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Abstract

Alternating Langmuir—Blodgett (LB) bi-layer structures containing a donor—acceptor (DA) dyad layer and a layer of conducting polymer wer
used to study interlayer vectorial photoinduced electron transfer (VPET). The used porphyrin—fullerene dyads were known to be capable of VP
from the porphyrin to fullerene moiety, as a LB monolayer structure. The DA dyad and the poly(3-hexylthiophene), PHT, layers were deposited
adjacent LB monolayers in order to promote the secondary electron transfer from the polymer to the porphyrin cation, the product of the prim:
electron transfer. The VPET reaction was studied with the time-resolved Maxwell displacement charge (TRMDC) method both in the photovolta
(PV) and photocurrent (PC) modes. The PHT monolayer at the side of the porphyrin moieties lengthened the charge separation (CS) diste
Because of PHT the photovoltage amplitudes were increased and the recombination kinetics of the charge-separated state was delayed. The el
transfer direction in the bi-layer system was determined by the orientation of the DA dyad. The charge separation in the system took place v
yield close to unity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to assemble molecular monolayers and deposit them to form a
solid multilayer structure is the Langmuir—Blodgett (LB) tech-
Design and study of molecular systems capable fomnique[21]. Although the technique sets specific requirements
intramolecular photoinduced electron transfer have importanctr the molecules and thereby limits its applicability, the LB
when new types of organic photovoltaic (PV) materials aretechnique is a powerful and inexpensive method to engineer
searched1-3]. Efficient photoinduced charge separation (CS)different molecular interfaces. The defined orientation of the
is an essential event for the light-to-electricity conversion.DA molecules in an LB monolayer enables a vectorial charge
The efficient intramolecular CS can be achieved by usindransfer in the systeff22—24] Yamazaki and co-workers have
donor—acceptor (DA) molecules in which the electron donor andtudied the electric field effect on the photoinduced vectorial
acceptor moieties have been linked covalently togdthef]. In interlayer energy and electron transfer processes in LB films by
addition to dyads, more advanced molecular systems, such as tfisorescence methd@5,26]
ads and tetrads, have been synthesized and their electron transferA molecular photovoltaic device can be imagined to con-
properties studiefB—13]. In fabrication of DA dyads two very sist of series of interacting layers with different functiggg].
widely used compounds are fullerene and porphpijt4—19]  The principal part of the device is the donor—acceptor inter-
The studies have shown that the intramolecular charge tranface where the primary photoinduced charge separation takes
fer in this kind of DA molecules takes place with high yield place. The charges generated in the DA interface should be
in dilute solutiongd14,20] To utilize the intramolecular charge quickly evacuated from each other and delivered to the electric
separation in light conversion one has to immobilize the DAcircuit to avoid losses due to the charge recombination. A sim-
molecules as ordered molecular films. A widely used methogblest device working as presented consists of three functional
layers placed in between electrodes: a hole transport layer, a
donor—acceptor layer and an electron transport layer. For this
* Corresponding author. Tel.: +358 3 3115 3629; fax: +358 331152108,  Structure one can count several reactions and processes which
E-mail address: tommi.vuorinen@tut.fi (T. Vuorinen). take place in the device after the photoexcitation. Those are the
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primary charge separation in the donor—acceptor layer, electron
capture and electron transport by the electron transport layer,
and the electron transfer to the anode, and analogously, the hole
capture, transport and transfer to the cathode by the hole transfer ©
layer. A coherent performance of all these functions is essential ¢
for the operation of the device. Due to the complex function of
the device it is important to study and analyze carefully all the
processes involved. In the present work, the model samples were
prepared in order to study the processes mentioned above, and
specially the primary CS in the DA layer and the hole capture
by the hole transport layer.

Previously we introduced donor—acceptor dyads composed of
porphyrin and fullerene moieties covalently linked together with
two molecule chainfl5]. The dyads have polar groups either in
the porphyrin or in the fullerene end of the molecule to enable
the LB film fabrication. When the dyads were incorporated into
the LB films, the photoinduced vectorial electron transfer was
observed in direction from porphyrin to fulleref@7]. For the Scheme 1.
monolayers consisting of dyads having the hydrophilic groups in
the porphyrin end of the molecule the recombination of chargeroscopic studies were deposited onto quartz substrates which
obeyed a power lawcs(r) ~ 1%, with b~ 0.25. In addition, the ~ were cleaned by the standard procedadd and plasma etched
photoinduced charge separation was considerably longer livinfpr 15 min in a low-pressure nitrogen atmosphere with plasma
in films than in solutior{20,27] In this work the monolayer of cleaner PDC-23G (Harrick). For the photoelectrical measure-
the dyad with the hydrophilic groups in the porphyrin end wasments glass slides covered by semitransparent ITO electrode
deposited on a secondary electron donating, or hole transporith sheet resistance approximately2@er square were used.
layer, conducting polymer. The polymer was polyhexylthio- The glasses with ITO electrodes were cleaned in ultrasonic bath
phene (PHT) which is known to have a p-type semiconductofirst in acetone and then in chloroform and plasma etched in
characte{28]. The main focus of the present paper is on thenitrogen for 10 min prior to use.
characterization of the electron donation and the hole capture The film formation and the deposition conditions for the
process by means of the time-resolved Maxwell displacemerdyads are described in details elsewhft@]. In this work

CGH‘IB

M =H,: DHD6ee PHT
M = Zn2+: ZnDHD6ee

charge (TRMDC) method. the dyad concentrations in LB film preparation were 10 and
18 mol% in ODA for DHD6ee and ZnDHD6ee, respectively.

2. Materials and methods The dyad monolayer deposition was done at the surface pres-
sure of 15 mN m! with deposition rates of 5 mm mirt in both

2.1. Materials directions. For the LB deposition of PHT it was mixed with ODA

at concentration of 60 mol%, counted per PHT monomer unit.

Chloroform of analytical grade (Merck) was used for solutionThe PHT deposition pressure was 20 mN'nand the deposi-
preparation and spreading solvent without any further purification rates were 7 and 4 mm mih for the water-to-air (up) and
tion. Matrix molecule for the LB film, octadecylamine (ODA), air-to-water (down) depositions, respectivEh3].
was of 99% grade (Sigma). The synthesis for the studied dyad A general structure of the sample for electrical measurements
molecules is described elsewhdi&]. The structures for the was ITQinsulating ODA layeriactive layerinsulating ODA
dyads, DHD6ee and its zinc derivative, and the regioregulalayergtop electrode, where the top electrode was either a drop
poly(3-hexylthiophene), PHT, are presente®cheme 1PHT  of indium—gallium liquid allow (InGa) or a solid evaporated
was purchased from Aldrich and was of 98.5% grade. Thaluminum electrode. When aluminum electrodes were evapo-
chloroform solutions were prepared to have concentrations afated onto sample, the ITO electrode was removed from half
approximately 1 mg mi* of dyad or ODA and 0.2mgmf of  of the substrate by 50% aqua regia at80prior to any other
PHT. The spreading solutions were diluted from these stockperations. Eleven layers of ODA were deposited onto the ITO

solutions to the total concentraticril.0 mM. slides to prevent interactions between the active layers and the
ITO electrode. After the active layer deposition, 12 ODA layers
2.2. Sample preparation were deposited onto the sample in order to prevent interactions

between the active molecules and the InGa electrode. When Al
The LB 5000 and LB Minitrough systems (KSV Instruments, electrodes were evaporated the active layers were covered with
Helsinki, Finland) were used for the isotherm measurements areD protective ODA layers.
the film depositions. The subphase was a phosphate buffer con- Thermal evaporation of Al top electrodes was done in high
taining 0.5mM NaHPQO; and 0.1 mM NaHPO, (pH~7) in vacuum p < 10~°> mbar) with BOC Edwards Auto 306 coating
ion-exchanged Milli-Q water. The subphase temperature wasystem. The used evaporation source was a tungsten filament.
adjusted with a thermostat to #80.5°C. Samples for spec- The Al deposition rate was 0.1-0.3 nm'sand the thickness of
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hv were prepared. The samples had extremely low conductivity
@ (Rs>10% Q) and therefore they could be treated as capacitors
with a capacitances, typically 100—200 pF. The pre-amplifier
| dassplate input resistanceR,) was 100 M2 or 10 GR. All electrical mea-
— 'O surements were done without external electric fieldligs=0.
l— ODA The TRMDC measurements were carried out both in the pho-
e active layers tovoltage and photocurrent (PC) mpdes. The esfsentlal dlfference
between the PV and PC modes is the used time domain. The
=~ opa time limit between these two modes is the instrumental time
—— GaorAl constantrrc = RinCs. When the measurements are carried out
—g in much shorter time tharrc, i.e. in the PV mode, the change
7 Y bias of the voltage over the capacitor formed by the sample due to
the current in the external measuring circuit is negligible. Thus,
Ain Uow (1) the transient voltage amplitude is proportional to the density of
> charge-separated states since the only path for the voltage over

the capacitor to relax, during time shorter thag, is the charge
recombination in the active layer. When the measurements are
. . . s carried out in the photocurrent mode the used time domain is

..". "._ ..'. .'._ much longer thanrc and thus the voltage over the sample was
H l<>i<>lol % : M . virtually zero. In the PC mode, the current through the external
circuit is measured. The transient photocurrent is proportional
5 ié; s 5 wa s to the formation/relaxation rate of CS states. In time range close
"'._ ..-" "',‘ ..-" to trc @ more complex analysis should be used.
REINENERE Tebd L Lk Inthe PV mode, the samples were excited by 5 ns laser pulses

from second harmonic of a titanium—sapphire laser (adjustable
in range of 410-450 nm) pumped by the second harmonic of a

Q-switched Nd:YAG laser (532 nm). The time resolution for the
M@iﬂ Dyad layer PV measurements was approximately 10ns. In the PC mode,
the samples were excited step-wise by the light from an arc
W PHT layer lamp. The excitation wavelength for the PC measurements was
selected either by a set of color filters or by a monochromator.
Scheme 2. The maximum transmission for the color filter set was 430 nm

and bandwidth approximately 30 nm. The maximum excitation
power density at the sample was ca. 5 mW-énWhen the pho-
the top electrode approximately 50nm. The preliminary test$ocyrrent action spectra were recorded a monochromator was
showed that in average Al was penetrated through the five togsed to select the excitation wavelength. The wavelength range
layers during the evaporation. The Al top electrode had roughlyor the action spectra measurements was 390620 nm with the
1 mn¥ overlapping area with the ITO bottom electrode and thesteps of 10 nm except in the Soret band region where the steps
exact area was determined for individual Al electrode. were 5nm. In both PV and PC modes, the excitation power den-

sity was adjusted with a set of neutral density filters.
2.3. Absorption measurements

The absorption spectra of the films were recorded by a Shi3, Results and discussion

madzu UV-2501 PC spectrophotometer.
3.1. UV—vis absorption
2.4. Electrical measurements
The absorption spectra of DHD6ee and PHT monolayers and

The vectorial photoinduced electron transfer (VPET) wasPHT-DHDG6ee bi-layers are presenteéig. 1 Forthe DHD6ee
studied with the time-resolved Maxwell displacement chargd.B monolayer a 4nm (from 428 to 432nm) red shift of the
method[22,29] A scheme for the measurement circuit and aSoret band was observed compared to the spectrum in toluene
sample structure are shown$theme 2Since the photoactive [27]. For the PHT-DHDG6ee the Soret band is less red shifted
layers are insulated from the electrodes, the measured TRMD® 429 nm and the absorbance increased 10% compared to the
signals are caused only by photoinduced electron movementlyad monolayer. One explanation for the smaller red shift in
inside the active layers and perpendicular to the plane of the filnthe bi-layer is the interaction between porphyrin and PHT. The
The sequence for the active species in the PHT—dyad bi-layeHT film has a broad absorption band with the maximum at
was PHT—porphyrin—fullerene. For both dyads, the bi-layer sam530 nm. Both the porphyrin and the PHT absorptions are well-
ple pairs with opposite orientations in respect of the electrodepronounced in the bi-layer spectrum.
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Fig. 1. Absorption spectra for the DHD6ee and PHT monolayers and for the —l,(
PHT-DHDG6ee bi-layer obtained by dividing the spectra of corresponding mul- X DHD6Gee
tilayer samples by the number of the layers. 017
1
. = !
3.2. Electrical measurements . 024
5 I —
The photoinduced electron transfer in the DHD6ee and o34 1 -7 ’
ZnDHD6ee monolayers was studied ear[@r]. In this work, 1 PHT -DHDéee
the PHT layers were added in the film structures adjacent to i |
the dyad layer in order to create an interaction between the lay- e S ——
ers and a longer charge separation distance in the molecular 0 30 80 20 120 150
system. Previously we have demonstrated that PHT can act as (b) time, s

an eleqron (.jonor for the phytochlorm—fullerene dyads n th(%:ig. 2. (a and b) Photovoltage responses for the DHD6ee (up) and PHT
alternating bi-layer structur¢&3,24] In this study, the mono-  ouny/pHD6ee (up) samples in two-time scales.
layer of PHT and the dyad were deposited one after another,

in order to cre_ate a chromophoric triad structure with Sequence . . mbined with the PHT monolayer the slopes increase to
PHT—porphyrin—fullerene.

values of 3.14 and 4.08 V m3 cn? for the PHT-DHD6ee and
PHT-ZnDHD6ee bi-layers, respectively, being for the bi-layer

3.2.1. Photovoltage response samples approximately 3.3 times as high as for the correspond-
The PHT monolayer had similar effect on the photovoltag&,g monolayers. The porphyrin absorptions at the excitation

response of DHD6ee and its zinc derivative as was observed fQfa elength are practically the same in both structures, as seen in
the phytochlorin—fullerene dya@®3]. As can be seenifig. 22, Fjg 1 The charge separation distance in the dyad monolayer is

addition of a PHT layer increases the maximum photovoltage.ctimated to be 0.5 nfa’7], but lengthened in the PHT—dyad bi-

amplitude 3.5-fold as well as the lifetime of the charge—separate%yer_ The thickness of 60 mol% PHT monolayer is circa 3nm

state Fig. 2b). The increase in the amplitude indicates a longefzy) Thys, one can consider that the average increase in the
charge separation distani@#]. In addition, the longer distance

between the separated charges slows down the charge recombi-

nation and thus longer living CS state is obtained for the triad 0.8
compared to the dyad system. Thus, the primary charge sepa-
ration in the dyad layer is prolonged by the secondary electron
transfer from PHT to the porphyrin cation.

Fig. 3 presents the dependence of the maximum photo-
voltage response amplitudé/{,) on the excitation energy
density (ex). The PV amplitude has the dependence
Uout= Uo(1 — exp[—IexdIo]) on the excitation density with the
saturation amplitudel{o) and the saturation excitation density
(Io) [27]. At the low excitation densities th8oy; versuslexc : . : ‘ : . |
dependence can be approximated to be linga; = slexc. The 0.5 10 15 20
initial slope,s, is proportional to the absorption at the excitation Joxe, md cm @
wavelength, the number of the charge-separated statgg, (
ad he ditance of the charge separa Al T Il ot s e s o
slopes for the DHD6ee and ZnDHD6ee monolayers are 0.95 ary

1 . e curves. The DHD6ee monolayer was deposited in both samples in the water-
1.19V mJ1cn?, respectivelfj27]. When the dyad monolayers to-air direction.

A  PHT -DHD6ee
O  DHD6ee
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Fig. 4. Photovoltage decays for the ZnDHD6ee monolayer and PHT-
ZnDHD6ee bi-layer. The dyad is deposited in the water-to-air direction.rig. 5. Photocurrent responses for complementary PHT-DHD6ee bi-layer
Excitation energy density for dyad was 0.15 and for bi-layer 0.25m¥cm  samples. Sample 1 (solid line) has the sequence for the active specigs ITO
Rin=10G2. fullerene—porphyrin—-PHT and sample 2 (dashed line) |PKOI—porphyrin—
fullerene. The excitation power density was 5 mWem
electron transfer distance is half of the polymer layer thick-
ness, i.e. 1.5nm. For the PHT—dyad bi-layers the distahce opposite sign than that characterizing the photogeneration of CS
can be estimated to be 2 nm, i.e. four times longer than that fostates.
the dyad alone. The increased charge transfer distance could The studied system can be described by a simple model of a
resultin four times as high signal for the bi-layer structure as fothree-state systens¢theme R the ground state\), the excited
the dyad monolayer. According to this estimation, and takingstate (V') and the CS stateMcs). The total number of states
the increase in the initial slopes 6%y versusleyc curves into  in the system idVo=N+N" + Ncs. The excited state is formed
account, the yield of the secondary electron transfer from PHRfter excitation and relaxes to the CS state with a rate constant
to the porphyrin cation could be at least 80%. kcs and directly to the ground state with a rate constant
The photovoltage response signal decay for the dyad moncrhus, the differential rate law for the excited state population is
layers followed the power law/(f) ~ r~, with theb values of  gN*/dr=aPN — (kcs+kg)N', wherea =o/hv, o is the absorp-
approximately 0.2$27]. In the PHT—dyad systems, the photo- tion cross-sectiom;v the photon energy anflis the excitation
voltage decay is slower than that for the monolayer as seen ifower density. Since the system is excited with a continuous
Fig. 4. For the PHT-ZnDHD®6ee, the decay in double logarith-jight the formation and the relaxation rates reach an equilibrium
mic scale does not follow exactly the power law as it is for thejn time which can be expected to be much shorter than the time
ZnDHDG6ee monolayer, but is rather a two exponential with dif-respolution of the PC measurement. In other word€,/d:=0
ferent exponents, first 0.05 and then changes at approximatehd concentration of the excited stateVis= NaPl(kg +kcs).
30ps after excitation to avalue of 0.13. The observed PV decays The measured current, is proportional to the rate of pop-
indicate that the charge migration and the charge recombinatiofation change (cg/ds) of the CS state. The CS population
are more complex in the bi-layer system than in the dyad monQchange is Neg/dr=kcsN™ — koNcs, Wherekg is the recombi-
layer. For example, the charge migration can take place in morgation rate constant for the CS state. When taken into account
than two layers in the bi-layers. the value ofV", the total number of the states can be given by
No=N+Ncs+ NaPl(kqg+kcs). From these one will obtain an
3.2.2. Photocurrent response equation for the photocurrent decay
For the pair of the complementary PHT-DHD6ee bi-layer
samples, oppositely deposited onto ITO electrode, the photocury _ 92 dNcs _ [ kes+ko +ko| N = koNo. 1)
rent signals were measured in the light on/off mode and typical dt dt kcs+ kd
results are presented Fig. 5. The obtained signals with oppo- Formation of the CS state in solutions is of the order of
site signs indicate that the deposition directions of the DA dya 0'1s1[20]. From the PV decays(g. 2) one can observe that
layer determine the direction of the electron transfer in the triag charge recombination is several orders of magnitude slo-

system. Atthe moment the light is switched on the charge trans; .. Andio « kee. Thus the ratio ke + ko)(kee + k) = k
fer reaction starts. Under the light illumination both the charge 0 <ies fes+ ko)llkes * ko) =kedl

separation and the charge recombination processes are running

in the bi-layer structure. Due to the insulating layers on both N kes
sides of the active layers there is no static current through the ~
sample and the response current obtains a constant value when ar | | &y Nes
equilibrium, i.e. steady-state, between the formation and recom- /{0
bination processes of the CS state is reached. When the light

is switched off the reached equilibrium is disturbed and the
charge recombination results in a transient current signal with Scheme 3.
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P,. =5mWcm?® Table 1_ _ o _
25 . Approximations for the charge recombination rate constagtsfor different
b ' bi-layers
20 26 ,
| 18 Bi-layer ko(s™h) pesa (st mw-ten?) ¢cs
15 1.3 DHD6ee (down)/PHT (up) 0.83 1.40 0.84
E . 0.7 PHT (down)/DHD6ee (up) 0.91 1.24 0.75
> 104 0.3 The values for coefficienpcse and for the computational CS quantum vyield,
¢cs.
From the linear fits applying Eq3) the obtained charge

recombination ratesp, have value roughly 0.9 for both bi-
layer systemslable J). Such long-living CS states are obviously
due to the interlayer charge transfer in the bi-layer system. The
Fig. 6. Photocurrent respoqsg sigpals for the bi-layer sample DHD6e?ateraI movement of the generated positive charges in the con-
(down)/PHT (up). The excitation light at 430nm was switched on at. .
t=0. The responses were recorded with different excitation power densitie!suQatedTr'syStem of the gonductlve polymer ar_]d t,he electrons
(0.1-5 mW cnT2). in the fullerene network, increases further the lifetimes.

The linear fits with Eq(3) give the slopes scsw for different
sample systems. They are listedable 1 In order to determine
the quantum yield one needs an estimation for the cross-section,
o. The value for the cross-sectian,obtained from the absorp-
tion measurements is 0.%710~15cn? for DHD6ee[27]. By
using these values the quantum yields obtain values of approx-
imately 0.8. The quantum yield values close to unity indicate
efficient CS state formation.

(kcstkq) = ¢cs, the quantum yield of the CS state formation.
Eqg. (1) can be re-written as:

dNcs
dt
The PC response signal decay rateis proportional to the
excitation light power density, as follows:

= [¢csaP + ko] N — koNo. 2

k = ko + pcs P. (38)  3.2.3. PCaction spectrum
The photocurrent responses for the complementary

The photocurrent response signals for the sample with struPHT-DHDG6ee bi-layer samples were recorded at different
ture ITOODA|DHDGee (down)PHT (up)ODA|Al measured excitation wavelengths in order to measure the PC action
at different excitation intensities are shownFkig. 6. Similar  spectra. The obtained maximum current values as a function
measurements were done for the complementary PHT-DHDG6esf the wavelength were corrected with the power spectrum of
bi-layer sample. In order to calculate the valuesipEq.(3)  the excitation source. The spectra for the DHD6ee containing
the PC response signals were fitted with two exponential fibi-layer samples are shown Kig. 8 The action spectra have
J(r) = a; exp[—tk;] + C for each sample. The first exponential well-pronounced Soret band, but in the range of 500-600 nm
corresponds the rise of the signial= trc 2, and the second the  the photocurrent spectra do not coincidence with the PHT
decay of the PC signal. The constdhtlescribes the remaining absorption band showing smaller contribution of PHT on the
portion of the PC signal level corresponding the potential at th¢2C signal. One can conclude that the vectorial photoinduced
equilibrium. The obtained rate constantswere plotted as a electron transfer in the bi-layer structure results from the
function of excitation densityHig. 7) and Eq.(3) was applied.  primary electron transfer from excited porphyrin to fullerene

6 a] 10 - 0.025
5 o 0.8 | o
n u] ; 0. L
| ; - 0.020 é
4 ) 2
J o O S 06 -0.015 2
) = =
» 3 =3 | S
. § o4 F0010
4 o r
2 o g
1 0.2 - 0.005 B
1 L g
5 &=
1 0.0 T T T T T T T 0.000
0 — 400 450 500 550 600 650
0 1 2 3 4 5 wavelength, nm

Poxe » MW cm 2

Fig. 8. Photocurrent action spectra for the bi-layers DHD6ee (down)/PHT (up)
Fig. 7. Dependence of photocurrent decay riaten the excitation intensity for ~ @nd PHT (down)/DHD6ee (up) are shown with circles and triangles, respectively.
the bi-layer DHD6ee (down)/PHT (up). The solid line shows the approximationT he absorption spectra for the DHD6ee monolayer and the PHT-DHDG6ee bi-
for the rate constant. layer are shown with dotted and solid lines, respectively.
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