enthalpies for
compounds 1[Pyr] and 2[Pyr] are shown in Tables 1 and 2. Phase
structures were partially assigned by comparison of POM results
with published textures for reference compounds,’! established
trends in thermodynamic stability,>* and on the basis of powder
XRD results for three mesogens. The tetramethylammonium
salts (1a]NMe4]-1b[NMey4], 2a|NMey4] and 2¢|[NMey4]) and the two
triethylammonium salts (2b|[NHEt;] and 2d[NHEt;]) are non-
mesogenic solids with melting points higher than those of the
pyridinium salts.

All three-ring pyridinium salts and two-ring diazene 2a|Pyr]
exhibit enantiotropic SmA phases. In addition, most esters display
enantiotropic crystalline and soft crystalline polymorphism. Esters
1a[Pyr], 1b[Pyr] and diazene 2b[Pyr] do not form liquid crystalline
phases even on cooling. For instance, the isotropic phase of diazene
2b[Pyr] could be supercooled by 15 K before crystallization.

The most interesting polymorphism is displayed by esters
1e[Pyr] and 1f[Pyr] for which DSC analysis revealed two phases
below the SmA phase. The enthalpy of the transition from the
SmA is less than a half of the isotropization enthalpy in both
esters, and the two lower phases are separated by a first-order
transition of 3.2 kJ mol~! for 1e[Pyr] (Fig. 3) and 1.5 kJ mol~' for
1f[Pyr]. Optical observations of 1f[Pyr] revealed pseudo-
isotropic regions present in both soft crystalline phases, which is
indicative of a non-tilted phase (Fig. 4). Both phases exhibit
“broken fan” textures characteristic for a crystalline E phase,
with the lower temperature phase having sharper features and
higher viscosity. This assignment, however, is inconsistent with
the absence of weakly birefringent regions expected to form in

Table 1 Transition temperatures (°C) and enthalpies (kJ mol~', in parentheses) for selected compounds

R L = -COO- (1[Pyr]) L = -N=N- (2[Pyr])
CaHiy Crie53eCr,e127eCrsel5]1el Cre93eSmAell5el
-4 (15.4) (4.5) (20.6) (21.9) (9.6)

a
(0]
>~CBH17 Crie64eCr,01010Xe1070l Cre96el

p —O 9.2) (3.4) (15.1) (40.9)

(0]
Crel02eSmAel64el Crie70eCrye106eSmAe139el
4 CaHis (43.7) (7.0) (8.8) (21.1) (6.0)

Cr 94eXe162eSmAe180e]
(22.7) (11.0) (9.4)

Crel36eSmAel5lel
(46.9) (7.4)
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Table 2 Transition temperatures (°C) and enthalpies (kJ mol~', in parentheses) for esters 1e[Pyr] and 1f|Pyr]

_‘ _ o
C7H150@N+—C4Hg

le[Pyr] A = _m_

1f[Pyr] A= @

Cre128e(X'e129)eXe153eSmAel63el
(19.3) (3.2) (2.4) (4.5)

Crel20eX'e]1450Xe1660SmAel87el
(18.1) (1.5) (4.2) (11.4)

cooling

heating
—_

Cr

T T T T |
130 140 150 160 170
Temperature /°C

T
100 110 120

Fig. 3 DSC trace of ester 1e[Pyr]; heating rate = 5 K min~".

Fig. 4 Optical textures of 1f[Pyr| obtained for the same region of the
sample upon cooling at (a) 173 °C (SmA), (b) 150 °C (X), (c) 125 °C (X")
and (d) 90 °C (Cr). Magnification x50.

place of homeotropic domains of SmA. After applying
mechanical stress, the higher temperature soft crystalline phase
quickly restores the original texture, while the lower temperature
phase is more viscous and the change is permanent. Further
cooling of the sample leads to crystallization and change of the
texture (Fig. 4(d)).

Among other esters, 1d[Pyr] exhibits noteworthy poly-
morphism. Its DSC appears similar to that of 1f[Pyr] (Fig. 3)
with a broad high-energy transition at 97 °C followed by two
transitions, X-SmA and SmA-I. The last two transitions have
comparable energies (Table 1) and undergo little supercooling,
while the transition at 97 °C is significantly supercooled. The
texture of the unidentified phase X below the SmA phase is
similar to that of an E phase (Fig. 5) and significantly different
from that of a crystalline phase below the X phase. Despite
similarity of the textures, the X phase observed for 1d[Pyr] and X
and X’ phases found in 1e[Pyr] and 1f[Pyr] may have different
structures.

In general, the mesophase stability in both series increases with
the increasing size of the substituent R and is the highest for the
carborane derivatives 1f[Pyr] and 1d[Pyr]. A comparison of the
two series demonstrates that esters 1[Pyr] generally have higher
clearing temperatures and richer polymorphism than the dia-
zenes 2[Pyr]. Among the two-ring mesogens, only diazene
2a[Pyr] exhibits a SmA phase. A replacement of the CH, group
in 2a[Pyr] with C=0 in 2b[Pyr] results in elimination of meso-
genic behavior. This is consistent with the generally observed

Fig. 5 Optical textures of 1d[Pyr] obtained for the same region of the
sample upon cooling at (a) 170 °C (SmA), (b) 161 °C (phase X growing
from SmA), (c) 150 °C (X) and (d) 80 °C (Cr). Magnification x50.
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higher mesophase stability for alkoxyazobenzenes than for their
alkanoyloxy analogues.

N-Butyl-4-hepyloxypyridinium bromide (7) is not mesogenic
and melts at 34 °C to an isotropic liquid. Some 4-substituted
pyridinium salts were reported to be mesogenic, but they require
long alkyl chains.*!

Powder X-ray diffraction (XRD)

Two close structural analogous, ester 1d[Pyr] and diazene
2d[Pyr], and also ester 1f[Pyr] were investigated by powder X-ray
diffraction to determine their phase structures. Data were
collected at several temperatures on cooling from the isotropic
phase, and XRD results are shown in Fig. 6 and also tabulated in
ESL+

The XRD results confirmed the SmA phase as the high-
temperature phase in all three compounds. The diffractograms
consist of a single sharp reflection in the small-angle region (001)
followed by up to three higher-order reflections (00/) with the
reciprocal ratio of d-spacing 1: 2 : 3 : 4 (Fig. 6). The wide-angle
region of the high-temperature phase diffractograms shows
a broad halo in which two maxima can be distinguished at about
d=55Aandd=4.5Aintwo compounds (1d[Pyr] and 2d[Pyr],

26.3A 86A

- 129A

- 114A
- 91A

100

0 5 10 15 20 25
20/°
(b)
286A [138A 9.1A
6.8A 51A
<« <<z
< <| & T o B8s
< Py [} WY Y
j ; BRNERY
140 °C
U ung
N loot 003 180 °C
T T T T -
0 5 10 15 20 25
26 /°

Fig. 6 Stacked X-ray diffraction patterns for (a) 1f[Pyr] obtained at 175
°C(SmA, ¢ =258 A),155°C(X,a=9.0A,b=52A, c=257A)and
130 °C (X’), and (b) 1d[Pyr] at 180 °C (SmA, ¢ = 26.6 A) and 140 °C (X).

Fig. 6(b)) and only one broad maximum at d = 5.3 A in ester
1f|[Pyr] (Fig. 6(a)). The maximum with the lower d value can be
attributed to the average alkyl chain-alkyl chain correlation
distance, while the maxima with d >5 A can be attributed to the
correlation involving larger structural units such as the boron
clusters in the segregated ionic layer. Similar double haloes have
been observed for siloxanes (d = 7.0 and 4.6 A),S“’SS and fluo-
roalkyl-containing mesogens (d = 5.2 and 4.6 A)* in which the
large groups microsegregate.

The phases observed below the SmA phase in esters 1d[Pyr]
and 1f|[Pyr] and diazene 2d[Pyr] have preserved the lamellar
structure, as evident from sharp and more intense higher-order
(00/) reflections. Their diffractograms also exhibit a number of
additional wide-angle reflections indicating increased order
within the layers. The pattern observed for the soft crystalline
phase of 1f[Pyr] is consistent neither with an E nor a B phase. The
gliding symmetry, associated with the herring-bone molecular
order in the E phase, precludes the observed (100) and (010)
reflections, and permits the (210) reflection, which is absent in the
diffractogram. On the other hand, assumption of a hexagonal B
phase (unit cell dimensions: « = 10.4 Aand ¢ =255 ;\) leads to
a Z value (molecules per lattice) of 1.9 (assuming a density of 1.0
g cm™'), while the symmetry of the phase requires Z = 1. Instead,
the observed pattern for the upper soft crystalline phase of
1f[Pyr] could be assigned to an orthogonal phase with the unit
cell dimensions: @ = 9.0 A, b=52 A, c=257Aand Z =0.92
(Fig. 6(a)). A possible structure of this phase may involve alter-
nating ionic and hydrophobic layers with the period of 25.7 A,
and a two-dimensional rectangular lattice with the unit cell
containing two molecules, the anion and the cation.

The lower temperature soft crystalline phase exhibits addi-
tional reflections, which are indicative of a more organized
phase, presumably crystallization of the microsegregated ionic
region of the sample. A similar pattern was observed for phase X
in ester 1d[Pyr] (Fig. 6(b)) in which the number of reflections is
higher than might be expected for a B-like phase, but signifi-
cantly lower than that observed for a crystalline phase of diazene
2d[Pyr] grown from the SmA phase.”” Unambiguous identifica-
tion of these phases and understanding of their structures will
require more detailed studies of oriented samples and single-
crystal analysis.

A comparison of the layer spacing ¢ with the molecular length
L calculated for a model of the fully extended mesogen indicates
that the molecules are organized in monolayers with significant
interdigitation of the alkyl chains (¢ < L) in all three compounds.
The calculated degree of the interdigitation, 7 = (L — ¢)/L, in the
SmA phase was higher for 1d[Pyr] and 2d[Pyr] (0.18) than for
ester 1f|[Pyr] (0.14). This value decreases in the X phase of
1d[Pyr], increases in the crystal phase of 2d[Pyr], and stays
practically unchanged in the soft crystalline phases of 1f[Pyr]
relative to that in the SmA phase (Table 3). Incidentally, the
layer spacing d is about double of the distance between the
nitrogen atom and the tip of the heptyloxy chain in the pyr-
idinium ion.

Photophysical properties

Electronic absorption spectra demonstrated that ester 1e[Pyr] is
transparent above 280 nm (Fig. 7a). The single absorption peak

This journal is © The Royal Society of Chemistry 2009
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Table 3 The molecular interdigitation in selected phases

Interdigitation”

Compound Length LYA TI°C Phase I=(L-c¢)lL
1d[Pyr] 323 180 SmA 0.18
140 X 0.15
2d[Pyr] 31.7 140 SmA 0.18
100 Cr 0.21
1[Pyr] 29.8 175 SmA 0.14
155 X 0.14
130 X 0.13

“ Most extended molecular conformation optimized at the HF/6-31G(d)
level of theory. See ESL.+ © The cell constant ¢ is calculated from di».

50 10%
1e[NMe,] (a)

40 104

Molar
abs.
30 10°

20 10%

3
1010° ~— 1e[Pyr]

0 10° — 1 r 1 1 T 1T T 1
200 220 240 260 280 300
wavelenght /nm

3
5010 b)

2d[Pyr]
40 10%]

Molar
abs.

30 10°4
20 10°-

3
10 10° <10

07T
200 250 300 350 400 450 500
wavelenght /nm

Fig. 7 Electronic absorption spectra of (a) ester 1e[NMey] (thin line),
pyridinium bromide 7 (thin line), and 1e[Pyr] (thick line), and (b) diazene
2d[Pyr] recorded in MeCN.

at 243 nm (log ¢ = 4.32) and a large absorbance at 200 nm (log ¢
=4.65) observed for 1e[Pyr] in MeCN results from an overlap of
high-energy absorbance of the anion le (210 nm tailing to 280
nm, log ¢ = 4.44) and pyridinium chromophores (246 nm, log ¢ =
4.20). Practically identical results were obtained for le[Pyr] in
1,2-dichloroethane (248 nm, loge = 4.30). No evidence of
intermolecular charge-transfer between the {closo-1-CBo} cluster
and the pyridinium was found.

The diazene 2d[Pyr] exhibits three distinct absorption maxima
(Fig. 7(b)). The high energy maximum at 247 nm (log ¢ = 4.41) is
related to the pyridinium chromophore, while the two lower
energy maxima at 305 nm (log ¢ = 4.20) and 410 nm (log ¢ = 2.7)
are attributed to the phenylazo group. The latter two, identified
as T — 1 and n — T transitions, respectively, are similar to
those observed for the parent [closo-1-CBgHg-1-(N=N-
C¢H4OMe-4)]” anion for which the analogous transitions were
found at 319 nm (log ¢ = 4.23) and 407 nm (log ¢ = 2.8).*

An attempt to induce charge separation and transfer in ester
1d[Pyr] and in diazene 2d[Pyr] were unsuccessful. Irradiation of
the TiO, charge generation layer deposited on the ITO conduc-
tive layer of an electro-optical cell containing the ester or direct
irradiation of the diazene sample in the electrooptical cell with
337 nm laser beam did not result in photocurrent generation.

Summary and conclusions

Results show that the [closo-1-CBgH o]~ anion (A) is an effective
and unusual structural element of ionic liquid crystals in which
the negative charge is fully delocalized and the anion is non-
nucleophilic. This implies no specific interactions between the
ions. The study of two series of mesogens, 1 and 2, demonstrate
that all three-ring and even some two-ring (2a[Pyr]) compounds
exhibit a partially interdigitated monolayer SmA phase when the
pyridinium counterion is present. In addition, esters 1[Pyr]
exhibit a rich soft crystalline and crystalline polymorphism,
which resembles behavior of typical non-ionic calamitic meso-
gens. Unlike in conventional calamitics, soft crystalline phases of
esters 1[Pyr] appear to adopt two mutually perpendicular layered
molecular organization. Esters 1 are transparent above 280 nm,
while diazenes 2 are potentially photoresponsive mesogens.

The presented work opens a possibility for further manipula-
tion with the structure and fine-tuning of mesogenic and pho-
tophysical properties. Of particular interest are anions, which
may lead to ambient temperature mesophases of their metal salts
with a broad electrochemical window. Such materials are desired
for devices in which cation transport is important.

Experimental

Optical microscopy was performed using a PZO Biolar micro-
scope equipped with an HCS402 Instec hot stage. Thermal anal-
ysis was obtained using a TA Instruments 2920 DSC. Transition
temperatures (onset) and enthalpies were obtained using small
samples (~0.5 mg) and a typical heating/cooling rate of 5 K min~!
under a flow of nitrogen gas. UV spectra were recorded in MeCN
and molar absorption was obtained from a Beer’s law plot of 4-5
concentrations. XRD measurements were carried out on unor-
iented and uncovered samples placed on a temperature-controlled
glass plate using Rigaku RINT2000 X-ray diffractometer (Cu-
Ko, = 1.5405 A) and a custom-made heater. XRD patterns were
collected in the range of 1.5°-35° on cooling. Layer spacings (cell
constant ¢) were determined form the (002) reflection.

Photocurrent generation was investigated in 17 pum thick
electro-optical cells using methods and setups described before.*®
The cell used for studies of ester 1d[Pyr] had an TiO, layer
deposited on the top of the conductive ITO layer.” Detailed
procedures and analytical data for all compounds are provided in
ESLt
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General procedure for preparation of 1[Pyr] and 2[Pyr]

N-Butyl-4-heptyloxypyridinium bromide (7, 1.0 equivalent) was
added to a solution of ester 1[NMey] or diazene 2[NMey] or
2[NHELt3] in CH,Cl, and a white precipitate formed. Water was
added, and the biphasic system was stirred vigorously until all
the precipitate had dissolved. The CH,Cl, layer was separated,
and the aqueous layer was extracted with additional CH,Cl,. The
CH,Cl, layers were combined, dried (Na,SO,), and evaporated
giving a white (1[Pyr]) or yellow (2[Pyr]) crystalline solid, which
was recrystallized from aqueous alcohol. The crystals were dried
under vacuum for several hours.

General procedure for preparation of esters 1a[NMey]-1f[NMe,]|

Phenol 4 (1.5 equivalents) was added to a colorless solution of
[CIOS()-I-CBgI‘lg-l-C()(:)I‘I-10-(:61‘113]71\“\/164Jr (3[NMe4]), DCC
(1.0 equivalent), and DMAP (0.1 equivalents) in anhydrous
CH,Cl,. The mixture was stirred overnight at rt, and the reaction
progress was monitored by TLC (Ry = 0.5, CH;CN-CH,Cl,, 1 :
9). The solvent was removed in vacuo, and the crude product was
isolated by column chromatography (SiO,, CH;CN-CH,Cl,, 1 :
9). The resulting ester was washed with hot hexane and recrys-
tallized from EtOH-H,O or MeOH-H,O. Esters 1a[NMey4] and
1b|[NMey4] were difficult to crystallize and were converted directly
to N-butyl-4-heptyloxypyridinium salts (1[Pyr]).

Preparation of [closo-1-CBoHg-1-(N=N-C¢H4-OCoH9-4)-10-
CsHi3] NMey* (2a]NMey))

A solution of 1-bromononane (0.08 mL, 0.4 mmol) in anhydrous
CH;CN (2 mL) was added to an orange solution of azophenol
5[NMey] (0.042 g, 0.106 mmol, about 60% pure; contaminated
with NMP) and NMey,*OH -5H,0 (0.06 g, 0.32 mmol) in
anhydrous CH3CN (2 mL). The solution was stirred at 50 °C for
4 h. The reaction mixture was worked up and the product was
isolated as described for esters 1[NMeg4] and used for the prepa-
ration of 2a[Pyr] without crystallization.

General procedure for preparation of diazenes 2b|[NHETt;],
2c|[NMey] and 2d[NHEt;]

A solution of acid chloride 6 (4.0 equivalents) in anhydrous
CH,Cl, was added to an orange solution of azophenol 5[NMey|
(about 60% pure; contaminated with NMP) and NEt; (5.0
equivalents) in anhydrous CH,Cl,. The bright yellow solution
was stirred for 12 h, and reaction progress was monitored by
TLC (R; = 0.5 in CH3CN-CH,Cl,, 1 : 9). The reaction mixture
was worked up and the product was isolated as described for
esters 1[NMey]. Without crystallization, the resulting diazenes
2b|NHEt;], 2¢c[NMey] or 2d[NHEt;] were converted to the pyr-
idinium salts 2[Pyr].
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