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Centrosymmetric molecules can exhibit strong second-harmonic generation (SHG) by Langlodgett

(LB) technique. The macroscopic nonlineari§ of the monolayer film reaches 245 pntVfor 4,4-di{1-
[1-(N,N'-dioctadecaneamino)phenylethylpyridinium bromide]datypyridinium bromide (PM\) and that for

4,4-di{ 1-[1-(N,N'-dioctadecaneamino)phenylethylpyridinium bromide)]prddigyridinium bromide (PMV)

is 184 pm V1. Steady cathodic photocurrent is obtained upon excitation of the dyes incorporated into LB
films deposited on an ITO electrode. The observed quantum yield of the photocurrent strongly depends on
the applied electrode potential, concentration of the electron acceptor or donor, pH of the electrolyte, and the
chemical structure of the dye congeners. The quantum yield reaches 4.73% for WM that for PM\4

is 3.94%, under favorable conditions.

Introduction SCHEME 1

The study of the photosensitized charge injection in wide band (c,8H37)2N—Q—CH=CH—@I\+J—(CHZ)n-n
gap semiconductors by adsorbed dyes has been initiated by the =/ Br

possible application to photoelectrochemical conversion of solar
energy! Our group has systematically studied the photoelectric
conversion properties of some dye molecules with second-order
nonlinear optical character and have found that the higher the
molecular hyperpolarizability, the better the molecular photo- Br
glectnc conversion 9ﬁ|0|enc§ﬁ4 It is known that. hemlcqune (ClsH37)zN—®—c11=c /N~ (CHyna
is a good material in both second-order nonlinear optickl —/ gy
photoelectric responseand methyl viologen diiodide (M%)

acts as a better electron acceptor in the photoelectrochemical
system. We attempted to connect two hemicyanine chro-
mophores with the viologen derivative as a bridge and expect
to make charge separation easier and consequently to improve (CisH3)N Q_CH —cud N—cHr
their second-harmonic generation (SHG) and photoelectric

generation (PG) properties.

In this paper, we designed and synthesized centrosymmetric
molecules 4,4di{ 1-[1-(N,N'-dioctadecaneamino)phenyleth-
ylpyridinium bromide)]propyidipyridinium bromide (PMV)
and 4,4-di{ 1-[1-(N,N'-dioctadecaneamino)phenylethylpyridinium
bromide]octy} dipyridinium bromide (PM\). For comparison,
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ethanol. 4,4Di[1-(4-methylpyridinium bromide)octyl]dipyri-
dinium bromide was synthesized by reaction of'4l41-
brominoctyl)dipyridinium bromide with 4-methylpyridine in
. . ST absolute ethanol. PMyMwas synthesized by condensing '4,4
N-methyl(N,N'-dioctadecaneamino)pyrenylethylpyridinium io- i1 _(4_methyipyridinium bromide)octyl]dipyridinium bromide
dide (PMV) also was synthesized (Scheme 1). These OlyeWith an excess 4-(dioctadecaneamino)bezaldehyde in the mixture
molecules were successfully transferred onto ITO electrode by ¢, ents of absolute ethanol and chloroform using piperidine
the LB technique. SHG and photoelectric conversion properties ;¢ iha catalyst. PMywas synthesized following the same
were studied. Mechanistic models for photocurrent generation procedure as PMy PMV was synthesized by condensing

under different conditions are proposed. 4-(dioctadecaneamino)benzaldehyde with 1,4-dimethylpyridin-
ium iodide. During the entire synthesis process, the semifinished
products were purified by recrystallization, and final products
4-(Dioctaclecaneamino)benzaldehyde was synthesized ac-were purified by column chromatography under ambient condi-
cording to the method reported previou&lylhe viologen tions (eluent: chloroformmethanol, 10:1). The elemental
derivative was synthesized by reaction of dipyridine with 1,3- analysis: Found for PMYy C, 71.2; H, 9.5; N, 4.14%. Calc.
dibromopropane or 1,8-dibromooctane (Fluka) in absolute for CiodHaogNeBrs: C, 70.83; H, 9.97; N, 4.0%'H NMR
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(CDCl) & = 0.88 (t, 12H, 4CH), 1.26 (m, 120H, 60 Cb), 60
1.68 (m, 8H, 4CH), 1.95 (t, 16H, 8CH), 3.19 (t, 8H, 4N-
CHy), 3.44 (m, 8H, 4CH), 4.68 (t, 4H, 2N'—CHy), 5.3 (t, 4H, b
2N*—CHy), 6.63 (d, 4H, 2phenyl), 6.90(d, 2H, 2-GH, 7.51-
(d, 4H, 2phenyl), 7.53(d, 2H, 2GH)), 7.80 (d, 4H, 2pyridinyl),
9.00 (d, 4H, 2dipyridinyl), 9.10 (d, 4H, 2dipyridinyl). Mp 64
66 °C. Elemental analysis: Found for PMV C, 70.16; H,
11.08; N, 4.52%. Calc. for GH1gdNeBra: C, 69.77; H, 9.66;
N, 4.28%.1H NMR (CDCl) & = 0.87 (t,12H, 4CH), 1.25 (m,
120H, 60CH), 1.60 (M, 8H, 4CH), 3.31 (t,8H, 4N-CHy), 3.48
(m, 4H, 2-Ch—), 4.8 (t, 4H, 2N—CHy), 5.0 (t, 4H, 2N —
CH,), 6.63 (d, 4H, 2phenyl), 6.79 (d, 2H, 2-G¥, 7.46 (d,
4H, 2phenyl), 7.54 (d, 4H, 2pyridinyl), 7.66 (d,2H, 2-GHji
7.82 (d, 4H, 2pyridinyl), 8.75 (d, 4H, 2dipyridinyl), 9.29 (d,
4H, 2dipyridinyl). Mp. 79-80 °C. The elemental analysis: 0
Found for PMV: C, 71.39; H, 11.80; N, 3.34%. Calc. for 0 50 100 150 200 250
CsoHg7Nol: C, 71.23; H, 10.40; N, 3.329%H NMR (CDCls) 6 Area/Molecule A’
= 0.88 (t, 6H, 2CH), 1.26 (m, 60H, 30CH), 1.60 (m,4H, Figure 1. Surface pressutearea f—A) isotherms of PMV (a) PMY
2CHy), 3.32 (t, 4H, 2N-CHy), 4.38 (s, 3H, IN—CHy), 6.62  (b), and PM\ (c) at the air/water interface (2@ 1 °C).
(d, 2H, phenyl), 6.85 (d, 1H, 1-CH), 7.52 (d, 2H, phenyl),
7.62 (d, 1H, 1-CH), 7.82 (d, 2H, pyridinyl), 8.75 (d, 2H, extrapolated from ther—A curves under 30 mN m. The
pyridinyl). Mp. 198-199°C. Methy! viologen diiodide (M) molecule area of PMV is equal to the congeneret(s)sN—
was synthesized by reaction of 4dipyridyl with methyl iodide. CeHs—CH=CH—CsH4sN—CHgl reported (0.53 ni#).> When the
Its identity was confirmed bjH NMR analysis. The electrolyte ~ surface pressure continues to be increased, the isotherm of PMV
for the electrochemical experiment was KCl (AR). Hydro- shows a plateaulike region from 1.2 to 0.6%and the limiting
quinone (HQ) (AR) was recrystallized from water before use. areais 1.1 or 1.7 nfmolecule™, extrapolated from the—A
The spreading solvent used for film deposition was chloroform curve under 45 or 30 mN m, respectively (Table 1, A). The
(AR). discrepancy between PMVand PM\4 is due to the alkyl chain

C' H, and N ana|yses of the Compounds were performed by |ength The publlshed Valé@f the ViOIOgen headgl’oup is 0.90
using a Carlo Erba 1106 elemental analyZerNMR spectra NP The values measured for the PM¥nd the PMY are
were obtained by using Brucker ARX400. Electronic spectra Slightly larger than that mentioned above. Owing to the fact
were measured with a Shimadzu model 3100-4Ws—near- that eight methylenes carbon chain can be folded when the
IR spectrophotometer. SHG experiments were carried out in Surface pressure is increased, while one of the BMViot, we
transmission with a Nd:YAG 1064 nm laser as incident Can suggest that the PMnd PM\g are oriented as shown in
fundamental light. The monolayers of PMV, PM\and PM\4 Scheme 2 and the plateau region is attributed to the folding
were prepared by spreading on NIMA 622 LangmiBiodgett ~ Process of the eight methylenes chains.
trough, and the temperature was kept constant at20°C. The spectra of dyes PMV, PMyand PM\ in LB films are
Details on the method used for pressurp<{area &) measure-  Similar but the broad absorption maximum of the charge-transfer
ment and transfer process were the same as described previband iS b|ue-Shifted by ca. 30 nm from the Ch|0r0f0rm Solution
ously? Ultrapure water from a EASYpure RF system was used !0 LB films for the corresponding dye (Table kay), indicating
throughout R ~ 18 MQ). In all cases, the transfer ratio was the presence of H-aggregates in the fifhiata also show that
close to 1.0+ 0.1. Amax() Values successively blue shift from PMV to PM\by

Photoelectrochemical measurements were carried out in 0,568 5 NM. This is not unusual, because alkyl chain has the ability
M KClI solution using the LB-modified ITO electrode, platinum ~ ©f Pushing the electron. _ )
wire, and Ag/AgCl electrode as working electrode, counter _SHG Properties. The data of second-harmonic generation
electrode, and reference electrode, respectively. The effective(SHG) from the LB films were analyzed by the general
illuminated area of a flat window was 0.38 &rithe light source  Procedure described by Ashwell et'8lThe higher intensity is
used for the photoelectrochemical study was a 500 W Xe arc oPtained for the PMYfilm deposited on quartz under 45 mN
lamp; the light beam was passed through a group of filters (ca. ™ - The optimum signal is higher than the SHG from
300-800 nm, Toshiba Co., Japan, and Schott Co., USA) in monolayer films of the more commonly reported don(r-
order to get a given band-pass of light. The light intensity at Pridge)-acceptor (B-7—A) dyes® For example, the macro-
each wavelength was calibrated with an energy and power meterSCOPiC_nonlinearityy® value of the similar hemicyanine
(Scientech, USA). Cyclic voltammetry (CV) experiments were (Ci6H33)oN—CeHa—CH=CH—CsHsN—CHjl is 146 pm v
performed on an EG&GPAR 273 potentiostat/galvanostat with While the @ value of the PMV, PMV, or PMVg is 176, 184

EG&GPAR 270 electrochemical software. or 245 pm V1, respectively (Table 1). The tilt angle of the
chromophores to the normal of the film surface changes from

30° to 35°, which agrees with the similar compourfds. It is
known that PM\4 and PM\ have a center of symmetry in the
x—A isotherms and UV spectra.The pressurearea iso- molecules, but they cannot yield SHG according to the principle
therms of three dyes (PMV, PMyand PM\§) are given in of second-harmonic nonlinear optics; but the measurement of
Figure 1, which show that the collapses pressure of those SHG shows that the two dyes have stronger signal than the
molecules are larger than 50 mN-fnindicating that they can ~ PMV. This fact indicates the LB method can offer the
form good monolayer film on water. The isothermal shapes of opportunity to orient chormophores which would normally tend
PMV and PM\4 show similar trends with increasing pressure, to centrosymmetry? In order to understand the effect of the
and limiting area are 0.53 and 1.25 fmolecule?, respectively, surface pressure on SHG, we chose RMY determine SHG
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TABLE 1: Experimental Data of PMV, PMV 3 and PMVg?

|a |b lc X(Z) @ A T lmax(l) lmax(s)
(nA cm?) (nA cm3) n° (nA cm™?) n° (pm V) (deg) (nmd) (nM m=1) (nm) (nm)
PMV 1345-1562.6 300.3 1.44 480.5 2.21 176 31 0.53 30 520 487
PMV3 1044-1428 251.6 2.46 402.6 3.94 184 36 1.25 30 515 483
PMV8 1535-2063.1 372.6 2.96 596.2 4.73 245 30 1.10 45 511 480

a1, photocurrenty;, quantum yield;®, macroscopic nonlinearity valueg;, tilt angle; A, area/moleculelmax, Mmaximum wavelength (I and s
present solution and film, respectively); deposited pressure. (a) irradiation under 110 mW?white light, in 0.5 M KCI electrolyte solution
containing 1 mM MV#*. (b) irradiation under-100 mV, in 0.5 M KCI electrolyte solution containing solved &d 1 mM M\2*, at 464 nm. (c)
irradiation under—100 mV, pH= 2, solved Q and 5 mM M\Z*, at 464 nm.

SCHEME 2 3500
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in different depositing pressure. Experiment found that when 1000
the PMV; monolayer was deposited under 10 mN*pthe tilt
angleg is 40, which is larger than that (3D under 45 mN 300
m~! as we predicty® value is only 106 pm V1, that is, less

than half of the value (245 pm™) under 45 mN m?. This is 0
becausg® depends not only on the molecular nonlinearity but 0 o 10 150 200

also on the orientation of the chromophores and the ordering Light intensity mWem

of the films. Itis also worth noting that the sequence of resonant Figure 2. Light intensity dependence of the photocurrent measured
enhancement is PMV* PMV3; > PMVg, while the sequence versus _SCE for three+ electrodes in 0.5 M_l_(CI el_ectrolytg solution
of y@is PMV < PMV3; < PMVg, so the enhancement of SHG gogt.a'(r;)n %&lez/lla)MP\iNyr(lg)e;aT/bnent condition without bias volt-
should be attributed to the structure effect of the molecules. ge: ' ' &

Photocurrent Generation on Dye-Modified ITO Elec- 100 S 0.012
trodes. The principle of second-harmonic nonlinear optics
requires that the molecule has a large difference of the dipole
moment between the ground and excited states. On the other . oot
hand, photocurrent generation and charge dissociation are 5
connected with the charge separation process, which also £ ¢ 0.008 8
requires a large dipole moment in the excited state. In order to é g
obtain a better understanding of the relationship between the 2 2z
SHG and the photoelectric conversion, the photoelectric proper- § 40 0.006 <
ties of above three dyes were investigated in detail. =
Light Intensity Dependence of the Photocurrent.Figure 20 0.004
2 shows the intensity dependence of the photocurrent measured
at a zero bias potential versus SCE for PMV, Pyiahd PM\4
LB films on ITO electrode, in 0.5 M KCI electrolyte solution 0 0.002
containing 1 mM M\**. The equations are (a) = 19.1x + 330 380 430 480 530 580 630
231.6, (b)y = 56.3°64 and (c)y = 97.60-58for PMV, PMV3, Wavelength nm
and PM\4, respectively. It was pointed out that the photocurrent, Figure 3. UV —vis absorption spectrum—) and action spectrun®()
i, has a dependence on light intensity; KI™, wherem= 1 is for PMVs monolayer on ITO electrode. Photocurrent measured at 464
the characteristic of unimolecular recombination ame /5 is nm without bias voltage. The intensities of different wavelengths are
the characteristic of bimolecular recombinatidrComparing all normalized.
these equations with the generally used forms KI™ it is 600 nm as an example for the dye congeners was shown in

known thatmis 1, 0.64, and 0.68 for PMV, PMyand PM\4, Figure 3, indicating that the aggregate of the dye in the LB
respectively, indicating that the separated charge loss processilm is responsible for photocurrent generation.
occurs in the dye LB films under unimolecular recombination Figure 4 shows a plot of the photocurrents versus the
for PMV system and occurs in both of the above recombination concentration of acceptor (MY), illuminated by 110 mw cr?
processes for PMyand PM\g systems. white light and without any bias voltage, in 0.5 M KCI
Dependence on Redox Concentration and Photocurrent  electrolyte solution. At low concentration the magnitude of the
Generation. A steady cathodic photocurrent was obtained from photocurrent is observed to show an increase with the concen-
the dyes monolayer-modified ITO electrode in 0.5 M KCI tration of the M\2* and then levels off when the concentration
solution containing 1 mM M¥" as an electron carrier by is higher than 5 mM. At these high concentrations the electron
illumination of 110 mW cm? white light. The agreement transfer depends only on the concentration of surface generated
between the action spectra and absorption of the PiM\365— holes. Experiment found that solved oxygen is favorable to
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Figure 4. Dependence of the photocurrent on the concentration of
MV 2t under ambient conditions:Q) for PMV; () for PMV3; (®)
for PMVs.

Figure 6. Effect of pH on PM\4—ITO electrode photocurrent in
Britton-Kobison buffer solution containing 0.5 M KCI under ambient
conditions, upon irradiation with 110 mW ciiwhite light: (a) without
bias voltage, (b) under100 mV.

5950 - are ca. 1.14, 0.56, and 0.69 for incident light at 464 nm), (Table
. 1, Ib, »®). Open circuit photopotentials are 0.52, 0.35, and 0.28
. V; short circuit photocurrents are 1.31, 1.35, and 1.®8for
. b PMV, PMV3, and PM\4, respectively.
3950 {° . Dependence on pH Valuedn order to understand the effect
e, of the acid or base character of the medium on the photocurrent
generation, the effect of pH value on the photocurrent generation
was investigated in a BrittenRobinson buffer solution, con-
5 e taining 0.5 M KCI. Figure 6 shows that the cathodic photocur-
e rent generated from PMyvmodified ITO electrode was quickly
d et increased when pH value was decreased under zero bias voltage
. (Figure 6a). The photocurrent changed with pH value was also
S0 e e determined under100 mV as shown in Figure 6b. Data show
ST T P A that the change tendency of the photocurrent une0 mv
Figure 5. Photocurrent vs bias voltage for PMYa), PMVs (b), and |sh ctommdentt .w:th tha;[hundﬂe;r tzetrs[)h bias voltag%,. excipt tlhe
PMV (c) LB films—ITO electrodes in 0.5 M KCI aqueous solution photocurrent 1s farger than that at the corresponding pri value
containing 1 mM M\Z*, under ambient conditions, upon irradiation ~ Of Zero bias voltage. This is attributed to the fact that an acidic
with a 110 mW cm?? white light; (d) dark current. medium can lead to an anodic shift of the flat-band potential of
the ITO electrode. Under favorable conditions, e.g. pH ca. 2,
cathodic photocurrent because it acts as an electron acceptoin the presence of £and 5 M MV2*, with —100 mV bias
through the formation of a superoxide anion radical. If th@H  voltage, a photocurrent of 596.2 nA cfnfor the PMV; was
was added into the electrolyte solution, the photocurrent was obtained under 464 nm irradiation; the quantum yield is 4.73%,

2
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n
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.

1950 A

A
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quickly decreased, even the concentration of th@ I$ 0.1 mM, while under the same conditions, the quantum yields are 2.21%
indicating that the KQ is unfavorable to the production of a and 3.94% for PMV and PMY respectively (Table 1£]#%°).
cathodic photocurrent in the system. Electrochemical Properties of the Dyesln order to estimate

Photocurrent Voltage MeasurementsThe dependence of  the redox potentials of the excited-state dye and to discuss the
the photourrent on the applied bias potential is an important mechanism of photocurrent generation, CV studies were carried
character for a photocurrent cell. Figure 5 shows the photocur- out. The electrochemical properties of the three dye molecules
rent voltage curves for PMV, PMy and PM\4 modified ITO were determined in 0.5 M KCI aqueous solution, the monolayer
electrodes. Comparing curves (a), (b), and (c) with curve (d), dye—ITO used as working electrode. Oxygen was removed from
the dark current is meagre, indicating that the current is the electrolyte solution by bubbling-Nbefore every measure-
generated by the light-sensitized dye molecules. When a negativement. Cyclic voltammetry of PMV, PMyand PM\ monolayer
bias voltage is applied to the ITO electrode the cathodic films on ITO electrodes shows similar shape, indicating that
photocurrent is increased with increasing applied bias potential the electrochemical behavior of the LB films on the ITO
and vice versa. This can be attributed to an enhancement of theelectrode is identical for these dyes. The oxidation peak
rate constant for charge transfer or an efficient dissociation of potentials are 1.15, 1.10, and 1.19 V for PMV, PM\and
electron-hole pairs. When 1 mM M¥%" and G are presented  PMVg, respectively.
in the electrolyte solution, ca. 300, 252, and 373 nA—ém Mechanism of Photocurrent Generation. In order to
photocurrent was obtained for the three dyes ure&d0 mV examine the mechanism of light sensitization for the cathodic
bias voltage at 464 nm irradiation with a 1.%4106 photons and anodic photocurrent, the energies of the relevant electronic
cm~2 st light intensity. In this case, the quantum yields reach states must be estimated. Using the oxidation potential data
ca. 1.44, 2.06, and 2.96% for PMV, PMVand PM\, obtained from the CV, together with the monolayer optical
respectively (the corresponding absorbance ratio of the films excitation, an energy level diagram can be constructed as shown
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SCHEME 3: Schematic Diagram Showing Electron state dye aggregate the generated anion radical can transfer
Transfer Processe® an electron to the ITO conduction band, resulting in a reduced
photocurrent or an anodic photocurrent. The same mechanisms
for PMV3; and PMV were followed when they are excited and
photocurrent is generated.

w. A
PM Vg ; PMV§ .
f‘éib = § L Ec Conclusion
2
u A From Table 1, one can conclude that the sequence of SHG

B o® 4 & bbb s A

PMVs PMVs @ is PMVg > PMV3; > PMV and the quantum yield of the
ok — photocurrent has similar sequence for the three dye molecules,
indicating that there is a relationship between SHG and PG.
(a) (b) Comparing the PMY with the PMV, due to having no 44
a(a) Cathodic photocurrent; (b) anodic photocurrent. RMwid dipyridinium cations in the PMV molecule, the photocurrent

PMVg* present the ground state and excited state of the dye #MV becoming small is rational. Because the viologen derivative is
respectively;Ey presents an anodic shift of flat-band potential in the  |ed into the PM\§ or PMVs, it makes the excited-state electron
acidic medium. separate from the electreimole pairs more efficient by than
that in the PMV. Comparing the PM\Mvith the PMVg, due to

the tensile stress of the alkyl chain between the two chro-
mophores, it makes the two chromophores to be not well aligned
in the PMV3, compared with the PMY On the other hand, the
decrease of active molecules per unit is another reason, for the
)fimiting area of the PMY is larger than that of PMY¥ In short,
when two hemicyanine chromophores are connected with the
viologen derivative of an eight-methylene chain, it not only
enhances the SHG signal of the molecules within the LB films
but also increases quantum yield of the photoelectric conversion
on ITO electrode. The reason for this phenomenon is quite
interesting and not quite clear yet at the present stage; more
work in this respect is in progress.

in Scheme 3 that describes the thermodynamics for spectral
sensitization of the ITO electrode. The oxidation peak potential
for the dye PM\4 (as an example) provides a measure of the
energy of the HOMO. An estimate for the energetic level of
the dye-excited state can be obtained by subtracting the energ
for excitation light of the monolayer from its oxidation potential
value. Calculated in this manner, the oxidation potential for the
excited state will correlate with the ability of the photoexcited
dye to inject electrons into the ITO conduction band. From the
electron affinity the conduction band (Ec) and valence band
(Ev) edges of ITO electrode surface are estimated to be4a.
eV and—8.3 eV}“respectively. The energy levels of the excited
state and ground state for the dye PMWm transferred under
45 mN nT! are assumed to be5.93 eV (1.19 V vs SCE) and Acknowledgment. The project is financially supported by
—3.35 eV on the absolute scale, respectively, with reference to climbing program and NNSFC (No. 29671001).
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