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The synthesis and characterization of o-hydroxyazobenzene mesogens [HL,(m)] which form
the two different homologous series HL,(12) (2-hydroxy-4-n-dodecyloxy-4’-n-C,Hs,+1—
azobenzenes, n = 1—4, 6, 8) and HL,(m) (2-hydroxy-4-n-C,Hs,+1-O-4’-methylazobenzenes,
m=17,9,12,14) are reported. They form N and/or Sc mesophases at quite low temperatures.
These ligands react with [Pd(PhCN)2Cly] or Pd[(Azoxy-6)Pd(MeCN);]BF, giving rise to the
corresponding [L,(m)];Pd and {(Azoxy-6)Pd[L,(m)]} species [Azoxy-6 is the deprotonated form
of 4,4’-bis(hexyloxy)azoxybenzene]. The [L.(m)]sPd compounds are not mesogenic. On the
contrary, the cyclopalladated mixed-ligand complexes, {(Azoxy-6)Pd[L.(m)]}, are prevalently
nematogenic as optical, DSC, and X-ray analysis evidence. The {(Azoxy-6)Pd[L.(12)]}
compounds show enantiotropic nematic (n = 1), monotropic nematic (n = 2-4, 6) and
monotropic nematic and S, mesophases (n = 8). The {(Azoxy-6)Pd[Li(m}I} species form
monotropic (m = 7, 9) and enantiotropic (m = 12, 14) nematic mesophases. A comparison
between the thermal behavior displayed by [L.(m)];Pd and {(Azoxy-6)Pd[L,(m)I} complexes
seems to explain the role played by the respective rigid molecular cores. The electronic

1971

and/or structural modifications induced by the azoxy group are discussed.

Introduction

Metal-containing liquid-crystal compounds are cur-
rently under investigation as new materials.! There-
fore, to be of use for practical applications, the chemical
stability of the complexes is a requirement not to be
ignored.

Salicylideneamines are common ligands for transition
metals.? Taking advantage of this simple chemistry,
several copper,®~1! palladium 82«91l njckel],6ab9a10be
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Figure 1. General formula for the HR,L, HL,(m), and
H(Azoxy-6) ligands and for the [L.(m)];Pd and {(Azoxy-6)Pd-
[Ln(m)1} complexes. The proton numbering schemes of the
palladium species are shown.

must be pointed out that the C=N group of these ligands
should become more polarized upon metal complexation.
Consequently a greater vulnerability to nucleophilic
attack at the carbon atom and a diminished stability
toward hydrolysis must be expected.22

A possible approach to overcome this limitation is the
replacement of the azomethine for the azo group.
Accordingly, 2-hydroxyazobenzenes can be a substitute
for salicylideneanilines since they exhibit similar com-
plexation properties.19-24

In previous papers we described the preparation of
palladium—mesogens of general formula (R,L);Pd!2 or
[(Azoxy-6)Pd(R,L)125 [H(Azoxy-6) is 4,4"-bis(hexyloxy)-
azoxybenzene] obtained by reacting HR,L (Figure 1)
with [Pd(PhCN),Cly] or [(Azoxy-6)Pd(MeCN) I[BF4],
respectively. The work reported herein focuses on the
preparation of new metallomesogens prepared by reac-
tion of 2-hydroxy-4-n-alkoxy-4’-n-alkylazobenzenes,
HL,(m) in Figure 1, with the same palladium(II) species.
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Scheme 1. Synthesis and Proton Numbering
Scheme for the HL,(n) Compounds
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The present paper reports the synthesis, characteriza-
tion, and the mesomorphic properties of both the ligands
and the corresponding complexes (Figure 1).

Experimental Section

General Procedures. The commercially available stan-
dard chemicals 4-substituted anilines, 1-bromododecane, 1-bro-
motetradecane, 1-bromononane, 1-bromoheptane, and resor-
cinol were used as supplied. Pd(PhCN),;Cl; was prepared by
literature methods.?® The standard chemicals 4,4"-bis(hexyl-
oxy)azoxybenzene, H(Azoxy-6) (Eastman Kodak Co.), and
AgBF, (Fluka A.G.) were used as supplied. The palladium
complexes [(Azoxy-6)Pd(u-C1)]: and [(Azoxy-6)Pd(MeCN).IBF4
were synthesized according to previously described proce-
dures.?

The IR spectra (KBr) were recorded on a Perkin-Elmer 1330
spectrophotometer and *H NMR spectra (CDCls, standard
SiMe,) on Bruker AW 80 and AW 300 spectrometers.

Elemental analyses were carried out by the Microanalysis
Laboratory of the Dipartimento di Chimica, Universita della
Calabria.

The thermal behavior was monitored by means of a Perkin-
Elmer DSC 7 at a heating rate of 5 °C min~!. The apparatus
was calibrated with indium (156.6 °C, 28.4 J/g) as standard.

The textures of the mesophases were observed with a Zeiss
Axioscope polarizing microscope coupled with a Linkam CO
600 heating stage.

The X-ray diffraction measurements were performed with
the INEL CPS-120 powder diffractometer, equipped with a
position-sensitive detector covering 120° in 26. Monochroma-
tized Cu Ka radiation (A = 1.54 A) was used. The samples,
about 1 mm thick, were placed between two thin Al sheets,
fixed to a circular hole (1 ¢cm diameter) in an Al matrix.
Heating was achieved by a hot-stage containing electric
resistors and the temperature of the sample was controlled
by a temperature regulator to £0.3 °C. Oriented nematic
mesophases were produced by applying an external magnetic
field of intensity B = 0.1 T normally directed to the incident
X-ray beam and lying in the plane of the X-ray beam and of
the position-sensitive detector (the horizontal plane).

Synthesis of the Ligands. The ligands have been pre-
pared according to Scheme 1.

Preparation of 2,4-Dihydroxy-4’-n-alkylazobenzenes (HsL,).
A typical preparation is described for HoL;. To p-toluidine (1
g, 9.3 mmol) were added 10 mL of distilled water containing
hydrochloridic acid (12 M, 2.3 mL, 27.9 mmol). To the
resulting stirred mixture cooled at 0 °C was added, dropwise,
a solution of sodium nitrite (640 mg, 9.3 mmol) in 10 mL of
water. The resulting diazonium chloride was consecutively
coupled with an alkaline solution of resorcinol (1.024 g, 9.3
mmol) in 10 mL of water containing 18.6 mmol of potassium
hydroxide. The red precipitate which forms immediately was
filtered, washed several times with water, and dissolved in
chloroform or diethyl ether, and the resulting organic solution
dried over anhydrous sodium sulfate. The crude product
obtained after removal of the sclvent under reduced pressure
was purified by recrystallization form cold diethyl ether; yield

(26) Karash, M. S.; Seyler, R. C.; Mayo, F. R. J. Am. Chem. Soc.
1938, 60, 882.
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70%. Anal. Calcd for C13H12N2Og: C, 68.41%; H, 5.29%; N,
12.27%. Found: C, 68.41%; H, 5.30%; N, 12.32%. 'H NMR
(80 MHz, CDCls) 8 7.7 (m, Hs, Hy, Hs), 7.2 (m, He, H7), 6.5 (dd,
Hs, J(H2,H3) = 8 Hz, J (Hg,Hy) = 3 Hz), 6.4 (d, Hy, J(Hy Hs) =
3 Hz); 2.6 (s, Ar CHa).

The homologous HyL,, compounds were prepared in the same
way. Their 'H NMR data are strictly similar to those reported
for HyL, while purifications, yields, and analytical data are
as follows:

H;Ls. Crystallization from cold diethyl ether; yield 72%.
Anal. Caled for C14H14N202: C, 69.40%; H, 5.82%; N, 11.56%.
Found: C, 69.37%; H, 5.80%; N, 11.61%.

HyLs. Crystallization from cold diethyl ether; yield 56%.
Anal. Caled for C15H16N20O2: C, 70.29%; H, 6.29%; N, 10.93%.
Found: C, 70.30%; H, 6.23%; N, 11.08%.

H.L,. Chromatography on a silica gel column eluted with
a mixture of hexane and diethyl ether (60/40, v/v); yield 48%.
Anal. Caled for C15H13N202: C, 71.09%; H, 6.71%; N, 10.36%.
Found: C, 71.40%; H, 6.71%; N, 10.03%.

HzLe. Chromatography on a silica gel column eluted with
a mixture of hexane and diethyl ether (60/40, v/v); yield 70%.
Anal. Caled for Ci1gHooN2Og: C, 72.46%; H, 7.43%; N, 9.39%.
Found: C, 72.59%; H, 7.42%; N, 9.21%.

H;Ls. Chromatography on a silica gel column eluted with
a mixture of hexane and diethy! ether (60/40, v/v); yield 65%.
Anal. Caled for ConzsNzOz: C, 73.59%; H, 8.03%; N, 8.58%.
Found: C, 73.27%; H, 8.12%; N, 8.51%.

Preparation of 2-Hydroxy-(4-n-dodecyloxy)-4'-n-alkylazo-
benzenes, HL,(12), and 2-Hydroxy-4-n-alkoxy-4’-methylazo-
benzenes, HL;(m). HL1(12). To a suspension of Hol,; (1g,4.4
mmol) in absolute ethanol (20 mL) were added an ethanolic
solution (20 mL) of potassium hydroxide (246 mg, 4.4 mmol)
and 1-bromododecane (2.11 mL, 8.8 mmol). The resulting
mixture was stirred under reflux for 18 h. After this time the
suspension was filtered off, and the orange solution cooled.
The orange solid which precipitated on cooling was collected
by filtration and finally purified by chromatography on a silica
gel column eluted with a mixture of hexane and diethyl ether
(95:5, v/v); yield 20%. Anal. Calced for CosH3eN2O2: C, 75.72%;
H, 9.15%; N, 7.06%. Found: C, 75.92%; H, 9.31%; N, 6.86%.
'H NMR (80 MHz, CDCl3) 6 7.7 (m, Hs, Hy, Hs), 7.2 (m, He,
H), 6.5 (dd, H,, J(Hy,H;3) = 8. Hz, J(H,Hy) = 2 Hz); 6.4 (d,
H,, J(H,Hy) = 3 Hz), 3.9 (t, Ar O—CHy—), 2.4 (s, Ar CHjy),
0.9(t, CH;—CH,—), 13.8 (s, OH).

All analogous compounds were prepared as described for
HL;(12). No significant differences were observed in the 'H
NMR spectra. Yields and analytical data are as follows:

HL:(12). Yield 37%. Anal. Caled for CgeH3sN2Os: C,
76.06%; H, 9.33%, N, 6.82%. Found: C, 76.09%; H, 9.45%; N,
6.73%.

HL3(12). Yield 40%. Anal. Caled for Cg;HyN2QOs: C,
76.37%; H, 9.49%; N, 6.60%. Found: C, 76.53%; H, 9.60%; N,
6.25%.

HL,(12). Yield 42%. Anal. Caled for CosHysNyOqa: C,
76.67%; H, 9.65%; N, 6.39%. Found: C, 76.95%; H, 9.76%; N,
6.82%.

HLg(12)., Yield 36%. Anal. Caled for C3oHgN:zOs: C,
77.21%; H, 9.93%; N, 6.00%. Found: C, 76.98%; H, 9.87%; N,
5.93%.

HL3(12) Y1eld 32%. Anal. Calcd for C30H50N202: C,
77.68%; H, 10.18%; N, 5.66%. Found: C, 78.01%; H, 10.62%;
N, 5.70%.

HL;(7). Yield 37%. Anal. Caled for CgHasN2Oz: C,
73.59%; H, 8.03%; N, 8.58%. Found: C, 73.53%; H, 8.08%; N,
8.61%.

HL1(9). Yield 33%. Anal. Caled for szHaoNzOz: C,
74.54%; H, 8.53%; N, 7.90%. Found: C, 74.63%; H, 8.65%; N,
7.97%.

HL1(14). Yield 40%. Anal. Caled for 027H40N2022 C,
76.37%; H, 9.49%; N, 6.60%. Found: C, 76.18%; H, 9.97%; N,
5.97%.

Synthesis of [L,(m)].Pd Complexes. [L;(12)];Pd. To
a suspension of HL;(12) (100 mg, 0.252 mmol) in absolute
ethanol (5 mL) were added 3 mL of an ethanolic solution of
potassium hydroxide (14 mg, 0.252 mmol) and Pd(PhCN).Cl;
(48 mg, 0.126 mmol). The mixture was stirred at room
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temperature for 5 h; the dark red solid formed during this
period was filtered, recrystallized from chloroform—ethanol,
and dried under vacuum; yield 70 mg (62%). Anal. Caled for
CsoH7oN4O.Pd: C, 66.89%; H, 7.86%; N, 6.27%. Found: C,
66.77%; H, 7.78%; N, 5.97%. H NMR (300 MHz, CDCl;) é
7.57 (m, Hs, Hy, Hs), 7.25 (m, He, H7), 6.34 (dd, Ha, J(H,H;) =
8.5 Hz, J(H3,H;) = 2.6 Hz), 5.85 (d, H;, J(H;,Hz) = 2.6 Hz),
3.94 (t, Ar OCH,—), 2.33 (s, Ar CHj), 0.95(t, CH3—).

All homologous complexes were synthetized following the
procedure described for [1;(12)],Pd and give similar 'TH NMR
spectra. Yields and analytical data are as follows:

[L2(12)]1.Pd. Yield (86%). Anal. Caled for CssH7sN,O4Pd:
C, 67.46%; H, 8.06%; N, 6.07%. Found: C, 67.22%; H, 7.65;
N, 6.56%.

[Ls(12)]oPd. Yield (§1%). Anal. Calcd for Cs;H7sN,OPd:
C, 67.99%; H, 8.24%; N, 5.90%. Found: C, 67.53%; H, 8.13%;
N, 5.97%.

[L4(12)]1.Pd, 4. Yield (65%). Anal. Caled for CssHgoN4O4-
Pd: C, 68.50%; H, 8.42%; N, 5.73%. Found: C, 68.65%; H,
8.45%; N, 5.43%.

[Ls(12)]2Pd. Yleld (72%) Anal Calcd for CsoH90N404Pd:
C, 69.44%; H, 8.74%; N, 5.40%. Found: C, 69.03%; H, 8.71%;
N, 5.25%.

[Ls(12)]2Pd. Yleld (65%) Anal Calcd fOI‘ Cs4H93N404Pd2
C, 70.13%; H, 9.01%; N, 5.13%. Found: C, 70.11%; H, 9.16%;
N, 5.15%.

[Li(7)]:Pd. Yield (63%). Anal. Caled for CyHsoN,O.Pd:
C, 63.44%; H, 6.65%; N, 7.40%. Found: C, 63.50%; H, 6.72%;
N, 7.12%.

[L1(9)].Pd. Yield (67%). Anal. Caled for CyuHssN,O4Pd:
C,64.95%; H, 7.18%; N, 6.91%. Found: C, 65.15%; H, 7.16%;
N, 6.86%.

[L1(14)1:Pd. Yield (52%). Anal. Calcd for CssH7sN,O,Pd:
C, 67.99%; H, 8.24%; N, 5.90%. Found: C, 67.63%; H, 8.00%;
N, 5.57%.

Synthesis of {(Azoxy-6)Pd[L,(m)]} Complexes. A typi-
cal preparation for the {(Azoxy-6)Pd[L.(m)]} complexes is as
follows:

To a suspension of complex [(Azoxy-6)Pd(MeCN)2]BF, (0.100
g, 0.148 mmol) in absolute ethanol (10 mL) was added a
stoichiometric amount of the appropriate HL,(m) ligand. The
mixture was stirred for 5 h at room temperature. The
resulting bright orange precipitate was filtered off and recrys-
tallized from diethyl ether—ethanol to give the product as a
microcrystalline solid.

Yields and elemental analyses are as follows:

{(Azoxy-6)Pd[L,(12)]1}. Yield 75%. Anal. Caled for
C49H63N405Pd2 C, 65.41%; H, 7.62%; N, 6.25%. Found: C,
65.20%; H, 7.63%; N, 6.09%.

{(Azoxy-6)Pd[L(12)]1}. Yield 80%. Anal. Caled for
Cs0H7oN4OsPd: C, 65.72%; H, 7.72%; N, 6.16%. Found: C,
66.15%; H, 7.81%; N, 5.88%.

{(Azoxy-6)Pd[L3(12)]1}. Yield 72%. Anal. Caled for
Cs:H2N,OsPd: C, 66.02; H, 7.82%; N, 6.06%. Found: C,
66.06%; H, 7.84%; N, 5.98%.

{(Azoxy-6)Pd[L,(12)]}. Yield 77%. Anal. Calcd for
CseH7N,OsPd: C, 66.31%; H, 7.92%; N, 5.97%. Found: C,
66.15%; H, 7.91%; N, 6.33%.

{(Azoxy-6)Pd[Ls(12)1}. Yield 73%. Anal. Caled for
CssH7sN4OsPd: C, 66.87%; H, 8.10%; N, 5.80%. Found: C,
66.86%; H, 8.20%; N, 5.83%.

{(Azoxy-6)Pd[Ls(12)]}. Yield 74%. Anal. Caled for
CseHszN405Pd: C, 67.40%; H, 8.28%; N, 5.64%. Found: C,
67.28%; H, 8.24%; N, 5.49%.

{(Azoxy-6)Pd[L:(7)1}. Yield 76%. Anal. Calcd for
C44H53N405Pd1 C, 63.70%; H, 7.05%; N, 6.78. Found: C,
63.94%; H, 7.15%; N, 6.83%.

{(Azoxy-6)Pd[L1(9)]}. Yield 79%. Anal. Caled for
CyHegoN4OsPd: C, 64.42%; H, 7.29%; N, 6.56%. Found: C,
63.92%; H, 7.21%; N, 6.55%.

{(Azoxy-6)Pd[L(14)]}. Yield 80%. Anal. Caled for
Cs:HesN4OsPd: C, 65.51%; H, 8.12%; N, 5.56%. Found: C,
66.03%; H, 7.71%; N, 6.06%.

As a representative example of the whole series, selected
H NMR data (300 MHz, CDCl3) cocerning {(Azoxy-6)Pd[L;-
(12)]} are reported: & 6.04 [d, H;, J(H,H,) = 2.60 Hz], 6.33
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[dd, Hs, J(HoH1) = 2.59 Hz, J(H,H3) = 9.14 Hz], 7.50 (m, Hs),
5.64 [d, Hy, J(HyHy) = 2.44 Hz], 6.52 [dd, Hy, J(H2Hy) = 2.44
Hz, J(HyHg) = 8.87 Hzl, 7.50 (m, Hy), 2.38 (s, Ar CHa).

Results and Discussion

Synthesis of the Compounds. The HL,(m) ligands
were synthesized in a two-step process as shown in
Scheme 1. The first step consists of the diazotization
of a 4-substituted primary aromatic amine followed by
the coupling reaction with an alkaline solution of
resorcinol to obtain the 2,4-dihydroxy-4’-n-alkylazoben-
zenes (HgL,). Thereafter, the HyL, products were
reacted with the appropriate alkyl bromide and the
HL,(m) compounds are obtained. All the HL,(m) prod-
ucts give elemental analysis and 'H NMR spectra that
agree with the expected formula (Experimental Section).

Two molecules of the HL,(m) ligands react with
[Pd(PhCN)¢Clg] to give [Ln,(m)]:Pd complexes (Experi-
mental Section) whose formula is sketched in Figure 1.
The stoichiometry of the synthesized complexes was
confirmed by elemental analysis and evidence for the
proposed N,N trans structure were provided by 'H NMR
spectroscopy. Indeed the spectra of the [L,(m)lPd
compounds account for the presence of only one species
whose H; proton (Figure 1) resonates about 0.6 ppm
upfield with reference to the uncomplexed HL,(m)
parent (Experimental Section). Since such a shift can
be the result of the shielding exerted by the freely
rotating phenyl group (B in Figure 1), we suggest that
these molecules adopt a trans arrangement of N (and
O) donor atoms.

The synthesis of the {(Azoxy-6)Pd[L,(m)]} compounds
is achieved according to the reaction scheme previously
tested for the synthesis of mixed-ligand compounds
containing the palladated 4,4’-dialkoxyazoxybenzene
fragments and salicylideneanilines.2527 In the present
case the compounds were obtained by mixing the
[(Azoxy-6)Pd(MeCN)2]BF4 salt and the HL,(m) ligands
in equimolar amount (Experimental Section). The
{(Azoxy-6)Pd[L,(m)]} products were characterized by
elemental analyses and 1H NMR spectroscopy (Experi-
mental Section). These experimental data were in
agreement with the expected stoichiometry.

As far as the stereochemistry of the complexes is
concerned, anions such as L,(m) could bind the [(Azoxy-
6)Pd] group giving rise to N,N cis and/or N,N trans
isomers. Actually for the similar [(Azoxy-6)Pd(R,L)]
series an isomeric mixture, in a 1:5 cis-to-trans ratio
was detected by 'H NMR spectroscopy.?’ In contrast,
the 'H NMR spectra of the {(Azoxy-6)Pd[L,(m)]} species
indicate pure compounds. In particular all the spectra
show a doublet at about 4 5.7 attributable to the proton
H;' of the cyclopalladated ring close to a freely rotating
phenyl ring (B in Figure 1). According to this finding
these new complexes are assigned the trans structure.2’

Mesomorphic Properties. With reference to the
molecular structure, the HL,(m) compounds are distin-
guished by a variable length of either the alkyl or the
alkoxy chain. Therefore, to best discuss the mesogenic
properties, two different homologous series can be
considered. In particular we define one series as
compounds bearing the same alkoxy chain (i.e., C12H250)

(27) Ghedini, M.; Morrone, S.; De Munno, G.; Crispini, A. J.
Organomet. Chem. 1991, 415, 281.
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Table 1. Transition Temperatures (°C), Enthalpies (AH),
and Mesophases® for HL,,(12) Ligands

n transition T(°C) AH (J/g)

1 K-N 62.1 70.52
N-1 70.6 2.36
I-N 70.0 4.85
N-K 48.0 57.60

2 K-N 64.2 96.98
N-I 74.2 2.54
I-N 70.5 4.13
N-K? 30.0

3 K-N 43.7 89.44
N-I 81.0 2.79
I-N 80.6 3.80
N-S¢ 37.2 0.21
Sc—K# 30.0

4 K-S¢ 37.9 55.49
Sc—N 48.0 0.25
N-I 77.6 4.47
I-N 76.0 4.55
N-S¢ 48.0 0.34
Sc—Ke

6 K-S¢ 40.6 57.38
Sc—N 64.6 0.09
N-1 79.8 2.61
I-N 77.9 3.70
N-S¢ 63.3 0.43
Sc—Ke

8 K-S¢ 41.1 81.24
Sc—-1 86.4 4.66
I-Sc 86.0 4.78
Sc—K¢

@ K = solid phase, N = nematic phase, Sx = smectic A phase,
Sc =smectic C phase. ? Observed by optical microscopy only. ¢ The
crystallization process does not take place until room temperature.

Table 2. Transition Temperatures (°C), Enthalpies (AH),
and Mesophases® for HL;(in) Ligands

m transition T (°C) AH (J/g)
7 K-N 63.1 75.56
N-1 80.3 3.21
I-N 75.5 2.45
N-K 54.3 64.78
9 K-N 65.1 102.27
N-I 82.6 2.39
I-N 78.8 2.67
N-K 51.2 73.48
12 n=11in Table 1
14 K-N 64.8 97.28
N-1 69.0 2.20
I-N 67.1 6.36
N-K? 33.0

2 K = solid phase, N = nematic phase, I = isotropic phase.
b Observed by optical microscopy only.

and the other as those having the same alkyl chain (i.e.,
CHs3). These series will be thereafter referred to as
HL,(12) and HL{(m), respectively. We will similarly
designate the palladium complexes formed from these
ligands.

The different mesophases were identified by combined
optical microscopy and X-ray diffraction analysis on
powder samples. The transition temperatures were
determined by differential scanning calorimetry and
confirmed by X-ray diffraction.

Mesogenic Behavior of the Ligands. All the HL,(12)
and HL:(m) species are low melting mesogens which
exhibit good thermal stability. Their transition tem-
peratures and AH values are summarized in Tables 1
and 2, respectively. The nematic, N, and the smectic
C, Sc, phases were both recognized by their optical
textures.?8 In particular the N phase displays schlieren
or marbled texture, while the Sc phase is readily
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Figure 2. X-ray powder diffraction patterns of HL4(12)
recorded at different temperatures during a complete thermal
cycle. Heating cycle: (A) room temperature; (B) T = 41 °C;

(C) T =55 °C. Cooling cycle: (D) T =60 °C, (E) T = 40 °C.

identified from the characteristic schlieren texture
which exhibits only centers with four brushes.

The nature of the different mesophases was confirmed
by X-ray diffraction analysis. The unambiguous iden-
tification of the nematic mesophase for some of the
compunds required the performing of the measurement
on oriented specimens. This was achieved by applying
an external magnetic field to the sample. In these cases,
the orientation of the directors of the nematic micro-
domains along the direction of the magnetic field was
revealed by a considerable growth in the intensity of
the diffuse reflection characterizing the small-angle
region of the spectrum. As an example of the results of
the X-ray measurements, Figure 2 reports the diffrac-
tion spectra of unoriented HL4(12), measured at differ-
ent temperatures, from room temperature up to the
isotropization point, during a heating—cooling thermal
cycle.

The spectra of the smectic mesophases clearly display
the sharp peak in the low-scattering-angle region as-
sociated with the Bragg reflection of the smectic layers,
while the spectra recorded in the nematic phase exhibit
the characteristic small-angle weak diffuse peak. The
position of the sharp peak gives, according to the Bragg
law, the smectic layer spacing, d, whereas the center of
the diffuse signal in the spectra of the nematic meso-
phases gives the apparent molecular length, . For all
samples a good agreement has been found between the
[ values in the nematic mesophases and the length of
the molecule, L, calculated on the basis of a model where
the chains are in the fully extended conformation. Table
3 reports the measured d values and the molecular
lengths L for all the samples which exhibits the S¢
mesophase [HL3(12)—HLg(12)]. The d values are taken
from the spectra measured at temperatures correspond-
ing to the center of the mesophase range. For all the
samples the layer spacing d was found to be tempera-

(28) (a) Demus, D.; Richter, L. Texture of Liquid Crystals; Verlag
Chemie: Wenheim, 1980. (b) Gray, G. W.; Goodby, J. W. Smectic
Liquid Crystals, Textures and Structures; Leonard Hill: Glasgow, 1984.
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Table 3. Periodicities (d),> Theoretical Molecular
Lengths (L),b and Tilt Angle () for the Sc Phase of
HL,(12) Ligands

n d &) L&) B (deg)
3 29.1 29.2 5.5
4 30.1 30.4 8.0
6 32.2 32.9 12.6
8 33.5 35.5 19.3

@ Layer spacing derived from diffraction patterns (in the central
region of phases stability). ®» Molecular length determined by
molecular modeling (alkyl chains in all-trans conformation).

ture independent throughout the whole mesophase
thermal stability region.

From the ratio between d and L the apparent tilt
angles § of the director with respect to the layer normal
have been evaluated and the values are also reported
in Table 3. A progressive increase with the length n of
the alkyl chain following an almost linear behavior is
observed for 5, which varies from 8 = 5.5°(n = 3) to 8
=19.3° (n = 8).

The mesogenic behavior exhibited throughout the
series by the two families of ligands, HL,(12) and HL;-
(m), is quite different. In the HL,(12) compounds only
a nematic phase is present for the samples withn =1
and n = 2, whereas HL3(12), HL4(12), and HLg(12)
display, in addition to the nematic phase, a smectic C
phase which is monotropic for the shortest compound
[HL5(12)] and enantiotropic for HL4(12) and HLg(12).
Finally, HLg(12) shows only an enantiotropic S¢ phase.
Therefore, on increasing the molecular length the
mesophase turns from nematic to smectic, thus paral-
leling the trend usually observed.?® In the HL;(m)
series, as previously reported by Hegge and van der
Veen?® about very similar mesogens (i.e., 2-hydroxy-4-
n-alkoxy-4’-n-butylazobenzenes) only nematic phases
are present.

The molecular structure of the HL,(12) compounds
and that of the previously investigated N-(4-(dodecyl-
oxy)salicylidene)-4'-alkylanilines,’d¢ HL,L (Figure 1),
differs solely in the nature of the group bridging the two
phenyl rings: —N=N— instead of ~CH=N—. Accord-
ingly, a meaningful comparison between the two series
can be done. While for the HL,(12) compounds only
nematic and Sc phases are observed (Table 1), the HR, L
series shows N and S, phases for shortest terms of the
series (1 < n < 3) and S4 and S¢ phases for the longest
one (n > 4).74¢ Moreover, the HR,L clearing tempera-
tures are 10—15 °C higher than the homologous HL,(12)
terms.

In rodlike mesogens the azo group is usually consid-
ered a better linking group than the imine one because
it induces a planar configuration in the molecule, and
consequently a better conjugation associated with a good
thermal stability.? In addition, when in these mol-
ecules a hydroxy group occurs as in HR,L or HL,(m)
(Figure 1), a strong intramolecular hydrogen bond forms
and the temperatures of both the solid—nematic and
nematic—isotropic transitions rise.?0 Therefore, in the
present case the effect of the linking group on the
thermal stability of the mesophases should be domi-
nated by the OH group which, allowing a more planar

(29) Kelker, H.; Hatz, R. Handbook of Liquid Crystals; Verlag
Chemie: Wenheim, 1980.

(30) Van der Veen, J.; Hegge, T. C. J. M. Angew. Chem., Int. Ed.
Engl. 1974, 13, 344.
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Table 4. Transition Temperatures (°C), Enthalpies (AH),
and Mesophases?® for {(Azoxy-6)Pd[L,(12)]} Complexes

n transition T(¢C AH (J/g)

1 K-N 103.1 46.31
N-I 107.1 0.39
I-N 106.1 0.79
N-K 75.0

2 K-1 113.4 47.29
I-N 102.4 0.88
N-K 60.0

3 K-I 116.5 48.18
I-N 106.1 0.87
N-K 77.5 1.57

4 K-I 116.2 20.52
I-N 104.8 1.08
N-K 72.6 1.79

6 K-I 132.3 40.47
I-N 108.4 141
N-K 744 0.30

8 K-1 128.8 43.49
I-N 111.3 2.06
N-8¢ 91.3 0.06
Sc-K 87.4 0.05

2 K = solid phase, N = nematic phase, S¢c = smectic C phase, I
= isotropic phase.

Table 5. Transition Temperatures (°C), Enthalpies (AH),
and Mesophase® for {(Azoxy-68)Pd[L,(m)]} Complexes

m transition T (°C) AH (J/g)
7 K-I 146.8 57.32
I-N 111.4 0.77
N-K?
9 K-I 153.2 80.58
I-N 109.6 0.83
N-K®b
12 n =1 in Table 4
14 K-N 96.9 48.11
N-I 105.6 0.94
I-N 103.1 0.76
N-K?

@ K = golid phase, N = nematic phase, I = isotropic phase. ® The
crystallization process does not take place until room temperature.

configuration, makes the HR,L and the HL,(12) ligands
structurally very similar. These structural character-
istics reflect into the quite similar transition tempera-
tures displayed by the two series.

Mesogenic Behavior of the Complexes. The [Ln(m)ls-
Pd molecules did not show any mesomorphic behavior
(melting points in the range 165—187 °C) while the
homologous series of mixed-ligand complexes {(Azoxy-
6)PA[L,(12)]} and {(Azoxy-6)Pd[Li(m)]} display highly
viscous nematic phases (n = 1—4, 6, 8) and in one case
(n = 8) a smectic C phase. The nematic phases have
been recognized by the characteristic marbled or threaded
textures while the smectic C phases by the broken focal
conic texture.

The mesomogenic behavior of {(Azoxy-6)Pd[Ln(12)]}
and {(Azoxy-6)Pd[L;(m)]} complexes is reported in
Tables 4 and 5 respectively. With reference to the
{(Azoxy-6)Pd[L,(12)]} complexes, the shortest chain
derivative gives rise to an enantiotropic nematic phase;
for n = 2 to n = 6 the nematic phase becomes mono-
tropic and for the octyl derivative even a monotropic
smectic C phase has been observed. The last Sc phase
on further cooling is transformed into a highly viscous
birefringent phase. The X-ray analysis performed on
this sample clearly indicated that the highly viscous
phase is not an ordered liquid-crystalline phase but a
solid one. The diffraction spectrum of this phase is in
fact characterized by several reflections which are
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Figure 3. X-ray diffraction patterns of the {(Azoxy-6)Pd[Ls-
(12)]} complex recorded at different temperatures in a thermal
cycle. Heating cycle: (A) room temperature; (B) T = 120 °C.
Cooling cycle: (C) T = 105 °C; (D) T =90 °C; (E) T = 80 °C;
(F) room temperature. Spectra A, B, D—F were obtained on
an unoriented specimen, whereas the spectrum C of the
nematic mesophase was obtained with the sample oriented in
an external magnetic field (B = 0.1 T) normal to the incident
X-ray beam and lying in the plane of the X-ray beam and of
the detector (horizontal plane).

distributed throughout the whole range of scattering
angles investigated (Figure 3F).

The maximum periodicity, corresponding to the re-
flection with the dominant intensity, is coincident with
the layer spacing of the higher temperature mesophase
(d ~ 28 A). In addition, most of the reflections are
characterized by weak and diffuse peaks, thus indicat-
ing a relatively poor crystalline nature of the solid phase
which, on the other hand, possesses a strong lamellar
nature as indicated by the sharp intense small-angle
reflection). This could be the reason for the relatively
low value measured for the enthalpy corresponding to
the Sc—K transition.

Comparing the thermotropic behavior of the {(Azoxy-
6)Pd[L,(12)]} compounds with the HL,(12) parents it
is apparent that the complexation of the L,(12) anions
to the (Azoxy-6)Pd fragment produces an increase of the
transition temperatures of about 30 °C. Regarding to
the nature of the mesophases, the nematic one is
preserved throughout the homologous series of com-
plexes and the smectic one is retained only in the
derivative with the longest alkyl chain (n = 8).

The {(Azoxy-6)Pd[Li(m)]} series is featured by the
lengthening of the alkoxy terminal chain. These com-
pounds form a nematic phase, monotropic (m = 7 and
9) or enantiotropic (m = 12 and 14). Remarkably, such
a phase is characterized by a wide range of stability in
the cooling cycle (Table 5) and the N—K transition is
not observed until room temperature.

Within the homologous series, as far as the enantio-
tropic transitions are concerned, it should be pointed
out that the coordination of HL(m) to the cyclopalla-
dated species produces a narrowing of the nematic
range.

Comparing the two series of complexes {(Azoxy-6)-
Pd[L,(12)]} and {(Azoxy-6)Pd{L:(m)]} it seems that the
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different length of the aliphatic chains is a crucial point
in obtaining stable mesophases. In fact, enantiotropic
nematic phases were detected for [(Azoxy-6)Pd[L;(12)]}
and {(Azoxy-6)Pd[L;(14)]}; otherwise {(Azoxy-6)Pd-
[L.(12)]} (n = 2—4, 6, 8) and {(Azoxy-6)Pd[L1(m)]} (m
= 7, 9) show only mesophases with a monotropic
behavior.

The calorimeter behavior of the complexes {(Azoxy-
6)PA[L,(12)]} (n = 1, 2) deserves a comment. In the first
cooling cycle the crystallization process is never detected
by DSC. The optical observations are in agreement with
these data since the liquid-crystalline phase transforms
into a plastic phase which preserves the optical textures
of the previous mesophase. In the second heating cycle
the crystallization process is observed and the DSC trace
displays a large exothermic peak. This effect is probably
related to the relatively slow kinetics of crystallization
if compared to the cooling rate involved in the DSC and
optical investigations. A similar behavior has been
observed, in fact, also in the X-ray diffraction measure-
ments when the same rate involved in the DSC and
optical measurements was used to cool the sample to
room temperature. The room-temperature X-ray dif-
fraction spectra recorded just after the cooling process
were found to be characteristic of the higher tempera-
ture mesophase (nematic). Only after times of the order
of an hour at room temperature or after a heating
treatment at temperatures varying between 60 and 70
°C, we observed the X-ray diffraction spectra of the solid
phase. A different behavior was observed when the
temperature was lowered by intermediate steps, each
temperature of the step sequence being maintained
constant for the time necessary to the X-ray data
acquisition (about 20 min). In this case, in fact, we could
observe the formation of the low-temperature solid
phase during the first cooling cycle. The N—K transition
temperatures reported in Table 4 correspond to the
transition temperatures as obtained from the X-ray
measurements in these conditions.

As an example of the results of the X-ray diffraction
measurements of the complexes, Figure 3 shows the
diffraction patterns obtained for {(Azoxy-6)Pd[Ls(12)]}
at different temperatures between room temperatures
and the clearing temperature in a thermal cycle. The
spectrum of the nematic phase (Figure 3C) was obtained
when the sample is put into the magnetic field. The
position of the small angle sharp peak in the spectrum
of the Sc mesophase (Figure 3D) corresponds to a layer
spacing of 28.0 A. With the calculated value L = 35 A
of the molecular length, this gives an apparent tilt angle
B =36.7°.

Mixing Experiments. The mixing of a metallo-
mesogen with an organic compound having similar
mesogenic behavior is a useful method for lowering the
melting temperature with a consequent increase of the
mesomorphic range. Thus, to perform mixing experi-
ments we selected the palladium complex which re-
vealed the best mesomorphic properties within the
whole series of compounds, {(Azoxy-6)Pd[L;(14)]} (Table
5) and its parents, HL;(14) (Table 3) and H(Azoxy-6)
[K — (80 °C) N — (126 °C) I]. Equimolar solution of
the different compounds were prepared and mixed
together. The solvent was successively evaporated to
leave a solid mixture. In the first experiment we mixed
{(Azoxy-6)Pd[L1(14)]} and HL,(14). The crystal-to-
nematic transition was lowered from 97 to 52 °C, and
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the clearing point was lowered from 105 to 89 °C. Thus
the nematic range of the mixture was about 37 °C while
in the pure complex it was only about 8 °C. In the
second experiment {(Azoxy-6)Pd[L;(14)]} was added to
H(Azoxy-6). In this case the melting point was observed
at 67 °C, while the clearing point was 110 °C. The
nematic range of such a mixture was about 43 °C, even
larger than the previous one.

Concluding Remarks

The complexation of palladium(II) to the same me-
sogenic ligands, HL,(m), or to different calamitic moi-
eties, H(Azoxy-6) and HL,(m), allows the synthesis of
[Ln(m)]oPd homoligand and {(Azoxy-6)Pd[L,(m)]} mixed-
ligand complexes. Even if both the o-hydroxyazo-
benzenes and 4,4"-bisthexyloxy)azoxybenzene are
mesogenic, the different combination in palladium
complexes of these two ligands induces a dissimilar
thermal behavior. In fact, the homoligand complexes
did not show any mesomorphic properties, whereas the
mixed-ligand ones are nematogenic.

These species display similar molecular shapes and
comparable alkyl chain lengths whereas the rigid
molecular cores significantly differ both in nature and
symmetry (by effect of the N—O group that features the
azoxy complexes, Figure 1). In particular, the molecular
core is symmetric and apolar in [L,(m);Pd whereas it
is asymmetric and polar in {(Azoxy-6)Pd[L,(m)]}. Con-
sequently, intermolecular interactions should be mainly
attributable to weak dispersion forces in the former
species and to comparatively stronger dipole—dipole
interactions in the latter one. Moreover, it should be
considered that the local order in the mesophase is
imposed by the elongated shape of molecules which are
probably not free to rotate around their longest molecu-
lar axis owing to their H-like structure. Therefore, the
molecular dipoles of the azoxy compounds can be
thought randomly oriented and giving rise to either
dipole—dipole attractions or repulsions.

To bring about a mesophase a proper balance between
intermolecular attractions and thermal disorder is
required. Usually in mesogens as those reported herein
these roles are played by the rigid molecular core and
by the alkyl chains respectively. Despite the fact that
the alkyl chains are similar in length, the experimental
data show that the [L.,(m);Pd species lack meso-
morphism, whereas the {(Azoxy-6)Pd[L,(m)]} ones are
liquid crystals. Therefore, we conclude that the ob-
served behavior may be mainly attributable to the
increased entropy which results from the electronic and/
or structural modifications induced by the azoxy group
onto the rigid part of the molecules.

Finally, with reference to the potential applications
of metal-containing liquid-crystalline materials, worthy
of note is the strong enlargement of the nematic range
obtained on mixing the {(Azoxy-6)Pd[L1(14)]} complex
with the corresponding mesomorphic ligands.
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