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Palladium complexes of polycatenar 2,5-diphenylpyridine ligands were prepared in a two-stage reaction
from (NHg4)[PdCly]; their liquid crystal and emission properties are reported and discussed. For tetra-
catenar and hexacatenar derivatives, neither the ligand nor their complexes were liquid crystalline. The
tricatenar ligand only showed a SmC phase identified by a Schlieren texture. Palladation of the tricatenar

and dicatenar ligands led to complexes showing a SmA phase, with a range that depended on the ligand.
The identity of the mesophases was supported by small angle X-ray scattering (SAXS). All ligands and
complexes exhibited luminescence properties with the emission lifetimes of the complexes suggesting
the absence of phosphorescence.

© 2022 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The group 10 elements, palladium and platinum in particular,
are some of the most commonly found in metallomesogens [1,2].
This is primarily on account of their square-planar geometry in the
+2 oxidation state, which makes them amenable to the formation
of anisotropic complexes, although there are examples of metal-
lomesogens based on higher coordination numbers such as plat-
inum(lll) [3] and platinum(IV) [4-6]. Most recently, platinum(ll)
complexes in general have attracted attention as many are capa-
ble of exhibiting room-temperature phosphorescence and so they
have been seen as candidate OLED emitters [7,8]. Of these, cyclo-
platinated complexes are found to show high luminescence quan-
tum yield in solution and one of the interesting developments has
been of the simultaneous incorporation of liquid crystal properties;
such materials have recently been reviewed [9]. In most cases, the
analogous complexes of palladium can be prepared and are liquid
crystalline, but in general they are not emissive owing to the rela-
tive high energy of de-energising d-d states.

Thus, for example, the complexes in Fig. 1 are of palladium and
platinum, and while all of the complexes luminesce at 77 K, only
the platinum complexes luminesce in solution. The mesophases

* Corresponding author.
E-mail addresses: imelda.h.silalahi@chemistry.untan.ac.id (LH. Silalahi),
duncan.bruce@york.ac.uk (D.W. Bruce).
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shown by these materials depend on the number of chains on the
B-diketonate ligand [10].

Several other related palladium(Il) complexes have been pre-
pared, notably by the group in Calabria, but while they were able
to realise examples of fluorescent complexes, it seemed that inter-
system crossing was less inefficient inasmuch as room-temperature
triplet emission was absent [11-14].

Some of the most efficient platinum(Il) emitters were pub-
lished by Bruce and co-workers [15,16] who complexed 2,5-
diphenylpyridine ligands via orthometallation forming complexes
with ancillary S-diketonate ligands. (Fig. 2). Related oligomeric
derivatives were found to show polarised emission [17].

The 2,5-di(4-alkoxyphenyl)pyridine ligands used in this chem-
istry were not synthesised using metal-catalysed cross-coupling
methodology, rather an intermediate 1,2,4-triazine was prepared
by cyclisation. On reaction with norbornadiene, this triazine then
eliminated N, in a reverse-electron-demand Diels-Alder reaction
inserting ethene to give the 2,5-disubstituted pyridine ligand [15].
The flexibility offered by this route [18] allowed for variation of the
ligand substitution patterns and, as such, it was possible to design
and prepare a series of polycatenar derivatives. The synthesis of
these ligands and their complexes with palladium(Il) is now de-
scribed.

0022-328X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Fig. 1. Mesomorphic complexes of palladium(ll) and platinum(Il) complexes with
2-phenylpyridine and 2-phenylpyrimidine ligands.

2. Results and discussion
2.1. Synthesis

The ligands were prepared (Fig. 3) based on methods reported
by Santoro et al. [15]. The important step in the diphenylpyri-
dine preparation is the synthesis of intermediate 1,2,4-triazine (5),
which is a condensation reaction between a benzoylhydrazide (2)
and an a-bromoacetophenone (4) in the presence of base. This
proceeds in moderate yields of typically between ca 45 and 65%
depending on the substitution pattern of methoxy groups. The tri-
azine is then converted to the related pyridine (6) in an inverse-
electron-demand Diels-Alder reaction with norbornadiene, which
generates N, as a product giving both an enthalpic and entropic
driving force. These products are obtained in yields of between
ca 40 and 80%. The methoxy-substituted diphenylpyridines are
then demethylated in high yield in molten pyridinium chloride
and the resultant polyhydroxy compounds are alkylated with 1-
bromododecane, with the yield of the final product (8) decreasing
with the increasing number of alcohol groups required functional-
isation.

The complexes are then prepared (Fig. 4) by reaction of ligand
8 with ammonium tetrachloropalladate(ll) to give the di-u-chloro
complex as a mixture of cis and trans isomers. The proportions of
the two isomers in the mixture was not determined, not least be-
cause the product does not depend on the starting isomer. Thus,
the dimer is reacted, without purification, with the sodium salt of
acetylacetone to give the final product, 9.

The final ligands and complexes were well characterised
through their "TH NMR spectra, which are now discussed for a cou-
ple of examples. Thus, the aromatic region of the 'H NMR spec-
trum of 8b shows two AMX systems for the central pyridine ring
and the ring bearing two alkoxy chains, plus an AA’XX’ system for
the ring bearing one alkoxy chain. The resonance corresponding to
the hydrogen ortho to the nitrogen of the central ring is subject
to the greatest downfield shift appearing as a doublet with small
4] coupling of 2.4 Hz at § = 8.83 ppm. The methylene groups of
the chains next to the phenolic oxygens each give rise to a triplet
around 6 = 4 ppm, but for this compound they overlap to give an

apparent multiplet.
CnH2n+1o O \ /
N

AN
/Pt\
O

chMCX

3
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Table 1
Summary of X-ray diffraction data for methoxy derivatives of the hexacatenar
ligand.

Compound 6d

CCDC Number 2167991
Empirical formula Cy3Hy5NOg
Formula weight/g mol-! 411.44

T/K 110.00(10)
Crystal system monoclinic
Space group C2|c

alA 30.6683(12)
b/A 5.0752(2)
c/A 13.3482(6)
af° 90

BJ° 99.941(4)
vI° 90
Volume/A [3] 2046.42(15)
z 4

Pealc § cm™3 1.335
a/mm-! 0.798
F(000) 872.0

Crystal size/mm?3
Radiation/nm

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I > = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole [ e A3

0.22 x 0.18 x 0.12

CuKa (A = 1.54184)

11.718 to 142.666
-37<h<36-6<k<6-16<1<15
3514

1932 [Ripe = 0.0261, Ryigma = 0.0363]
1932/0/158

1.053

Ry = 0.0391, wR, = 0.0978

Ry = 0.0552, wR, = 0.1089
0.31/-0.16

O OCnH2n+1

The spectrum for 8c shows three AMX spin systems represent-
ing the three chemically inequivalent hydrogens on each ring and
once more the resonance corresponding to the hydrogen ortho to
the nitrogen of the central ring is subject to the greatest down-
field shift appearing as a doublet with small 4] coupling of 2.4 Hz
at § = 8.84 ppm. The resonances associated with the methylene
hydrogens bound to the phenolic oxygens, which appear as two
simple triplets (§ = 4.12 and 4.05 ppm) of equal intensity corre-
sponding to the two different chemical environments.

In the final complexes, there is some shifting of the position of
resonance consequent on complexation and one hydrogen disap-
pears from the metalated ring, giving an AMX spin system for 9b
and an apparently uncoupled AXE system for 9¢ (°Jyy is not re-
solved). In addition, there is a singlet for the methine hydrogen on
the acac ligand (6 ~ 5.4 ppm) and two singlets each of intensity
three for the two different methyl groups (§ ~ 2.1 and 2.05 ppm).

2.2. Single-crystal X-Ray structures

En route to the final ligands, methoxy derivatives (6) form part
of the synthetic route and for the hexa-substituted variant, it was
possible to grow single crystals from acetone (longer chains often
mitigate against the formation of good-quality crystals). Crystallo-
graphic data are found in Table 1.

The ligand crystallised in the monoclinic space group C2/c and
presented an interesting disorder. Thus, there is a centre of inver-

n=:6-12
X=Y=H
X =H,Y =F (both isomers)
X=Y=F

Fig. 2. Luminescent platinum acac complexes of 2,5-di(4-alkoxyphenyl)pyridine. Note that complexes with X = Y = F were neither liquid crystalline nor luminescent.



LH. Silalahi, A.M. Prokhorov, T. Tanner et al.

(MeO),, 0

N
1 =/ OH

l (i)
(MeO)p

- o)
O
2 = NH-NH,

Journal of Organometallic Chemistry 977 (2022) 122455
O \
CHj — 3
l (i

o) \>_</:\\/>(0Me)q
BrCH2 — 4

(iii)
(MeO), 7 N=N —\_(OMe)
7\ P q 5
D Wl
) W)
(MeO), 7 — —\_(OMe) 6
2\ P q
_ \ N/ \ 7

| i
(C12H250), <7 —\_-(OCy2Hzs) 8
x \ / 5/q
_ \ N/ N\ /
C12H250

C12H250 O \ O OC12Hs
N

8a
C12H250

C12H250 O \ 7 O OC1oH2s
N
8c

OC1oHzs

Cq2H250 Q /
\ N

Cq2H250 Q \ 7 O OC1oH2s
N 8

O OC1oHzs

8b

C12H250 OC12Hzs

d

C12H250 OC12Hzs

Fig. 3. Preparation of the polycatenar-diphenylpyridine ligands. Conditions: (i) NH,NH;.H,0/MeOH, reflux, 17 h; (ii) Bry/Et,0; (iii) NaHCO3, EtOH/CH3COOH, 120 °C, 7 h; (iv)
norbornadiene/o-xylene, 200 °C, overnight; (v) [PyH]*Cl~/200 °C, 5 h; (vi) C;2Hz5Br/DMF, K,COs3, 100 °C, 12 h.

sion in the middle of the central, pyridyl, ring of the molecule,
which means that there is half of the molecule in the asymmetric
unit. The central ring is then itself disordered about two positions,
twisting out of the plane of the molecule so that the planes of the
two ring positions make an angle of 59.8° Furthermore, the nitro-
gen in the centre ring could not be modelled in one position and
so a final structure was achieved by modelling all of the disordered
ring positions as both C (37.5%) and N (12.5%), to a total occupancy
of 50% per position. As such, the images of the individual molecule
in Fig. 5 have been ’created’ by manipulation in the Mercury soft-
ware package to ’force’ a nitrogen into one position solely for the
purposes of illustration. The three rings are not co-planar the plane
of the terminal phenyl rings makes an angle of 34.8° to the central
pyridyl ring.

The ligands pack in a slipped-stack fashion along the b-axis
(Fig. 5¢) and adjacent stacks are angled towards one another so
that the planes defined by the central pyridyl rings in each stack
make an angle of 51.7°

2.3. Liquid crystal properties of the ligands and complexes

The thermal behaviour (Table 2) of the ligands and their com-
plexes was investigated by polarising optical microscopy (POM)
and differential scanning calorimetry (DSC) thermal analysis and.
Ligand 8a had been reported previously [15] and showed both a
SmC and a Sml phase, which on complexation to palladium (9a)
changes to become a SmA phase. This is directly analogous to the
behaviour with platinum and, in common with its mesomorphism,
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(C12H250)p G — — (OC H )
S \ < 121'125/q
O

Fig. 4. Preparation of the palladium complexes of the diphenylpyridine ligands.
Conditions: (i) (NH4);[PdCl4]/AcOH/100 °C; (ii) Na(acac)/CHCl;-EtOH or acetone/A.

Table 2
Thermal behaviour of the compounds.
Compound Transition T (°C) AH (k] mol1)
8a Cr-Sml 121.7 63.0
SmI-SmC 171.6 2.4
SmC-Iso 200.0 18.5
8bh Cr-SmC 92.2 35.0
SmC-Iso 98.5 4.5
8c Cr - Iso 106.6 1215
8d Cr-Iso 433 66.4
9a Cr-SmA 64.2 1.9
SmA-Iso 211.3 7.4
9b Cr-SmA 80.5 4.6
SmA-Iso 118.9 0.5
9c Cr-Iso 94.8 47.9
9d Cr-Iso 44.4 70.3

T Reported in ref. 15.

the melting point is raised (to ca 160 °C) and the clearing point
is enhanced (231 °C for Pt, 211 °C for Pd). Small-angle X-ray data
had not previously been collected for this ligand and so the re-
sults of this study are shown in Fig. 6 along with unreported op-
tical textures from microscopy for this homologue. The SmC phase
(Fig. 6a) gave a single low-angle reflection at 20 = 2.56° corre-
sponding to a layer spacing of 34.5 A. From readily available crys-
tal structure data, the calculated length of the molecule, assuming
that the chains adopt an all-trans arrangement, is 45.9 A and so
if no interdigitation is assumed, then this would represent a tilt
angle in the SmC phase of ca 41° However, some combination of
interdigitation and/or chain folding, which would reduce the effec-
tive molecular length, would also reduce the tilt angle and these
effects cannot be ruled out. As such, 41° represents a maximum
possible tilt angle. Then in the SmlI phase (Fig. 6b), there is a small
increase in the pd-spacing to 36.27 A, which would be expected

Journal of Organometallic Chemistry 977 (2022) 122455

with the formation of a more ordered phase and the increased in-
plane order is shown by the sharpening of the wide-angle reflec-
tion at 26 = 19.69° corresponding to a spacing of 4.51 A (Fig. 6b
inset).

Now considering 8b, the ligand melts at 92 °C to a fluid phase
that clears just above 98 °C. On cooling (Fig. 7a), both a broken fan
and Schlieren texture are seen, which enables identification as a
SmC phase. Formation of a SmC phase is quite typical for tricate-
nar material of this type, although the limited anisotropy of the
core means that the transition temperatures are relatively low and
the phase has a fairly narrow range. This is due to the fact that
the alkoxy chain in the 3-position is relatively destabilising of the
mesophase.

Small-angle X-ray scattering from the SmC phase at 97 °C (Fig-
ure S1) shows a single, small-angle reflection at 260 = 2.78° corre-
sponding to a spacing of 31.8 A. Given that the maximum length
of 8b is the same as 8a, then even though the molecules would be
expected to pack in an alternating, head-to-tail fashion within the
layers to fill space (Figure S2), this would correspond to a tilt angle
of some 46° While not impossible, this is quite large and so it is
expected that the actual tilt angle is smaller and that there is, in
addition, interdigitation and/or chain folding.

For the related palladium complex, 9b, the SmC phase again
disappears to be replaced by a SmA phase, which has a slightly
less stable crystal phase (melting at 80.5 °C) and a slightly more
stable mesophase (clearing just below 119 °C). The phase was read-
ily characterised by observation of both a focal conic fan texture
(Fig. 7c) and a homeotropic arrangement.

Then, no doubt on account of the rather short nature of the
molecular core (tetracatenar and more highly substituted materi-
als are normally found with a minimum of four rings in the rigid
core), neither the tetracatenar (8c) nor the hexacatenar (8d) ligand
shows a mesophase, both simply melting to the isotropic phase,
with a rather low melting point (ca 43 °C) observed for 8d The
related palladium complexes also melted at similar temperatures
and did not show evidence of liquid crystal behaviour.

The mesophases of the two mesomorphic complexes were also
characterised by small-angle X-ray scattering and the diffraction
patterns are shown in Fig. 8. Both diffraction patterns show an in-
tense reflection at around 26 = 2.5°, corresponding to spacings of
37.3 A (9a) and 34.6 A (9b). For 9b there is also a much weaker re-
flection at 26 ~ 5.2° corresponding to the d(002) harmonic of the
lamellar arrangement and indicating a slightly greater inter-layer
correlation. The observed layer spacing for 9a at ca 37 A is slightly
longer than the values found for the free ligand.

2.4. Photophysical properties of the complexes

The photophysical properties of the complexes and ligands were
determined in dichloromethane solution at room temperature. The
absorption spectra of ligands and complexes are shown in Figs.
9 and 10, whereas the spectra overlaying each complex with its
ligand are given in Fig. S3.

In the ligand spectra, one intense band with a weak high-
energy shoulder was observed, the intensity of which (Table x)
suggests -* transitions. As the number of alkoxy ligand chains
increases from the two (8a) through three (8b) to four (8c), the ab-
sorption maximum red shifts, almost certainly owing to a destabil-
isation of the HOMO. However, when the ligand contains six alkoxy
chains (8d), the absorption wavelength blue shifts so that it was
effectively coincident with that of the tricatenar ligand, 8b and the
shoulder did not appear to be present. These changes in Amax can
be accounted using Dewar’s rules [19].

On complexation, the higher-energy band resolves to a great
degree, which is evident for 9a and better seen for 9b and 9c.
However, given that there is no shoulder observed for ligand 8d,
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()

Fig. 5. Two views: a) top-down and b) side-on of the hexacatenar ligand and c) a view of its packing viewed down the a-axis. Nitrogen atom 'forced’ to appear for the

purposes of the diagram - see text.

then it is no surprise that there appears little change in the high-
energy absorption on complexation.

The other effect of complexation is the appearance of a longer-
wavelength absorption at around 370 nm for 9a and 9b, and
400 nm for 9¢, which by analogy with related complexes of plat-
inum(Il) is assigned as charge-transfer in nature, derived from or-
bitals with combinations of ligand and metal character [15]. For 9d
the additional absorption is between these two values at 390 nm,
although in this case it is very much less intense. Indeed, with the
exception of the weak longer-wavelength absorption, the spectrum
of 9d appears to have changed little from that of 8d although the
absorptivity of the complex increased (Table 3). It is not at all clear
why this should be, but as more alkoxy chains are added, so the
aromatic system becomes increasingly electron rich, which is likely
to act to increase the level of the HOMO. Given that the longer-
wavelength absorption that involves metal orbitals, then it could
be that the increase in HOMO energy reduces the effectiveness of
ligand/metal orbital overlap, leaving the ligand orbitals relatively
unperturbed. However, a full understanding would require an ex-
tensive computational approach, which is not part of this study.

When excited by light of wavelength 310 to 327 nm, all the lig-
ands and their complexes emit light in the range of 380 to 410 nm,
with some red shifting as the number of ligand alkoxy groups in-
creases. Complexes 9a - 9c¢ show an additional emission peak at
430-437 nm (9a, 9b) or 468 nm (9¢c, weak) when excited at a

Table 3
Photophysical properties of ligands and complexes in CH,Cl, Solution at 298 K,
exciting at the absorption maximum.

Absorption,
Amax/nm(103¢ | Emission, Lifetime, 7/s
M-1cm™) Amax/nm (degassed)
8a 310 (72.4), 279 (sh) 380 (Exc. 310) 0.5 ns (380 nm)
8b 318 (38.4), 280 (sh) 390 (Exc. 317) 0.78 ns (390 nm)
8c 325 (31.0), 281 (sh) 390 (Exc. 327) 1.13 ns (390 nm)
8d 319 (33.0) 410 (Exc. 320) 1.5 ns (390 nm)
9%a 298 (436.7), 321 380 (Exc. 298), 0.49 ns (380 nm),
(sh), 377 (203.9) 430 (Exc. 378) 0.15 ns (430 nm)
9b 290 (26.7), 321 391 (Exc. 300), 0.38 ns (437 nm)
(25.9), 380 (19.1) 437 (Exc. 380)
9c 293 (90.7), 316 391 (Exc. 317), 1.15 ns (391 nm)
(93.1), 400 (50.2) 468 (Exc. 400)
9d 321 (77.6) 410 (Exc. 320) 1.5 ns (410 nm)

Very weak emission.

lower energy (378 nm, 380 and 400 nm for 9a, 9b and 9c, respec-
tively). However, such an emission was not observed in the spec-
tra of 9d (Figure S4 shows spectra for 8c/9c). The emission life-
time of the ligands and the complexes ranges from 0.38 to 1.5 ns,
increasing with the number of the alkoxy groups. The relatively
short emission lifetime indicates emission from a singlet excited
state.



LH. Silalahi, A.M. Prokhorov, T. Tanner et al. Journal of Organometallic Chemistry 977 (2022) 122455

300+ 350
250 300
250
200
3 5
g s 200
> -
% 150 >
5 2
-— [0) T T T T 1
£ £ 150 4 16 18 20 22 24
100 + 20/°
100
50 50
0""|""|""|""|-"'| Ot+———— 71— 7 rrrr 1 T T
0 5 10 15 20 25 0 5 10 15 20 25
200 (a) (b)

= (o) f ()

Fig. 6. Small-angle X-ray scattering patterns for 8a at (a) 195 °C in the SmC phase and (b) 160 °C in the Sml phase, with the inset showing an enlargement of the wide-angle
region and optical textures (c) in the SmC phase at 200 °C and (d) in the SmlI phase at 167.5 °C. The microscope magnification employed was x200.

Fig. 7. Optical micrographs (on cooling) of the (a) SmA phase of 9a at 208 °C; (b) SmC phase of 8b at 98 °C and (c) SmA phase of 9b at 105 °C. The microscope magnification
employed was x100.
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Fig. 8. The small-angle X-ray scattering pattern of (a) 9a in the SmA phase at 205 °C and (b) 9b in the SmA phase at 105 °C. Note that the apparent reflection at 26 ~ 1.6°

arises from the beam clipping the beam stop.
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Fig. 9. The normalised absorption spectra of the ligands in dichloromethane solution at room temperature. Solutions were between 1.3 and 2.8 x 10> mol dm.
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Fig. 10. The normalised absorption spectra of the complexes in dichloromethane solution at room temperature. Solutions were between 0.8 and 2.7 x 10> mol dm™3.

3. Conclusions

The synthesis and characterisation of metallomesogens of palla-
dium(II) complexes based on polycatenar-diphenylpyridine ligands
and acac co-ligand were carried out. In this system where the core
mesogens possess three rings, three terminal chains are required to
display mesomorphism. For tetracatenar and hexacatenar systems,
ligands as well as the complexes showed no liquid- crystallinity.
Complexation of the ligands slightly increased the isotropic tem-
peratures although it reduced the anisotropy. The chains play an
important role in thermal behaviour. All ligands and complexes ex-
hibited luminescence properties; the complexes emitted light in
the range of 430 - 472 nm in addition to the emission that also
demonstrated by ligands alone, in the range of 380 - 410 nm
with emission lifetimes of 0.38 - 1.50 ns suggesting the absence
of phosphorescence.
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