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Langmuir—Schéfer Films of Functional Amphiphilic Nickel(II) and Zinc(II)
Schiff Base Complexes

Santo Di Bella,*!#! Giuseppe Consiglio,”! Salvatore Sortino,*/?l Gabriele Giancane,'! and
Ludovico Valli*I¢l

Keywords: Multilayers / Fluorescence / Schiff bases / Nickel / Zinc

The synthesis of novel functional amphiphilic dipodal Ni' (1)
and Zn" (2) Schiff base complexes and the preparation/char-
acterization and optical properties of Langmuir-Schaéfer (LS)
multilayer films are reported. The existence of stacked 3D
aggregates is observed for all films, as established by the
combination of reflection spectroscopy and Brewster angle
microscopy. Although aggregate formation does not involve
major electronic changes, as evidenced by analysis by ab-
sorption spectroscopy, fluorescence emission is much more

sensitive to the chemical environment, and complete
quenching is observed in the multilayer LS aggregates. How-
ever, in the limit of negligible interchromophore interactions,
achieved by means of mixed LS multilayer films the fluores-
cence is restored by using arachidic acid as a spacer diluent,
and LS layers of 2 behave as related self-assembled mono-
layers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The molecular organization in defined assemblies is one
of the most interesting issues in the growing field of molecu-
lar electronics and optoelectronics.[!-?l In this regard, the
Langmuir-Blodgett (LB) technique represents a powerful
tool to tailor and develop functional molecular assemblies
of defined structures.[’! Various classes of molecular materi-
als have been studied as LB films, ranging from simple
functional organic molecules®! to complex functional sys-
tems. ™!

Recently, metal Schift base complexes have been investi-
gated for their diverse properties.>71 The role of the metal
centre in determining the characteristics of these complexes
is manifold. It has been shown that the catalytic,™ fluores-
cent,' and nonlinear optical propertiest” and their possible
interplay with magnetic couplingl’! of these complexes are
strictly related to the coordinated metal.

LB films of Schiff bases have previously been prepared,
and the related structure investigated. In particular, mono-
and multilayers of alkyl-substituted Schiff bases and related
complexes,® some formed at the water/air interface,!®) have
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been examined. In all cases, however, either in the presence
of short alkyl or long N-alkyl-substituted side chains, these
species lead to the formation of aggregates,!®! with struc-
tures in which the aromatic rings have a nearly flat orienta-
tion with respect to the water surface or the substrate.®!
The horizontal lifting method [Langmuir-Schifer (LS)
technique] has also been used in order to deposit films of
both unsubstituted and substituted Schiff bases.!” Interest-
ingly, it was found that chiral supramolecular assemblies
were obtained from achiral Schiff bases with or without
alkyl chains, probably because of stereoregular m—m stack-
ing.[10]

The presence of dipodal alkyl side chains in the salicylid-
ene rings of the Schiff base offers an interesting possibility
of investigating its adopted structure and properties in the
formation of multilayer LB films. Molecules with large head
groups and the long alkyl derivatization have been used for
the construction of LB films. The design of moieties with
such a cross-sectional mismatch between the alkyl tail and
the head group has been of great interest not only in the
case of Schiff bases,®® but also for other important func-
tional molecules such as merocyanines.['!} In this paper, we
report on the synthesis of novel functional®”! amphiphilic
Ni'' and Zn" Schiff base complexes (Scheme 1) and the
preparation/characterization and optical properties of LS
multilayer films. Studies on the photoprocesses involving
thin films and their modulation through changes in the
molecular environment of active materials are a subject of
thorough investigations. In our case, fluorescence emission
has been activated, depending on the molecular organiza-
tion of the active species inside the LS films.
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Scheme 1.

Results and Discussion

The dipodal alkyl-derivatized Schiff base complexes 1
and 2 were synthesized by a nucleophilic substitution reac-
tion between the 4-hydroxy substituted bis(salicylaldimin-
ato)Zn™! complex or the related Ni' phenoxide disodium
salt and 1-iodododecane. Amphiphilic complexes 1 and 2
are insoluble in most polar solvents, but sufficiently soluble
in nonpolar solvents, thus allowing the easy preparation of
Langmuir films simply by using pure water as a subphase.

The surface pressure vs. area (7—A4) Langmuir isotherm
for a floating layer of 1 on the ter subphase is reported in
Figure 1. It clearly indicates the existence of two phases: the
gaseous phase for pressures =1.3 mNm™' and the solid
phase for 7 =4 mNm'. Moreover, it indicates that the
compound can withstand pressures of up to 7 =48 mNm!,
while the molecular area extrapolated to zero surface pres-
sure is ca. 64 A2 This molecular area corresponds approxi-
mately to the estimated area of the hydrophilic bis(salicyl-
aldiminato)Ni! planar fragment, thus indicating that on the
average the molecules lie on the surface with the dipodal
hydrophobic substituents perpendicular to the surface.
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Figure 1. Surface pressure vs. area isotherms for 1 (solid) and 2
(dotted) at 293 K.
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One of the most important influences on the packing of
the floating films is surely the head group, as a consequence
of steric hindrance as well as of its specific interactions with
the molecular environment. In order to generate real and
stable monolayers, a balance between hydrophobic and hy-
drophilic ends of the molecules is needed. In our case,
strong polar groups are not present on the periphery of the
Schiff base complexes, and, consequently, it is not surpris-
ing that 3D aggregates are formed on the water surface.
Brewster angle microscopy (BAM) images (Figure 2), how-
ever, indicate the existence of aggregates even for low sur-
face pressure values. The contemporaneous subsistence of
three-dimensional aggregates and clean water surface is ob-
served even just after solvent evaporation and at low surface
pressures and low area densities. It is possible to distinguish
a multiphase structure, with bright regions for the 3D ag-
gregates and dark areas for the pure water surface in the
image (0.1 mNm!, Figure 2a). During compression, such
domains coalesce and broaden; they begin to show more
clearly facets and different shades of grey. This is illustrated
in Figure 2b, taken at a surface pressure of 5mNm™! (area
per repeat unit of about 64 A2). Further compression at
higher surface pressures permitted evidence of the genera-
tion of other clusters, even though for 7 > 20 mNm™', the
morphology of the floating film appeared not to be very
sensitive to variation in the surface pressure. Such a trend
is illustrated in Figure 2¢ and d, in which = is 20 and
47 mNm !, respectively. This behaviour is consistent with
the pattern shown in the Langmuir isotherm (Figure 1), in
which the slope is constantly above a pressure of
10 mNm™'. Moreover, the Langmuir curve is consistent
with that reported by Hemakanthi et al.’?l for a Zn'' com-
plex of a similar Schiff base, 2,4-dihydroxy-hexadecyl-
benzylideneamine.

The floating layers at the air-water interface were also
investigated by reflection spectroscopy. In particular, the re-
flection of light under normal incidence at the water surface
covered with a floating film of 1 was studied. This method
is well suited for the investigation of the behaviour of the
chromophore on the water surface, because only chromo-
phores at the interface contribute to the enhanced reflec-
tion.['?] The difference in reflectivity (AR) between the float-
ing layer of 1 on the subphase and the bare subphase was
monitored as a function of the wavelength. The correspond-
ing reflection spectra from 1 on the water surface at dif-
ferent fixed surface pressures after reaching equilibrium are
shown in Figure 3.

A monotonic reflection enhancement upon compression,
as result of the average surface density growth, ac-
companied by an essentially unchanged profile is observed.
This finding suggests that the nature of the aggregates re-
mains unchanged even at high surface pressures.

Such a rigid floating film is not transferable by the usual
vertical dipping method, but multilayers have been fabri-
cated by the horizontal lifting (LS) technique onto different
substrates. Films of 1 (LS-1) were prepared following this
approach: hydrophobized quartz substrates were lowered
horizontally until they made contact with the floating film
5229
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Figure 2. BAM images of the floating layer of 1 at different surface
pressures: (a) 0.1mNm!, (b) SmNm', (c) 20mNm!, (d)
47 mNm™!. Width of images is 430 pm.
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Figure 3. UV/Vis reflection spectra of 1 at the air-water interface
at different surface pressures.

on the water surface. Following this procedure, a different
number of runs were accomplished on the substrate at a
surface pressure of 20 mNm™'. The UV/Vis absorption
spectra of LS-1 for different numbers of runs are reported
in Figure 4.

The absorption spectra (Figure 4) show the typical op-
tical absorption bands for such complexes, those mainly as-
sociated with the low-energy m—n* transitions!'3! at 312,
395 and 470 nm; the latter transition has a charge transfer
character. The optical absorption features are fully compar-
able with those of complex 1 in CHCI; solution (Figure 4),
with the exception of the slight redshift (=10 nm) and in-
crease in the intensity of the longer wavelength band. These
5230
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Figure 4. UV/Vis absorption spectra of LS films of 1 on quartz for
different numbers of runs. The absorption spectrum of 1 in CHCl;
solution (dotted) is reported for comparison. The insert shows the
plot of the absorbance at 395 nm as a function of number of runs.

features are also comparable to those found for self-as-
sembled monolayers of 1 on functionalized glass sub-
strates.l'¥ In other words, even if the formation of aggregate
layers occurs, it does not involve major electronic pertur-
bation of the frontier ® molecular orbitals. Moreover, the
good linear relationship between the absorbance and the
number of horizontal liftings (see inset Figure 4) indicates
the uniformity and reproducibility of the transfer process.
The overall data are thus consistent with a structure of the
floating films of 1 that involves formation of aggregates (3)
in which the planar bis(salicylaldiminato) units of each
molecule presumably interact in a m—n cofacial fashion!!3
in a head-to-tail configuration with respect to the molecular
dipole moment (Scheme 2). Since the aromatic rings of each
molecule are conjugated through the azomethinic
groups,!'3 such a structure will be suitable for stacking,
even during the compression of the floating film.
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Scheme 2. Possible structure of aggregate floating layers of 1.

Zinc(IT) complexes of Schiff bases are known to exhibit
a sizeable green—orange fluorescence strongly influenced by
the nature of substituents on the salicylidene rings and/or
on the bridging diimine.[>! In our case, the new alkyl-deriv-
atized Zn'" species 2 was investigated. Figure 5 shows the
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absorption and emission spectra of 2 in CH,Cl, solution.
The absorption spectrum is characterized by two bands at
315 and 372 nm and a shoulder at ca. 421 nm. The fluores-
cence emission is represented by an unstructured band with
maximum at 510 nm, independent from the excitation wave-
length. The fluorescence quantum yield, @ is =0.05.
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Figure 5. Absorption (solid) and fluorescence (dotted) spectra of 2
in CH,Cl, solution.

Floating layers of 2, obtained under the same experimen-
tal conditions to those of 1, exhibits an analogous behav-
iour. In fact, the Langmuir isotherm indicates the formation
of a solid phase for 7 = 1.3 mNm! and a molecular area
extrapolated to zero surface pressure of ca. 58 A2 (Fig-
ure 1). The BAM images for low surface pressures indicate,
analogously to 1, the existence of 3D aggregates (Fig-
ure 6a), while for higher n values, which correspond to the
solid phase, show, in contrast to 1, the existence of a con-
tinuous and homogeneous floating film (Figure 6b).

(b)

Figure 6. BAM images of the floating layer of 2 at different surface
pressures: (a) I mNm™'; (b) 15 mNm™!. Width of images is 430 pm.

The UV/Vis absorption spectra of LS-2 for different
numbers of runs are reported in Figure 7. Similar to those
of LS-1, they show the same characteristic features of ab-
sorption spectra in solution (Figure 5), with the exception
of a slight redshift (ca. 8 nm) of the band at 372 nm. More-
over, the very good linear relationship between the ab-
sorbance and the number of deposited layers (see inset Fig
ure 7) indicates the uniformity and reproducibility of the
transfer process.
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Figure 7. UV/Vis absorption spectra of LS films of 2 on glass for
different numbers of runs. The absorption spectrum of 2 in CH,Cl,
solution (dotted) is reported for comparison. The insert shows the
plot of the absorbance at 380 nm as a function of the number of
runs.

Nevertheless, fluorescence measurements of these films
do not show any fluorescence emission. In other words, ag-
gregate formation, presumably as a result of m stacking of
molecules through Zn--O interactions,!”) leads to a com-
plete quenching of the fluorescence, as previously observed
for analogous Zn'" complex aggregates!'® and for various
fluorophore aggregates.'”1 On the other hand, we have pre-
viously found that self-assembled monolayers of Zn'' com-
plexes, analogous to 2, possess fluorescence features (inte-
grated emission, intensity, and emission maximum) com-
parable to those of the complex in solution.[?"]

In order to verify the above supposition, i.e. dependence
of emission on molecular environment, mixed LS multilayer
films of 2 were prepared. In particular, mixed layers (1:10
molar ratio) with arachidic acid (AA) as a spacer diluent(>?!
were obtained (LS-2-AA). The Langmuir isotherm for the
floating layer of 2-AA (Figure 8) shows the existence of a
solid phase for t=5mNm™!, while the molecular area ex-
trapolated to zero surface pressure is ca. 22 A2, which corre-
sponds to that of arachidic acid.’¥¥ The BAM images, inde-
pendently from the surface pressure, clearly indicate the
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Figure 8. Surface pressure vs. area isotherm for 2-AA (1:10) at
293 K.
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existence of a homogeneous floating monolayer (Figure 9).
These results suggest that at high surface pressures, the
Schiff base complexes in the mixed floating film on the
water surface are gradually squeezed out of the acid mono-

(@) (b)

Figure 9. BAM images of the floating layer of 2-AA at (a)
I mNm ! and (b) 23 mNm . Width of images is 430 pum.

0.104
0.081
< 006 /
0.04{/

0.02-

0.00

300 350 400 450 500
Wavelength [nm]

e ®
S,
>
@
c
2
£
450 500 550 600 650
Wavelength [ nm]
E)
©
>
G
c
2
S

300 350 400 450
Wavelength [nm]

Figure 10. (a) Absorption, (b) fluorescence emission and (¢) fluo-
rescence excitation spectra of a mixed LS multilayer (100 runs) of
2-AA on quartz. Related spectra of 2 in CH,Cl, solution (dotted)
are reported for comparison. The emission and excitation spectra
were taken with 4., = 400 nm and A, = 500 nm, respectively.
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layer. The Schiff base molecules are therefore finally proba-
bly positioned in contact with the ends of the hydrocarbon
lipophilic tails of the arachidic acid molecules, which result
in an arachidic acid monolayer covered with Schiff base
moieties. This is also consistent with the larger affinity of
the Schiff base towards the hydrophobic matrix formed by
the arachidic acid tails than that towards the polar water
surface. The same behaviour was already suggested in other
investigations on LB films of mixtures of the fatty acid and
porphyrins.?! In particular, the pattern of the Langmuir
curve is very similar to that reported by Arnold.[>!2l
Optical absorption and fluorescence spectroscopy results
of a representative LS-2-AA film are reported in Figure 10.
As expected, even though the signal is noisy and has a low
intensity, both absorption and fluorescence spectra are
comparable to those of 2 in CH,Cl, solution, as also further
confirmed by fluorescence excitation spectroscopy.

Conclusions

In summary, the synthesis of novel functional amphi-
philic Ni'" and Zn" Schiff base complexes allowed the prep-
aration and detailed structural and optical characterization
of multilayer LS films. The existence of stacked 3D aggre-
gates is observed for all films, even in the floating layer at
low surface pressures. Aggregate formation, however, does
not involve major electronic perturbation of frontier orbit-
als, as evidenced by the absorption spectra that are similar
to those reported in solution or in self-assembled mono-
layers. Fluorescence emission, however, is much more sensi-
tive to the chemical environment, and a complete quench-
ing is observed in multilayer LS aggregates. In the limit of
negligible interchromophore interactions, as in the case of
mixed LS multilayers, the fluorescence is restored by using
arachidic acid as a spacer diluent, and LS layers of 2 behave
as related self-assembled monolayers; the latter is charac-
terized by relatively high surface coverage.l’!

Further studies are in progress to probe the influence of
hindered Schiff bases or the coordination of apical ligands
on the Zn" complexes?®! on the aggregation and fluores-
cence of the LS multilayers.

Experimental Section

Materials: Nickel(II) acetate tetrahydrate, Zinc(Il) acetate dihy-
drate, 2,4-dihydroxybenzaldehyde, sodium zerz-butoxide, anhydrous
potassium carbonate and 1-iodododecane (Aldrich) were used
without further purification. 4,5-Dichloro-1,2-phenylenediamine
and 1,2-phenylenediamine (Aldrich) were purified by sublimation
in vacuo.

Physical Measurements: Elemental analyses were performed on a
Carlo Erba 1106 elemental analyzer. 'H NMR spectra were re-
corded on a VARIAN INOVA 500 spectrometer, by using TMS as
internal standard. Absorption spectra were recorded with a
Beckman DU 650 spectrophotometer. Fluorescence spectra were
recorded with a Spex Fluorolog-2 (mod. F-111) spectrofluorimeter,
equipped with a double monochromator. The fluorescence quan-
tum yield was obtained by using quinine sulfate in 1 N H,SO, as
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standard. The absorbance values of the solutions at the excitation
wavelength were lower than 0.15 for a 1-cm pathlength. Fluores-
cence measurements on LS Zn'" multilayer films were carried out
in a front face configuration, the emission was collected at an angle
of 22° with respect to the excitation beam. ESI-MS were recorded
on an Agilent 1100 Series ESI/MSD spectrometer. Experimental
conditions were as follows: capillary voltage 3.5 KV, fragmentor
150V, source temperature 350 °C, drying gas N, (10 L/min), carrier
solvent methanol (0.4 mLmin!). The sample was dissolved in
CHClI; containing one drop of formic acid.

Synthesis of [N,N'-Bis(4-dodecyloxy-2-hydroxybenzylidene)-4,5-
dichloro-1,2-phenylenediaminato]Ni"" (1): In a 250-mL two-neck
flask, equipped with a condenser, magnetic stirring bar and an ad-
dition funnel, an excess of 1-iodododecane (0.90 mL, 3.6 mmol) in
dmf (10 mL) was placed. The solution was heated at 80 °C, and
then a solution of Ni'"[N,N’'-bis(2,4-dihydroxybenzylidene)-
4,5-dichloro-1,2-phenylenediaminato]disodium  salt!'"  (0.233 g,
0.450 mmol) in dmf (150 mL) was added dropwise. The solution
was heated at reflux overnight, then cooled and poured into meth-
anol (300 mL), whilst stirring, to yield a red-wine solid. The solid
was collected by filtration and dried under vacuum at room tem-
perature. The solid was then adsorbed onto silica gel and chro-
matographed (R; = 0.19; dichloromethane/n-hexane = 60/40) to
yield 0.204g (56%) as a red-orange solid (m.p. 159-162).
Cy4HgoCLLN,NiO, (810.56): caled. C 65.20, H 7.46, N 3.46; found
C 65.90, H 7.74, N 3.69. ESI-MS: m/z (%) = 809 (87), 811 (100)
[MH]*. '"H NMR (500 MHz, CDCl5): § = 0.84 (t, J/ = 6.8 Hz, 6 H,
CHs), 1.25-1.40 (m, 40 H, CH,), 3.95 (t, J/ = 6.5 Hz, 4 H, OCH,),
6.32 (dd, J = 9.0, 2.0 Hz, 2 H, Ph), 6.57 (d, J = 2.0 Hz, 2 H, Ph),
7.16 (d, J = 9.0 Hz, 2 H, Ph), 7.67 (s, 2 H, Ph), 7.87 (s, 2 H, CH=N)
ppm. UV/Vis (CHCIL3): Apayx (6, X10* Mlem™) = 317 (2.14), 398
(2.83), 460 (1.45) nm.

Synthesis of [N,N'-Bis(4-dodecyloxy-2-hydroxybenzylidene)-1,2-
phenylenediaminato]Zn"" (2): 1-iodododecane (0.49 mL, 2.0 mmol)
was added to a suspension of K,COj; (0.553 g, 4.00 mmol) and
Zn""[N,N'-bis(2.4-dihydroxybenzylidene)-1,2-phenylenediaminato]i2%]
(0.412 g, 1.00 mmol) in anhydrous dmf (3 mL). The mixture was
heated at 125 °C (oil-bath temperature) for 24 h, cooled to room
temperature, and poured into a 10% NaOH solution (20 mL). The
solid was collected by filtration, washed first with water, then with
methanol, and dried in air. The brown solid was crystallized from
a mixture of EtOH and CHCI; to yield 0.43 g (57%) of a brown—
yellow solid (m.p. 160-162 °C dec.). C44HsN,O4Zn (748.36):
caled. C 70.62, H 8.35, N 3.74; found C 70.90, H 8.50, N 3.61.
ESI-MS: m/z (%) = 769 (100) [M + Na]*. '"H NMR (500 MHz,
CDCl;): 0 = 0.89 (t, J = 6.9 Hz, 6 H, CH3), 1.25-1.40 (m, 40 H,
CH,), 3.74 (t, J = 6.6 Hz, 4 H, ArOCH,), 6.11 (m, 4 H, ArH), 6.86
(m, 2 H, ArH), 7.26 (m, 2 H, ArH), 7.36 (d, J = 9.0 Hz, 2 H,
ArH), 8.33 (s, 2 H, CH=N) ppm. UV/Vis (CH,Cl,): Anax (&, X 10*
M lem ) = 315 (1.55), 372 (1.40), 421 (sh.) (7.72) nm.

Langmuir Experiments — Film Preparation: Films of 1 and 2 on
quartz slides (30 X 40 mm), previously hydrophobized by exposure
for 24 h to a saturated atmosphere of 1,1,1,3,3,3-hexamethyldisilaz-
ane, were obtained by the Langmuir—Schéfer method (horizontal
lifting) by using a KSV 5000 System 3 Langmuir—Blodgett appara-
tus (subphase surface of 850 cm?). Chloroform was used to make
up the spreading solutions: 1 (1.00 mg, 1.2X10“*mol) and 2
(1.00 mg, 1.3 X 10* mol) were completely dissolved in chloroform
(10 mL). Ultrapure water (resistance larger than 18 MQcm) from
a Milli-Q/Elix3 Millipore system was used as the subphase. The
subphase was thermostatted at 293 K by a Haake GH-D8 appara-
tus. The spreading solutions (200-400 uL aliquots) were spread
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onto the subphase. After solvent evaporation, the floating film was
compressed at a speed of 5 A2molcule'min~!. In each case, the
floating film was compressed without exceeding the collapse pres-
sure and then relaxed through several cycles until reproducible
curves were obtained. Usually three or four cycles were sufficient.
Mixed films of 2 were also prepared by using arachidic acid as
diluent in a 1:10 molar ratio; the Schiff base and arachidic acid
were dissolved in chloroform.

Langmuir Experiments — Reflection Spectroscopy and Brewster An-
gle Microscopy: Reflection spectroscopy BAM analysis were carried
out using a NIMA 601BAM apparatus, at a compression speed of
5 A2molcule 'min!. The reflection data (AR) were obtained by
an NFT RefSpec Instrument. They were acquired under normal
incidence of radiation according to the description given in Ref.l!?]
and correspond to the difference between the reflectivities of the
floating film/liquid interface and the clean air/liquid interface. All
reflection spectra were obtained at 293 K. BAM measurements
were carried out on an NFT BAM2plus system with a lateral reso-
lution of 2 pm.
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