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Abstract

The novel amphiphilic benzodithia-18-crown-6 butadienyl dye (1) forms relatively stable insoluble monolayers on distilled water (colla
pressure of 41 mN/m) and on aqueous subphases containing alkali metal or heavy metal salts (collapse pressures in the range of 27–/m,
respectively). The dye1 monolayer organization depends on chromophore association and interactions (especially complex format
heavy and alkali metal ions as deduced from surface pressure–area and surface potential–area isotherms as well as reflection
Brewster angle microscopy observations. Dye1 undergoes specific interactions with Hg2+ and Ag+, respectively (formation of differen
complexes). Nonspecific interactions have been observed with other salts, such as KClO4 or Pb(ClO4)2. Further, dye1 monolayers on 1 mM
Hg(ClO4)2 solution undergo reversible photoisomerization, in contrast to monolayers on water and other aqueous salt subphases.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Monolayers of various crown ethers can serve as un
models for the investigation of molecular recognition and
teraction phenomena at interfaces that can be consider
fundamental features of biological membranes. Modifica
of the crown ethers with long hydrocarbon chains and p
tosensitive groups leads to functional surface-active de
atives, which are particularly useful for the construction
various supramolecular systems [1]. These systems are
promising for future applications as sensitive compone
for ion detection in optical and electrochemical devices
novel materials for recording, storage and processing of
tical information, as components in optical waveguides,
for photocontrolled extraction of metal cations [2].

After our first publication devoted to the investigati
of monolayers and Langmuir–Blodgett (LB) films of crow
ethers [3], the literature in this field was summarized in
well-known review of Lednev and Petty [4]. During la
years, attention has been devoted to the study of mono
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ers at the air–water interface and transferred onto solid
strates of photo- and electroactive amphiphilic crown eth
with azobenzene groups in the macrocycle [5–8]. In cont
to this type of amphiphilic compounds, we are studying a
phiphilic crown ethers with –C=C– group as a part of th
chromophore attached to the macrocycle. Our recent s
ies [9–14] on monolayers and LB films of a series of a
phiphilic crown ether styryl dyes with variable size of t
polyether ring and varying substitution in the chromopho
part demonstrated the possibility of preparing photosens
films with the ability to selectively bind particular alkali an
heavy metal cations. Recently, analogous compounds
butadienyl instead of styryl moiety in the photosensitive p
have been synthesized. Here, we report on the ionosele
and photosensitive properties of such a novel amphip
benzodithia-18-crown-6 butadienyl dye in monolayers.

2. Experimental

2.1. Materials

The novel amphiphilic benzodithia-18-crown-6 buta
enyl dye (1) has been prepared by the condensation

http://www.elsevier.com/locate/jcis
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action of 2-methyl-3-octadecyl-benzothiazoliumperchlor
with dithia-18-crown-6 ether cinnamaldehyde in anhydr
ethanol:

The synthesis of the initial heterocyclic salt [15] a
crown ether cinnamaldehyde [16] has been described ea
Compound1 has been thoroughly characterized by NM
spectroscopy and elemental analysis. According to N
spectra the dye1 has been obtained in thetrans,trans-
configuration (3J H(a),H(b) and 3J H(c),H(d) = 14.4–15.3 Hz)
and thes-trans-conformation (3J H(b),H(c) = 11.1 Hz). M.p.
= 179–181◦C. H1 NMR (Bruker DRX500 spectromete
CDCl3) δ: 0.88 (t, 3H, CH3); 1.26 (m, 28H, 14CH2); 1.46
(m, 2H, CH2CH2CH2N); 1.86 (m, 2H, CH2CH2N); 2.90
(m, 2H, γ ′-CH2S); 3.08 (m, 2H,β ′-CH2S); 3.10 (m, 2H,
γ -CH2S); 3.19 (m, 2H,β-CH2S); 3.65 (m, 4H, 2ε-CH2O);
3.73 (m, 2H,δ-CH2O); 3.82 (m, 2H,δ′-CH2O); 4.02 (m,
2H,α-CH2O); 4.29 (m, 2H,α′-CH2O); 4.59 (m, 2H, CH2N);
6.51 (d, 1H, H(5′), J 8.2); 6.94 (d, 1H, H(6′), J 8.2); 7.13 (s,
1H, H(2′)); 7.23 (d, 1H, H(d),J 15.3); 7.44 (dd, 1H, H(c)
J 11.1,J 15.3); 7.46 (d, 1H, H(a),J 14.4); 7.59 (d, 1H
H(4), J 8.4); 7.63 (m, 1H, H(6)); 7.70 (m, 1H, H(5)); 7.8
(dd, 1H, H(b),J 11.1,J 14.4); 7.95 (d, 1H, H(7),J 7.9).
Anal. Calculated for C45H68ClNO8S3 (881.5); C, 61.23; H
7.77; N, 1.59. Found: C, 61.46; H, 7.84; N, 1.58.

The salts KClO4 (99+%), AgClO4 (99.9%), Hg(ClO4)2
(98%) and Pb(ClO4)2 (99.995%) have been purchased fro
Aldrich and were used without further purification. T
water has been cleaned with a Milli-Q filtration unit
Millipore Corp. (specific resistance 18 M	 cm, surface
tension 72.7 mN/m at 20◦C).

2.2. Methods

Surface pressure (π )–molecular area (A) and surface po
tential (�V )–molecular area (A) isotherms of dye monolay
ers have been recorded on a rectangular trough (dimen
11× 38× 0.8 cm) made from polytetrafluoroethylene pr
vided with a 2-cm-wide filter paper Wilhelmy balance a
vibrating plate condenser (with Pt plate, diameter 1.5
operating at 400 Hz). The 1 mM dye solution (35 µl) h
been spread onto water or various 1 mM aqueous sal
lutions (20◦C), and the monolayers have been compres
by moving the barrier with a constant speed of ab
16.1 cm2/min.
.

s

-

The dye monolayers have been characterized by Brew
angle microscopy (BAM) [17] using a MiniBAM (NFT Göt
tingen) equipped with a laser diode, emission wavelen
660 nm. Reflection spectra as well as temporal variat
of reflectivity of monolayers at constant surface press
have been measured under normal incidence of light
a modified spectrometer of the type described earlier
and are plotted as the difference�R of the reflectivities of
the monolayer-covered surface and the bare surface.

3. Results and discussion

3.1. Surface pressure–area and surface potential–area
isotherms

The amphiphilic benzodithia-18-crown-6 butadienyl d
forms relatively stable insoluble monolayers on distil
water and various aqueous salt subphases. The col
pressure of the dye monolayers, according toπ–A isotherms
and BAM observations, is about 41 mN/m on distilled
water that is higher than obtained for monolayers of ben
18-crown-6 styryl dye (25.5 mN/m) or benzo-15-crown
5 styryl dye (34.5 mN/m), respectively [13]. Theπ–A

isotherms of the dye on water and aqueous solution
KClO4, Pb(ClO4)2 and Hg(ClO4)2, concentration 1 mM, ar

Fig. 1. Surface pressure–area isotherms (a) and surface potentia
isotherms (b) of the crown-ether dye1 monolayers on water (1) and 1 mM
aqueous solutions of KClO4 (dashed, 2), Hg(ClO4)2 (3), and Pb(ClO4)2
(4) at 20◦C.
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shown in Fig. 1a, and the corresponding�V –A isotherms
in Fig. 1b. There are remarkable differences in both type
dye isotherms by subphase variations, illustrating the eff
of specific and nonspecific dye–ion interactions as wel
chromophore organization.

The comparison of the dyeπ–A isotherms on wate
(Fig. 1a, curve 1) and 1 mM KClO4 (Fig. 1a, dashed curve 2
shows a pronounced contraction in the presence of KC4.
Since no complex formation of the macrocycle with K+ has
been found in solution, the differences are attributed to n
specific interaction of the cationic dye1 with the anion.
A pronounced influence of anions in the aqueous subp
on monolayer organization of a cationic amphiphile, as
pressed inπ–A and�V –A isotherms as well as topograph
has been observed in the case of dimethyldioctadecylam
nium bromide [19]. Our interpretation here is supported
the high similarity of theπ–A isotherm of the monolaye
on 1 mM HClO4 (data not shown here). Further, theπ–A

isotherm in the presence of Pb(ClO4)2 (Fig. 1a, curve 4)
closely resembles that measured in the presence of KC4
(Fig. 1a, dashed curve 2), and this applies also for the
teresis behavior upon expansion of the compressed m
layer (data not shown here) as well as for the monola
topography characterized by BAM (see later). Therefo
monolayer organization is similar in these three cases,
cluding noticeable complex formation of1 with Pb2+ ions
in the subphase. This is rather surprising for a macroc
with two S atoms that should strongly interact with Pb2+.
Indeed, complex formation is clearly observed spectrosc
ically in acetonitrile solution.

In the case of Hg(ClO4)2 salt, the dye monolayer has tw
states (liquid-expanded state I betweenπ = 0 and 20 mN/m,
i.e., A = 1.1 to 0.8 nm2, and liquid-condensed state
betweenπ = 20 and 38 mN/m, i.e.,A = 0.8 to 0.5 nm2,
with a pronounced transition in between (Fig. 1a, curve
The significant difference between theπ–A isotherm of the
dye on Hg(ClO4)2 and those on other salts as well as
water is a “first hint” of the specific interaction (comple
formation) between the macrocycle and Hg2+ ions. Such
complex formation and consequently enhanced repul
of the positively charged molecules in this monolayer i
reasonable explanation of the pronounced increase (a
30%) of area per dye molecule in the liquid-expanded s
in the presence of Hg2+ as compared to other salts
water. Theπ–A isotherm obtained with AgClO4 (not shown
here) is similar to that on water up toπ = 30 mN/m and
more condensed as compared to previously studied s
dyes [13].

Additional information is obtained from the�V –A

isotherms shown in Fig. 1b. The potential values for d
monolayer on water are increasing gradually in the wh
range of dye monolayer compression (Fig. 1b, curve 1). T
may be due to a continuous chromophore tilting upon
monolayer compression on water. In contrast, a signific
and sharp increase of the potential values for the
monolayer is observed on 1 mM aqueous solutions of
-

-

t

salts studied here. For example, the surface potential rea
values (about 800 mV) clearly more positive in prese
of KClO4 (Fig. 1b, dashed curve 2) as compared to wa
(about 380 mV, Fig. 1b, curve 1). A remarkable similar
of the�V –A isotherms on Pb(ClO4)2 (Fig. 1b, curve 4) and
KClO4 is found (same as for theirπ–A isotherms) indicating
nonspecific interaction between dye and these salts.
similarity of �V –A isotherms for dye monolayer on the
salts and 1 mM HClO4 (data not shown here) is addition
evidence for this interpretation. The�V –A isotherm on the
Hg2+ (Fig. 1b, curve 3) and Ag+ (not shown) salt solution
with sharp increase of about 400 mV differs considera
from those of water (gradual increase on about 380 m
KClO4 and Pb(ClO4)2 (sharp increase to about 800 m
providing evidence for specific complex formation w
Hg2+. These features ofπ–A and�V –A isotherms indicate
the existence of two types of monolayer structures (du
specific or nonspecific dye–salt interactions) in the cas
Hg(ClO4)2 and AgClO4 or KClO4 and Pb(ClO4)2 solutions,
respectively, as compared to pure water as subphase w
the dye organization may be assigned as a third type.

3.2. Reflection spectroscopy

Important information on chromophore association a
orientation as well as dye–cation complexation is gai
by measuring reflection spectra of the dye monolayers
distilled water and the various salt solutions. In all ca
strong bands are observed in the range of 400–650
(Fig. 2). Since the shape of the reflection bands did not v
markedly with dye monolayer compression on water
aqueous salt solutions, only the spectra atπ = 10 mN/m
are shown in Fig. 2a for water (curve 1) and the 1 m
aqueous solutions of KClO4 (dashed curve 2), AgClO4
(curve 3), and Pb(ClO4)2 (curve 4). The reflection maximum
on distilled water is atλmax = 442 nm (Fig. 2a) as compare
to λmax= 461 nm in acetonitrile solution (at 5×10−5 M dye
concentration). The shift of the maximum may be attribu
to the formation of, e.g., head-to-tail dimers of dye1 with
the cationic heterocycle interacting with the macrocycle
the neighbor molecule. Such an association could exp
the rather small value of the surface potential of dye1
monolayers on water. The intensity of this band in the ra
of 400–500 nm is almost 2 times higher than obser
for dithiacrown-ether styryl dyes under the same measu
conditions [13,14]. The reflection signal normalized
surface density of1 �Rn = �R · A = 0.35× 10−2 nm2 for
water atπ = 10 mN/m. However, in contrast to the behavi
on water, this normalized reflection signal�Rn decreases
upon compression (data not shown here) on 1 mM
solutions, indicating an increasing tilt of the chromoph
with respect to the water surface with increasing surf
pressure.

In the presence of 1 mM KClO4 (Fig. 2a, dashed curve 2
or Pb(ClO4)2 (Fig. 2a, curve 4) in the aqueous subphase,
spectrum is quite different from that on water. A broad ba
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Fig. 2. Reflection spectra of monolayers of the crown ether dye1: (a) at
a surface pressure of 10 mN/m on water (curve 1) and on 1 mM aqueo
solutions of KClO4 (dashed, 2), AgClO4 (3) and Pb(ClO4)2 (4); (b) on
1 mM (1, 2) and 1 µM (3, 4) HClO4 at a surface pressure of 10 mN/m
(1, 3) and 20 mN/m (2, 4); (c) on 1 mM Hg(ClO4)2 at a surface pressure
1 mN/m (dotted, 1), 10 mN/m (dashed, 2), 20 mN/m (dashed-dotted, 3)
and 30 mN/m (solid curve, 4).

with FWHM about 173 nm and maximum atλmax = 522 nm
is observed in both cases. This may be attributed to
presence of two species, one being the dye1 monomer
and the second with the shift to larger wavelength
particular associate, whose organization is due to nonspe
interaction with ClO−

4 . This conclusion is supported b
the fact, that almost the same reflection spectra have
obtained for dye monolayers on 1 mM HClO4 (Fig. 2b,
curves 1 and 2). At very low HClO4 concentrations (1 µM
in the aqueous subphase, two bands are observed (Fi
n

,

curves 3 and 4), one band with the maximum similar
water, and the second close to that on 1 mM HClO4 (Fig. 2b),
as well as on 1 mM KClO4 or Pb(ClO4)2 (Fig. 2a). In
the case of AgClO4 (Fig. 2a, curve 3) the band maximu
is shifted toλmax = 474 nm and a narrowing of the ban
is observed (FWHM= 121 nm) as compared to KClO4,
indicating complex formation of the dye with Ag+ ions. In
acetonitrile solution, complex formation of1 with Ag+ has
been observed spectroscopically (data not shown).

In the presence of Hg(ClO4)2 in the aqueous subpha
(Fig. 2c), the reflection spectrum of dye monolayers atπ =
10 mN/m (Fig. 2c, dashed curve 2) has relatively bro
band (FWHM= 115 nm) withλmax = 470 nm resembling
that on AgClO4. However, in contrast to AgClO4 as well
as water and other salts, in the presence of Hg(ClO4)2 the
band maximum shifts upon dye monolayer compressio
λmax = 442 nm atπ = 30 mN/m, and a small shoulder
observed atλ = 420 nm (Fig. 2c, solid curve 4). This is a
ditional evidence for the strong and specific complex form
tion between dye and Hg2+. In acetonitrile solution, the dye
Hg2+ complex has band maximum atλmax = 441 nm (i.e.,
close to that in the monolayer at high surface pressures
without pronounced shoulder. Upon dye monolayer co
pression on Hg(ClO4)2, the normalized reflection intensi
decreases indicating an increase of the chromophore til

3.3. Monolayer topography

The different organization of dye1 in monolayers a
π = 10 mN/m on the different subphases studied here is
expressed in the topography as seen by BAM; see Fig. 3
water very small domains are just visible (Fig. 3a). BA
images of the monolayer on KClO4 (Fig. 3b) and Pb(ClO4)2
(Fig. 3c) are almost identical, but differ from those
water. The domains dominating the images show str
contrast presumably due to different azimuth with resp
to the incident p-polarized light. The remarkable similar
of the topography is strong evidence for a similar molec
organization in these monolayers. Finally, the monolaye
AgClO4 (not shown) and Hg(ClO4)2, respectively, appear
homogeneous (Fig. 3d, the interference fringes seen in
image result from dust particles on the optical compone
This behavior is additional evidence for a specific interac
of dye 1 with Ag+ and Hg2+, respectively, as compared
KClO4 and Pb(ClO4)2.

3.4. Photoisomerization

The dye monolayers on water (data not shown h
showed a sharp decrease of reflection signal at the maxi
of the band at 440 nm within about 1 min upon illuminati
with light of wavelength 438 nm, i.e., close to the ba
maximum. The reflection�R has not become consta
(steady state not reached) when the light has been swit
off. No (or negligible) increase of�R has subsequentl
been observed in the dark. Similar irreversible change
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Fig. 3. BAM images of the crown-ether dye1 monolayers on water (a) and 1 mM solutions of KClO4 (b), Pb(ClO4)2 (c), and Hg(ClO4)2 (d).
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�R have been observed for all studied salts, with o
one exception. In the presence of 1 mM Hg(ClO4)2 the
photoinduced changes of�R are reversible (steady sta
has been reached) since�R increases almost to the initia
values after the light has been switched off. These res
are the first indication of the interplay of ionoselective a
photosensitive properties of the novel dye1 in monolayers.

4. Summary

The novel amphiphilic benzodithia-18-crown-6 buta
enyl dye1 forms stable monolayers on water and vario
1 mM aqueous salt solutions. A variety of associates as
as complex formation with Hg2+ and Ag+ has been ob
served. In the case of K+ no complexes were found neith
in the monolayer nor in solution. To our surprise, Pb2+ ions
that clearly show complex formation in acetonitrile soluti
are not interacting with the macrocycle in the monolay
however, nonspecific interactions of the anion ClO−

4 cause
a behavior different from that on water in the presence
both KClO4 and Pb(ClO4)2. Reversible photoisomerizatio
of dye 1 monolayers has been observed in the presenc
1 mM Hg2+ in the aqueous subphase only. We anticip
that the approach described here will be useful for the c
struction of functional supramolecular systems.
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