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Abstract

A new photoresponsive B-A dye, N-octadecyl-4{2-[4-(2-(4-N,N-dimethylaminophenyl)azo)phenyllethehpyridinium iodide (AEP) con-
taining both CH=CH and N=N bonds, was synthesized, andoctadecyl-4-[2-(4N,N-dimethylaminophenyl)azo]pyridinium iodide (AP) and
N-octadecyl-4-[2-(4V,N-dimethylaminophenyl)ethenyl] pyridinium iodide (EP) were also synthesized for comparison. The photoelectric conver-
sion (PEC) properties of the dye Langmuir—Blodgett (LB) monolayer films modified indium-tin oxide (ITO) electrode deposited under20 mN m
of surface pressure were studied. The results show that AEP exhibits better PEC properties than AP and EP do. The photoelectric conversit
efficiency is 0.31% for AEP in 0.5 moli! KCl electrolyte solution under ambient condition, while those for AP and EP are 0.14 and 0.23% under
the same conditions, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction both CH=CH and N=N bonds is? Although the relation between
the conjugation length of organic molecules and the nonlinear
The potential application of organic thin films in nonlinear optical hyperpolarizability has been addresget], the conju-
and electrooptics fields has attracted extensive research effodgation dependence on photoelectric conversion property is not
for improving design and understanding of these thin filmsreported. Therefore, it is necessary to explore the PEC property
Based on the reversibly photoinduced and thermally inducedf a new D4r-A dye by changing ther-conjugation bridge.
cis—trans isomerization of azobenzene, much attention was In this contribution, an amphiphilic azobenzene deriva-
risen from azobenzene derivatives as functional compoundsve, N-octadecyl-4{2-[4-(2-(4-N,N-dimethylaminophenyl)-
[1], because of their potential application to molecular devicesazo)phenyllethenypyridinium iodide (AEP) Scheme 1
such as information storage syst§ai3], nonlinear optics sys- was synthesized and successfully transferred onto quartz or
tem [4—6] and photochemical switching systelf7s8]. In our  indium-tin oxide (ITO) slides by Langmiur-Blodgett (LB)
previous publications, the azopyridinium dy&octadecyl-4- technique, and the photoelectric conversion properties of AEP
[2-(4-N,N-dimethylaminophenyl)azo]pyridinium iodide (AP) LB monolayer films were investigated. For comparison, the
(Scheme 1[9] containing N=N bond exhibited photocurrent PEC properties of the compounds AP and EP were also studied
generation property. Then, we found that some hemicyaninander the same conditions.
dyes, such a#-octadecyl-4-[2-(4V,N-dimethylaminophenyl)-
ethenyl]pyridinium iodide (EP)Scheme } [10] containing
CH=CH bond, showed good photoelectric conversion (PEC

properties. How about the PEC property of a dye containing 4-Aminobenzaldehyde diazonium salt and 4A(A-
dimethylaminophenyl)azo benzaldehyde were prepared accord-

- ing to the reported method12]. The compound (AEP)
* Corresponding authors. was obtained as shown iBcheme 2by condensation of

f. Experimental
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Scheme 1. Molecular structure of AP, EP and AEP dyes.

1 NaNO» HxPO_;/HNO; ;
3
(.lew—NO
Clew—N@fCH CH@N— @
{ NH

Scheme 2. The synthesis route of AEP dye.

N-octadecyl-4-methyl pyridinium iodide with an equivalent quartz) were all hydrophilically pretreated as the previous meth-
mole of 4-(4-dimethylaminophenyl)azo benzaldehyde inods[14]. A chloroform solution of 0.3 mgmt! AEP dye (or
absolute ethanol using piperidine as the catalyst. The produ&P and EP dye) was spread drop-by-drop from a chloroform-
was purified by column chromatography on silica gel with acleaned, glass microsyringe to the subphase surface (2@).
chloroform—methanol mixture (15:1, v/v) as an eluent. After 15 min allowing the solvent to evaporate, the floating films
AEP: vyield: 58%. m.p.: 212-214C. Anal. Calc. for were compressed at a ratio of 40emin~! and the surface
CsgHs7N4l: C, 67.20; H, 8.05; N, 7.81. Found: C, 67.00; H, pressuresx)—area ) isotherms were recorded. For deposition
8.41; N, 7.385H (300 MHz, CDCI3): 0.87 (t, 3H, 1Cg), 1.24  of the first monolayer, the hydrophilic pretreated substrate was
(m, 30H, 15CH}), 1.85 (m, 2H, 1N-CH,CHy), 3.10(s, 6H, 2N-  immersed in the subphase, then the monolayer was formed at
CHa), 4.62(t, 2H, 1N-CHy), 6.72 (d, 2H, phenyl), 7.19 (d, 1H, the surface pressure of 20 mNhand transferred to solid sub-
CH=), 7.61 (d, 1H, CH), 7.74 (d, 2H, phenyl), 7.85 (d, 2H, strate with a pulling rate of 5mm mint. Only the films with
phenyl), 7.95 (m, 2H, phenyl), 8.11 (m, 2H, pyridyl), 8.91 (m, transfer ratios of 1.8- 0.1 were used in the experiments. Here,
2H, pyridyl). transfer ratio is defined as the ratio of the area of monolayer
The compoundsN-octadecyl-4-[2-(4V,N-dimethylamino-  removed from the water surface to the area of substrate coated
phenyl) azo]pyridinium iodide (AP}] andN-octadecyl-4-[2- by the monolayer. To ensure the formation of the hydrophilic sur-
(4-N,N-dimethylaminophenyl)ethenyl]pyridinium iodide (EP) face, the ITO electrode was immersed for 2 days in a saturated
[13] were also synthesized for comparison. Methyl viologenmethane solution of sodium methanoxide and then thoroughly
diiodide (MV2*) was synthesized by reaction of 4dipyridyl rinsed with pure water under ultrasonication for several times.
with methyl iodide. Its identity was confirmed by elementanaly- Second harmonic generation (SHG) experiments were car-
sis. The electrolyte for the electrochemical experiment was KClied out with the laser beam (Nd:YAG,= 1064 nm) at an angle
(AR grade, Beijing Chemical Factory, China). Hydroquinoneof 45° to the LB monolayers. The SHG intensities were cali-
(H-Q) (AR grade, Beijing Chemical Factory, China) was recrys-brated against a Y-cut quartz referende; 0.5 pmV-1). The
tallized from water before use. Ell®H,O was obtained by data of second harmonic generation from the LB monolayer

reaction of EgOs with hydrochloric acid. films were analyzed by general procedure described by Ashwell
C, H, N data of the compounds were obtained by using @&t al.[15].
Carlo Erba 1106 elemental analyzéH NMR spectra were Photoelectrochemical measurements were carried out in

measured by using Bruker ARX300. Electronic spectra in solud.5 mol L=* KCI aqueous solution using the dye LB mono-
tion or in LB films were recorded on a Shimadzu model 3100layer film modified ITO electrode, platinum wire and satu-
UV-vis—Nir spectrophotometer. Melting point was performedrated calomel electrode (SCE) as working electrode, counter
on an X4 micromelting point apparatus. electrode and reference electrode, respectively. Effective illu-
A model 622 NIMA Langmuir-Blodgett trough was minated area of a flat window for AEP was 0.8%rhe light
employed for the Langmuir-Blodgett study. Water obtainedsource used for the photoelectrochemical study was a 500 W
from an EASY pure RF system was used as the subphasée arc lamp; the light beam passed through a group of filters
(R~18MQcm, pH~5.6). The substrates (ITO slide and (ca. 400-800 nm, Toshiba Co., Japan, and Schott Co., USA)
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Table 1

Effect of solvent polarity on UV-vis spectra of AEP in solution

Solvent Benzene Chloroform Dichloromethane Pyridine Ethanol Methanol Acetonitrile DMSO
Estat 2.3 4.9 9.1 125 25.1 33.6 38.8 48.9
Amax (NmM) 498 500 499 489 576 475 474 472

Solvent static dielectric constantsa: (all quoted from Ref[21]).

Table 2
The data of charge distribution at the different parts of molecules in the ground state and the excited state for AEP

A T D

e |

HaC-N o =CH—CH=<:>=N—N= ,<:>=N"CH3 r The excited state
C— CH,

Wi LCHal
HaC— ) —CH=CH N=N- N, [ The ground state
\ CH3

A® n® D* x4
The ground state 0.7967 0.0600 0.1433 0.6534
The excited state 0.3102 -0.0190 0.7088 -0.3986
A2 7° D¢ zd
The ground state 0.7967 0.0600 0.1433 0.6534
The excited state 0.3102 —0.0190 0.7088 —0.3986

2 Sum of the net charges of atoms at the acceptor part.

b Sum of the net charges of atoms at theonjugated bridge (CHCH—phenytN=N).
¢ Sum of the net charges of atoms at the donor part.

d Symmetry deviation parametét=A — D.

in order to get a given bandpass of light. The light intensitythe model molecule of AEP congenakmethyl-4-2-[4-(2-

at each wavelength was measured with an energy and powgt-N,N-dimethylaminophenyl)azo)phenyllethehgyridinium

meter (Scientech, USA). Cyclic voltammetry (CV) experimentsiodide (AEP). First, the geometric structure of AER opti-
(sweep rate =100 mV-S) were performed on an EG&GPAR mized by using the AM1 model Hamiltonian in the MOPAC
273 potentiostat/galvanostat with EG&GPAR 270 electrochem7.0 quantum chemical packagé6]. Second, the charge
ical software in 0.5 mol £1 KCl aqueous solution. Oxygenwas distributions in the ground state and the excited state have been
removed from the electrolyte solution by bubbling Nefore  calculated by using MINDO/3 in MOPAC 7.0 method. The

every measurement. results of the calculation are given irable 2 The symmetry
deviation paramete} , defined as the sum of the-charge

3. Results and discussion densities on the half of the ethylene chain minus the sum of
the r-charge densities on the other hflf7], decreases from

3.1. Photophysical properties 0.6534 in the ground state t60.3986 in the excited state in

this system. Large decrease in thevalue in the excited state

The maximum wavelengths of absorption of AEP in variousfor AEP" suggests an intramolecular electron (charge) transfer
solvents are presentediable 1 A large blue shiftwith increas- from the donor part (the dimethylanilino group) to the acceptor
ing solvent polarity suggests that the AER=" transition is  part (the pyridinium group) when the molecule is excited from
dramatically affected by the solvent polarity and the groundhe ground state to the excited state.
state has a larger solvation than the first excited single state The surface pressure versus area isotherm of AEP is shown
does. It is concluded that the dipole of the ground state is largén Fig. 1, data show that the collapse pressure of AEP is
than that of the excited state. Such experimental results wei28.7 mN nT%, and the limiting area per molecule of AEP is
also confirmed by our theoretical calculations. Based on th€.81 nn¥, extrapolated the tangent of theA isotherm for AEP
assumption of neglecting the interactions of the molecules oat 20 mN nTL. For comparison, the data of AEP, AP and EP
the film, semiempirical quantum calculation was used to study-B properties are illustrated ifable 3 It can be seen from
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Fig. 2. The photocurrent generation response of AEP-ITO electrode in
Fig. 1. Surface pressure—area-{) isotherm of AEP at the air/water interface 0.5mol L~! KCI aqueous solution under ambient condition, upon irradiation

(20£1°C). of 137 mWent?2 white light.
Table 3that the collapse pressure of AEP is lower than those 0.008 o7
of AP and EP, and that the molecular limiting area of AEP is . 4
larger than those of AP and EP. These differences are due tc
the differentr-conjugated bridges for AP, EP and AEP, because ~ 0.006- 2o
their donor and acceptor groups are the same. The large molec g 18 <
ular limiting area of AEP is due to its large-conjugated bridge § 0.004 715:‘;
(~CH=CH-pheny-N=N-). Moreover, the amphiphilic prop- 5 L12 5
erty in AEP is not very apparent, which causes the lower collapse £ Lo §
pressure and larger molecular limiting area. 0.002 5
It can be seen fronTable 3that the maximum absorp- [ T
tion wavelength moved from 500 nm in chloroform solution 0.000. Wit A o
to 468 nm when it was fabricated on the ITO electrode. The 400 500 500 200

larger blue shift results from the extended dipole interactions Wavelength / nm
between the chromophores with small intermolecular separa-

: : L _ s ig. 3. UV—vis absorption spectrum (a) in LB monolayer films and action
tion distance, and indicates that H aggregates formed in its L Spectrum (b) of the cathodic photocurrent for AEP. The intensities of differ-

monolayer filmg18,19] o ent wavelengths are all normalized.
The second-order susceptibiliff?) of AEP LB monolay-

ers deposited on quartz was 55 pm®Moreover, the result of

SHG experiment showed that the tilt anglés1° of AEP LB and off (Fig. 2). The similarity of the action spectrum of the
monolayers deposited on quartz was larger than those of APathodic photocurrent to the absorption spectrum for AEP (see
and EP LB monolayers (ifiable 3, which supported the above Fig. 3) indicates that the AEP LB monolayer films are responsi-

conclusion of bigger molecular limiting area of AEP. ble for photocurrent generation. The quantum yieldfér the
photocurrent generation was calculated according to the equa-
3.2. Photoelectric conversion properties (PEC) tions,

i

A steady cathodic photocurrent was observed from AER; = — (1)
monolayer films modified ITO electrode in 0.5 mott KCI [ef(1—107%)]
solution under illumination of 137 mW cnf white light. The
photoelectric response remains stable when light is switched op_— % 2
C

Table 3

] ) wherei is the observed photocurremt;the charge of the elec-
The data of AP, EP and AEP LB monolayer film properties

tron; 1, the number of photons per unit area and unit ticge;
Dyes P(MNmY)  A(MM)  Amaxim ("M)  Amaxs)(MM) ¢ (°)  the absorbance of the monolayer; the wavelength of light

AEP 287 0.81 468 500 51 irradiation; W, light power athA nm; ¢, the light velocity; and
AP 50.6 0.50 550 560 40  h, the Planck constant. We obtained about 24.1 nA%rof
EP 48.0 0.43 487 503 39 cathodic photocurrent ang= 0.31% (Table 4 ) for AEP LB

P: collapse pressurd; molecular limiting areai maxim): absorption maximum monolayers under the Zezro bias VOItage (versu; _SCE) at464 nm
on LB films; Amax(sj absorption maximum in chloroform solutiop: tilt angle ~ (3.48x 10'° photons cm?s~1) in ambient condition, and the
(relative to the normal line of the substrate). absorbance of the film was about 0.0060 at 464 nm.
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Table 4

The photoelectric conversion properties of AP, EP and AEP dyes

Dyes i (NAcm2) Nogm) (cm—2) 2 (nAmolecule’?) i® (nA cm™2) n° (%) i¢ (NA cm2) n° (%)
AEP 475 1.23c 104 3.86x 10712 24.1 0.31 106 1.37
AP 394 2.00x 1014 1.97x 10712 21.3 0.14 122 0.80
EP 552 2.33¢ 10 2.37x 10712 26.3 0.23 120 1.05

i: photocurrent per area; Ng: number of molecules per square centimetephotocurrent per moleculg; external quantum yield.

a |rradiation of 137 mW cm? white light for AEP, AP and EP, in 0.5 moH?! KCl electrolyte solution containing dissolvegO

b |rradiation of 137 mW cm? white light at 464, 550 and 464 nm for AEP, AP and EP, respectively, in 0.5 moKIC| electrolyte solution containing dissolved
Op.

¢ Irradiation of 137 mW cm? white light at 464, 550 and 464 nm for AEP, AP and EP, respectively, und®0 mV and in 0.5 mol £ KCI electrolyte solution
containing dissolved § 5 mM E* and 5.5 mM M\?*,

3.3. Correlation between molecular structure and PEC 300
property 1
o 250
To understand the relationship between the PEC property and § ] AEP Y =138.8-0.81X
the chemical structure, we chose 20 mNires the constant £ -° |
surface pressure for the dyes AEP, EP and AP in the deposited § 5, |
process. The data of photocurrent per square centinTetielg(4 § ]
i) and external quantum yieldgble 4 n) apparently show that £ 100+
the PEC properties of AEP are better than those of AP and EP. & 1
Although the number of active moieties per unit area in the 507
LB monolayers is an important factor contributing to the PEC
performance, in these cases, the effects of chemical structural 0 100 50 0 50 100
variations play the key role in resulting in the differences of the Bias voltage / mV

PEC prop_ertles for AEP, AP and EP. Taklng the |Im|t|ng molec-Filg. 4. Photocurrent versus bias voltage for AEP LB film-ITO electrode in
ular area |nt-o account, one can get the molecular numbers P85S mol Lt kel aqueous solution under ambient condition, upon irradiation
square centimeter are 1.2310'4, 2.00x 10**and 2.33« 101 ot 30.5 mw cnr2 white light.

for AEP, AP and EPTable 4 Noim)), respectively. Furthermore,
with reference to the photocurrent per square centimeter, one
can see that photocurrents per molecule of AEP, AP and EP are 500

3.86x 10712 1.97x 10712 and 2.37 1012nA molecule®

(Table 4 i), respectively. Apparently, AEP performs better in ~g 4004 _ e
photocurrent generation than AP and EP do, which is mainly not AEP: i =109I
due to the different number of molecules per square centimeter £ 300+
but due to the different chemical structure. g

% 200-
3.4. Dependence of PEC on experimental conditions §

o 1004

To explore the effect of bias voltage on photoinduced elec-
tron injection,. the rglation.ship between bias voltage and PEC 0 ; % o & % o 1ho 140
property was mvesngate&:g. 4shows the deper_1dence of pho- Light intensity / mW om?
tocurrent on bias voltage for AEP. The cathodic photocurrents
for AEP increase as the negative bias voltage of the electroddg. 5. Dependence of the photocurrent upon light intensity for AEP electrode
rises, indicating that the photocurrent flows in the same directiofy 0-5mol L1 KCI electrolyte solution under ambient condition without bias
as the applied negative voltage. voltage.

According to Donovan equatid0], the photocurrentigy)
has a dependence on light intensiy {,n = KI"*, wherem=1is  tion processes occur in the LB monolayer film for AEP system
the characteristic of unimolecular recombination arel1/2 is  simultaneously.
the characteristic of bimolecular recombination. The lightinten- It is well known that the intensity (even the direction) of
sity () dependence on the photocurreigi measured at a zero photocurrent depends on the nature of the redox couple in the
bias potential for AEP LB monolayer films modified ITO elec- aqueous phase surrounding the electrode. The effects of elec-
trode in 0.5 mol 1 KCl electrolyte solution is shown iRig. 5. tron donors and acceptors on the cathodic photocurrent for AEP
The equation isyn=10.9%76 for AEP (seeFig. 5). Compared show that electron acceptors (MY Eu** and Q) sensitize
these equations with the generally used foiga=KI", mis  the cathodic photocurrent and electron donors@Hand N)

0.76 for AEP, which indicates that the above two recombinaguench it (even reverse it) (ifable 5. For example, it can be
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Table 5 _ A
Effect of donors and acceptors on the photocurrent generation of AEP-ITO 0, 12
electrode ‘> Dye* Dye* 13
Donor/acceptor ConcentrationPhotocurrent (nA cm?2)2 0, 44
M 4/\7
(mM) Ambient N, degassed 9] MV i(lEC Ec + q1-5
Dye Dye Q
2+ -
MV 0 158 55 182 -6
5.5 835 467 940 15
Ewd* 0 165 59 190 14
5 460 317 524 — —
HoQ 0 146 52 163 Ev Ev ®) 1
4 _622 _810° —470° @
a |rradiation under 30.5mW cri? white light for AEP in 0.5 mol -2 KCI Scheme 3. The_ possible mechanism of_the photoelectri(i conversion system of
solution. AEP: (a) cathodic photocurrent; (b) anodic photocurrent. (*) presents the excited
b () stands for anodic photocurrent. state of the dye AEP.
1000 of AEP is due to the photoinduced electron transfer and not to
the photoisomerization of azobenzene unit.
800 - To elucidate the mechanism of photoinduced electron trans-
e fer process for the cathodic and anodic photocurrent, the energy
S . . levels of the relevant electronic states should be estimated. Gen-
< 0004 erally, the conduction band (Ec) and valence band (Ev) edges
E of the ITO electrode are estimated to be €4.5 and—8.3 eV
5 400 [24], respectively. Reduction potential of MV is —4.51 eV
§ (—0.23V versus SCHP5], and oxidation potential of Q is
£ 200 —4.61eV(0.13 versus SCHpP5], on the absolute scale. The
! oxidation peak potential of a dye provides a measurement of the
energy of the HOMO. The oxidation peak potential of 0.19V
0 S from CV graph was observed for AEP LB monolayer film. Con-

Concentration of MV 2 / mmol L sequently, the energy level of the ground state for AEP LB
monolayer filmis—-4.93 eV (0.19 V versus SCE) on the absolute
Fig. 6. Dependence of the photocurrent on the concentration o'Miider  scale, With reference to UV-vis spectrum of AEP LB monolayer
wﬁg?éhctondmon for AEP monolayer upon irradiation with 30.5mWeém g0, the hang gap between the ground state and excited state is
' 2.65 eV ¢max(fiim) = 468 nm) for AEP. Taking the energy level of

seen fornFig. 6that the cathodic photocurrent increases gradin€ ground state and the band gap into account, the energy level
ually with increasing the concentration of MY/and starts to  ©f the excited state for AEP LB monolayer films-2.18 eV on

level off at 5.5mmol L. This means that MY acts as an  the absolute scale. Then, an energy level diagram for AEP is con-
acceptor in accepting electrons from the AEP assemblies argifucted as shown iBcheme 3which describes the mechanism
therefore increases the concentration of electrons involved ifPr Photosensitization of the ITO %!;ctrode. ':;fhe presence of
the electron transfer process. Under favorable conditions, suctP™€ electr.on acceptors, such asINO, or E *in the elec-

as irradiation under 464 nm wavelength monochromized fronirolyte solution, electron transfers from the excited state of AEP
137 mW cnt2 white light and in the dissolved Ssolution with to the electron acceptor, subsequently electron of ITO conduc-
5mmol L= Ew?* and 5.5mmol £ MV2*, the photocurrent tion band injects into the hole residing in the dye aggregate.

generation quantum vield for AEP is 1.37%able 4 °). Thus,_ cathodic photocurrent is generatgd. On the contrary, if
there is a strong electron donor, such a®hh the system, both

ITO and HQ compete to donate an electron to the AEP LB
monolayers, which will reduce cathodic photocurrent and even
reverse the direction of photocurrent.

3.5. Mechanism of photoelectric conversion

The photochromic behavior originating from themns- to
cis-form occurs in the azobenzene compoufis-23] How-
ever, this phenomenon is generally suppressed or prohibitetl Conclusions
in LB membranes because of the lack of free space, which is
due to the close packing of the azobenzene amphiphiles in the In conclusion, a new Bx-A dye containing both NN and
membranes. On the other hand, according to the Frank—Cond@H=CH bonds was synthesized and its photoelectrochemical
principle, the possibility for generating photocurrent under thes@roperties were investigated. The results show that the photocur-
circumstances is correlative with photoinduced electron transfeent quantum yieldr) of the AEP system is higher than those of
between the ITO substrate and excited-state dye within the LB\P and EP containing corresponding-N and CH=CH bond,
monolayers. Here, we suggest that the photocurrent generatioaspectively, which suggests that introduction eNNbond into
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D-mw-A dye can improve the photocurrent generation property10] W.S. Xia, C.H. Huang, C.P. Luo, L.B. Gan, Z.D. Chen, J. Phys. Chem.

of the D-w-A dye. Therefore, thar-conjugation bridge is an 100 (1996) 15525. . _

important structure factor of PEC performance for organic D11 L--T- Cheng, W. Tam, S.R. Marder, A.E. Stiegman, G. Rikken, C.W.
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Kokai, Tokkyo. Koho. 41 (1979) 832, CA. 91, 107807Z.
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