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A dipolar two-dimensional multifunctional (D-n);-A dye molecule, 2,4,6-tris(4-octadecyloxystyryl)pyrylium
tetrafluoroborate (OP3) was synthesized. The dye molecule was successfully transferred onto an ITO electrode
or quartz by LB techniques. The second-harmonic generation (SHG) and photoelectric conversion (PEC)

properties of monolayers of this “umbrella-molecule” were studied under 10 mN m ™! and 30 mN m™~

! surface

pressure. The different tilt angles of the “umbrella-molecules” result in the difference in SHG and PEC
properties. Both SHG and PEC properties of OP; obtained under 30 mN m ™! are better than those obtained

under 10 mN m™ L.

Introduction

Electrooptic materials are of interest due to their potential
applications in electrooptic signals, telecommunications and
data storage.> One of the important components of these
materials is a nonlinear optical (NLO) chromophore. Most
studies of NLO molecules have focused on dipolar one-
dimensional®>* and octupolar two- and three-dimensional>®
NLO chromophores. Moreover, multifunctional dipolar one-
dimensional NLO materials with magnetism,” conductivity®’
or photoelectric conversion (PEC) properties'®™'* have already
been reported. Although dipolar two-dimensional molecules
exhibit several interesting properties, however, systematic
experimental studies have rarely been done.'*'® Huang has
previously reported a dipolar two-dimensional molecule (P3,)
with photoelectric conversion properties.'”” To continue our
investigation, we designed a novel dipolar two-dimensional
multifunctional (D-r);-A dye molecule, 2,4,6-tris(4-octadecyl-
oxystyryl)pyrylium tetrafluoroborate (OP3) (Scheme 1), in
which three electron-donating groups link one electron-
accepting group through three m-conjugation (-CH=CH-)
groups. This OP3 “umbrella-molecule” could be formed at
the air/water interface and was transferred onto an indium-tin
oxide (ITO) substrate or quartz by Langmuir—Blodgett (LB)
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Scheme 1 Molecular structure of the OP; dye.
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techniques. The second harmonic generation (SHG) and PEC
properties of the multifunctional dye LB monolayers were
observed.

Experimental

4-Octadecyloxybenzaldehyde was prepared according to the
method reported previously.'® 2,4,6-Trimethylpyrylium tetra-
fluoroborate was synthesized as described in the literature.'
2,4,6-Tris(4-octadecyloxystyryl)pyrylium tetrafluoroborate
(OP3) was synthesized by condensing 2,4,6-trimethylpyrylium
tetrafluoroborate with three molar equivalents of 4-octadecyl-
oxybenzaldehyde in refluxing absolute ethanol for 5h. The
product was purified by column chromatography (SiO,,
MeOH-CH,Cl,=1:12).

OP;:  yield: 76%, mp: 241-242°C. Anal. calc. for
Cg3H 51BOsF4: C, 77.87; H, 10.32; found: C, 77.44; H,
10.78%; dyx (300 MHz, CDCly): 0.88 (t, 9H, 3CH3), 1.26 (m,
78H, 39CH,), 1.76 (m, 6H, 3CH,), 3.92 (m, 6H, 30CH,), 6.45
(d, 2H, phenyl), 6.72 (d, 4H, phenyl), 6.75 (d, 2H, 2CH=), 6.83
(d, 1H, 1CH=), 6.91 (s, 2H, pyrylium), 7.00 (d, 2H, phenyl),
7.10 (d, 4H, phenyl), 7.18 (d, 2H, 2CH=) and 7.30 (d, 1H,
1CH=).

Methylviologen diiodide (MV>") was synthesized by reac-
tion of 4,4'-bipyridyl with methyl iodide. Its identity was
confirmed by "HNMR analysis. Hydroquinone (H,Q) (AR)
was recrystallized from water before use. EuCl;-6H,O was
obtained by reaction of Eu,O; with hydrochloric acid. The
electrolyte for the electrochemical experiment was KCI (AR).

Elemental analysis was performed on a Carlo Erba 1106
elemental analyzer. '"HNMR spectra were recorded on a
Bruker ARX300 spectrometer. Electronic spectra in solution or
on LB films were recorded on a Shimadzu model 3100 UV-
VIS-NIR spectrophotometer. Melting points were measured
on an X4 micromelting point apparatus. The monolayers of
OP; were prepared by spreading the OP; chloroform solution
on an NIMA 622 Langmuir-Blodgett trough (20+1°C).
Water produced by an EASY pure RF system was used as
the subphase (R~ 18 MQ). Details of the methods used for
pressure (m)-area (4) measurement and the transfer process
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Fig. 1 Surface pressure-area (n—A) isotherms of OP; at the air/water
interface (20+1°C).

were the same as described previously.'® In all cases, the
transfer ratios were close to 1.0+0.1.

Second harmonic generation (SHG) experiments were
carried out in transmission with the laser beam (Nd:YAG,
A=1064 nm) at an angle of 45° to the LB films. The SHG data
from the LB films were analyzed by the general procedure
described by Ashwell.?® The SHG intensities were calibrated
against a Y-cut quartz reference (d;; =0.5 pm V).

Photoelectrochemical measurements were carried out in
0.5M KCI solution using the LB monolayer-modified ITO
electrode, platinum wire and Ag/AgCl electrode as working
electrode, counter electrode and reference electrode, respec-
tively. The effective illuminated area of a flat window for OP3
was 1 cm 2. The incident light beam from a 500 W Xe arc lamp
was passed through a group of filters (ca. 300-700 nm, Toshiba
Co. Japan, and Schott Co. USA) in order to get a given
bandpass of light. The light intensity at each wavelength was
measured with an energy and power meter (Scientech, USA).
The photocurrent was detected using a voltammetric analyzer
(CH Instrument, model 600) at ambient temperature.

Results and discussion
LB film properties

The surface pressure versus area isotherm of OP; is shown in
Fig. 1. Data show that the collapse pressure of OP; is
38 mNm ™ !. The isotherm of OP; exhibits a characteristic
plateau in a broad range of area from 1.75 to 1.30 nm?® at
13.4mN m~'. Because the ratio of the area per molecule at the
beginning of the plateau to that at its termination amounts to
1.37, we suggest that such a broad plateau is due not to the
formation of multilayers but to a conformational rearrange-
ment when the surface pressure reaches 13.4mNm ™ '. The
limiting areas per molecule of OP; before and after the plateau
are 2.14 and 1.35nm?, respectively, extrapolated from the
tangent of the n—A4 isotherm at 30 mNm ' and 10 mN m ™'
(Table 1, 4). We suggest that the OP5 is possibly oriented at the
air/water interface under different surface pressures as shown
in Scheme 2 in which the three electron-donating groups may

Table 1 Properties of OP3py and OP5. LB films”

TIPS

90°— ¢
OP;
< Acceptor group (Pyrylium)

" Conjugation system + Donor group

Scheme 2 The possible arrangement of OP; at the air/water interface.

be arranged in an umbrella shape on the substrate with
different tilt angles ¢ (relative to the normal line of the
substrate). In order to investigate the effect of the surface
pressure on the properties of OP; LB monolayers, we chose
10mNm~' and 30 mN m~' which are before and after the
plateau in the n—A isotherm as representative pressures. OP3yy
and OP;; stand for LB monolayers of OP3 deposited on quartz
(or ITO slides) under 30 mNm ™' and 10 mN m™!, respec-
tively. Comparing the electronic spectra of OP;; and OP;; LB
films with those in chloroform solution (Table 1, A,,.x), blue-
shifts of 63 nm and 55 nm can be observed for OP3y; and OP5p,
respectively, indicating that H-aggregates formed in the films.?!

SHG properties

The second order susceptibilities ¥ of OP;y and OP5;. LB
monolayers deposited on quartz are 41 and 11.5pm V™!,
respectively. The tilt angles ¢ of OP;y and OP3;. LB
monolayers deposited on quartz are 41° and 70°, respectively.
The ratio of the limiting area for OP3; and OPzy (ca. 1.58) is
approximately equal to the ratio of their cos (90°—¢) (ca. 1.43),
which implies that the difference in the tilt angles for OP; and
OP; results mainly from the difference in their limiting areas.
The data show that ;{(2) of OP5y is about four times larger than
that of OP;y, indicating that the increasing SHG intensity is
due not only to the greater density of the molecule (Table 1,
No.,)) but also mostly to the change in relative orientation of
the chromophores when the surface pressure increases from
10 mN m ™! to 30 mN m ™. Therefore, it can be concluded that
the change in relative orientation of the chromophores is an
important factor for the SHG properties.

Photoelectric conversion properties (PEC)

A steady cathodic photocurrent was obtained from the OPzy
and OP3p monolayer-modified ITO electrode in 0.5 M KCI
solution under illumination with 137 mW cm ™2 white light. In

L%107 "2 nA
Dye I’mAcm™? ImAcm™? 5(%) FmAcm™? n5%%) yPlpm V™" ¢/° Amm®> No.,,/10" cm™ molecule™  Amayson/MM  imaxcr/nm
OP;y 158 12 0.13 89 096 41 41 1.35 7.41 2.13 501 438
OP;. 70 5.0 0.06 27.5 0.33 11.5 70 2.14 4.67 1.50 501 446

“J: photocurrent per square centimetre; /;: photocurrent per molecule; 7: external quantum yield; ®: second order susceptibility; ¢: tilt angle
relative to the normal line on the substrate; A: limiting area per molecule; No.(,,,: molecule number per square centimetre. *Irradiation under

2

137 mW cm ™~ white light for OP3y and OP3p in 0.5 M KCI electrolyte solution containing dissolved O,. “Irradiation under 137 mW cm™

2

white light at 450 nm for OP;y and OPsp, respectively, in 0.5M KCI electrolyte solution containing dissolved O,. “Irradiation under
137 mW cm ™2 white light at 450 nm for OP3y and OPj5;, respectively, under —100 mV, dissolved O,, 3 mM MV>* and 4 mM Eu’™.
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Fig. 2 UV-Vis absorption spectra of OP3y in chloroform solution (a)
and on LB monolayers (b) and action spectrum (c) of the cathodic
photocurrents for OP;y. The intensities of different wavelengths are all
normalised.

this discussion, OPsy is taken as an example for convenience.
The agreement between the photocurrent spectrum of the
cathodic photocurrent and the absorption spectrum for OPzy
(see Fig.2) indicates that the aggregates of OPzy in the LB
monolayer are responsible for photocurrent generation. About
12 nA em™? cathodic photocurrent can be obtained for OP;yy
under irradiation at 450 nm (3.48 x 10'° photons cm 25~ 1)
under ambient conditions, corresponding to a quantum yield of
0.13% (Table 1, i) (the absorbance of the film is about 0.7% at
450 nm).

It is well known that the intensity (even the direction) of the
photocurrent depends on the nature of the redox couple in the
aqueous phase surrounding the electrode. The effects of
electron donors and acceptors on the cathodic photocurrent
for OP;y; and OP5;_show that electron acceptors (MV>*, Eu® ™"
and O,) sensitize the cathodic photocurrent and electron
donors (H>Q and N») quench it (even reverse it) and all level off
at a certain concentration (Table 2). For example, it can be seen
from Fig. 3 that the cathodic photocurrent increases gradually
with increasing concentration of EuCl; and levels off at
4.0 mmol dm 3. Under favorable conditions, such as irradia-
tion under a 137mW cm 2 white light at 450 nm, with
—100 mV bias voltage, dissolved O,, 4 mM Eu’* and 3 mM
MV2T, the quantum yields for OP; and OP3; were 0.96% and
0.33%, respectively (Table 1).

To understand the effect of bias voltage on photoinduced
electron injection, the relationship between bias voltage and
PEC was investigated. Fig.4 shows the dependence of
photocurrent on bias voltage. Results show that the cathodic
photocurrents for both OPs; and OP5y increase as the negative
bias voltage of the electrode increases, indicating that the
photocurrent flows in the same direction as the applied negative
voltage. With reference to the effects of saturated dissolved O,
and addition of the electron donor and acceptor in electrolyte
solution on the photoelectric conversion behaviors, a possible

Table 2 Effect of donors and acceptors on the photoelectric conversion
of OP;y monolayer LB film mdified-ITO electrode

Photocurrent’/nA cm >

Donor/acceptor Concn./mM Ambient N, degassed
MV2* 0 150 30
3.5 330 114
Eu’* 0 166 35
42 381 147
H,Q 0 162 33
4.8 —285" -840

“Irradiation under 137 mW cm ™2 white light for OP5y in 0.5 M KCI
electrolyte solution. *“—* indicates anodic photocurrent.
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Fig. 3 Dependence of the photocurrent on the concentration of EuCls
under ambient conditions for OP3y (a) and OP3;. (b) monolayer upon
irradiation with 137 mW cm ™2 white light.
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Fig. 4 Photocurrent versus bias voltage for OP;y and OP;; LB
monolayer film modified ITO electrodes in 0.5M KCI aqueous
solution under ambient conditions, upon irradiation with
137 mW cm ™2 white light.

electron transfer mechanism for OPs;y (as an example) is
proposed as shown in Scheme 3. In the presence of some
electron acceptors, such as dissolved O, MV?* or Ev®? in
electrolyte solution, an electron transfers from the excited state
of OP;y to the electron acceptor, and subsequently an electron
of the ITO conduction band injects into the hole residing in the
dye aggregate. Thus, a cathodic photocurrent is generated. On
the contrary, if there is a strong electron donor (such as H,Q) in
the system, both ITO and H,Q compete to donate an electron
to the LB aggregate, so it will exhibit a reduced cathodic
photocurrent or even reverse the direction of the photocurrent.

Conclusions

Taking the limiting area per molecule into account, one can get
the molecular numbers per square centimetre for OP;y and
OP; (Table 1), 7.41 x 10" and 4.67 x 10'3, respectively. With

0
o A e
2 h hv,
2+ —L'/X_Ec " Ec i '/\_
MV Dye Dye Hy

Ev Ev
@ (b)

Scheme 3 Schematic diagram showing electron transfer processes. (a)
cathodic photocurrent; (b) anodic photocurrent. Dye and Dye*
represent the ground state and excited states of the dye OP;y,
respectively.
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reference to the photocurrent per square centimetre, it is easy to
get photocurrent per molecule for OP;y and OP3p,2.13 x 10~ 12
and 1.50 x 10”12 nA molecule ™!, respectively. Therefore, the
photocurrent per OP3y molecule is about 1.42 times larger than
that of OP;3;. Although the number of active moieties per area
in the LB films is an important factor contributing to the
photoelectric conversion performance, however, in this case,
the better PEC behavior of OP3y (30 mN mfl) than OP;p.
(10mN m™ ') is mainly due not to the greater number of
molecules per square centimetre but to the decreasing tilt angle
(relative to the normal line of the substrate) of OPsy.
Therefore, it can be concluded that the relative orientation
change of the chromophores plays an important role in PEC
and SHG properties.
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