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Novel types of donoracceptor (DA) compounds, consisting of covalently linked pyropheophytin
anthraguinone molecules (PQ1 and PQ2) and their Zn derivatives (ZnPQ1 and ZnPQ2) have been previously
synthesized and studied in a variety of solvents. The compounds are retaining the chlorophyll phytyl tail,
which makes them suitable for the LangmuiBlodgett (LB) technique. The technique enables one to prepare
solid films capable of performing vectorial intramolecular light-induced electron transfer (ET). The DA
compounds form stable monolayers on a water surface and the monolayers can be transferred onto a solid
substrate. The ET properties of the LB films were tested by means of time-resolved fluorescence spectroscopy
and direct transient photovoltaics measurements. In 100% films, an intramolecular ET is strongly reduced as
a result of intermolecular aggregation between the DA molecules. To prevent the aggregation, the DA
compounds were placed in a matrix of soft lipids (e.g., lipids with unsaturated carbon chains) and methods

to achieve uniform deposition of multilayer films were developed. The highest efficiency of the intramolecular
ET was obtained for the multilayer films prepared by combining layers of ZnPQ1 in a Soya lipids matrix
with dipalmitoylphosphatidic acid as the bottom and intermediate layers. The sign of the signals in the
photovoltaics measurements and, therefore, the direction of the ET can be controlled by the deposition direction
of the DA active layers.

1. Introduction natively, they can be incorporated into a layer of lipid molecules.

. o A preliminary study of one of the DA dyads has shown light-
The design of molecular systems capable of performing light- ;. 4,ced ET in monolayers of dioleylphosphatidylcholfne.

induced charge separation (CS) has been a subject of intensive . .
) . - In the present study, four DA compounds were investigated
studies during the last few decadesA variety of donor - . S . . .
. . _.using a variety of lipid matrixes in monolayer and multilayer
acceptor (DA) compounds have been synthesized and studied,. s . .
To utilize the microscopic intramolecular CS in MAacroscopic films. Our goal was to optimize the vectorial photoinduced elec-
P PIC tron transfer (PET) function of the solid LB films. Two mea-

dimensions, the DA molecules have to be ordered uniformly in . . .
o . . . suring methods were employed in order to characterize the ET
one direction to establish a vectorial charge transfer in the . : ? .
. L . properties of the films. The first method is the measurement of
sample. One of the useful techniques for building up highly .
. steady-state and time-resolved fluorescence and the second one
ordered molecular systems is the LangmiBtodgett (LB) ; . : .
01 " ; is the transient photoelectric technique. The fluorescence method
method®~2! The application of this method to DA compounds . - e .
. ; - enables one to follow the singlet excited-state kinetics. That is
imposes certain requirements on the structure and, hence, L ; o
a powerful but an indirect method, since the lifetime of the ex-

synthesg; of the compounds. The molecules must be IrLQ‘Olwlecited state may be affected by factors other than the ET process.
in water in order to form a monolayer on the water surface and ) . .
One of the undesirable phenomena is the aggregation of

to keep them orientated on the surface. The desired goal is ; i1 &_7.16
usually achieved by a proper combination of hydrophilic and Chromophores in LB film8.**® Fortunately, there are methods
hydrophobic groups in the DA molecules. to distinguish between the_ fluorescence quenc_hlngs arising from

Recently, four covalently linked pyropheophytianthraquino- the ET and the aggregation. The ET results in a reduction of
ne compounds have been synthesd.in addition to a the fluorescence lifetime, while the fluorescence spectrum
donor-bridge—acceptor system, these cor'npounds are retaining remains esse ntia_llly undi;turbed. The aggregation might also lead
the chlorophyll phytyl tail, which makes them suitable for the to a reduction in the “f(.at'me’ but most aggregates have a
LB technique® The photochemical properties of the DA com- fluorescence spectrum different from that of the monomer.

i 11,21 i

pounds have been studied in a variety of solvents, and a fast 1€ transient photoelectfict’-2! technique was developed
light-induced ET has been obsen&dThese compounds can to investigate a fast light-induced motion of charges in LB films.

form monolayers on the water surface by themselves or, alter-!t 1S based on measurements of the light-induced Maxwell
displacement charge and it enables one to study the charge shift

f Tampere University of Technolo in the direction perpendicular to the film plane. In comparison
iumvgrsiw of Helsinki. o to the well-known photocurrent measurements developed for
$ Russian Academy of Science. photochemical cell& 131719 this method provides a higher time
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Six lipids were used as the matrixes for the DA compounds:
dioleoyl L-a-phosphatidylcholine (DOPC, Sigma), Soya PC,
erucic acid (EA, Aldrich), stearic acid (SA, Sigma), stearylamine
(SAm, Sigma), and dipalmitoyl-a-phosphatidic acid (DPPA,
Sigma). All lipids were of at least 99% grade and were used as
purchased. The subphases for the films were 0.1 mM £dCl
for the SA and alternate films, 0.3 mM phosphate buffer (pH
= 7) for DOPC and SAm, and 0.1 mM CaGbr DPPA. The
water for the subphase preparation was purified using a Milli-Q
system (Millipore).

_ _ 2.2. LB Films. The LB films were prepared using single- or
Pa1, PG2 (M = 2H) and ZnPQ1, ZnPQ2 (M = Zn) double-trough instruments (LB 2000 or LB 5000 Alt of KSV
Instruments, Helsinki, Finland). Quartz plates (8512 x 1
mm) were used to deposit the films for fluorescence studies. In
the photoelectric measurements, quartz plates coated with an
ITO semitransparent thin electrode were used. The plates were
cleaned before the film deposition using the standard procédure.

L@ 2.3. Time-Resolved Fluorescence Measuremenihe setup
for the time-resolved fluorescence measurements is described
elsewheré.Briefly, it consisted of a picosecond dye laser syn-
chronously pumped by a mode-lockedXN& AG laser (Series
3000, Spectra-Physics). The excitation wavelength was 590 nm,
the pulse duration 20 ps, and the pulse repetition rate 800 kHz.
The registration consisted of a time-correlated single-photon
Figure 1. Chemical structure of PQ1 and PQ2 and its two main counting instrument (model 199, Edinburgh Instrument) equipped
conformers. with a microchannel plate photomultiplier (Hamamatsu R2809-
50). The instrumental response time was approximately 120 ps.

resolution (20 ns at present) and does not need the cha_rge 2.4. Time-Resolved Photoelectric Measurement$he setup
transport through the sample. Thus, one can study the formatlonfor the time-resolved photoelectric measurements is described

and recombination of the intramolecular CS state. To apply this in detail elsewher&-112L In short, a dye laser pumped by an

technique, all of the DA molecules should have the same excimer laser was used for the excitation, the pulse duration

e o e e, e £25 O L2 Was 3 nsand h wavelngth was 430 rim (Counarn 120
y dep 9 y ) dye). The films were placed into a metal shielding box

o soms e irocha s e e o MEOTPraing o preampers. One preampfer i an
of the DA molecules with the conductors (or semiconductors) resistance of 19 © (typical value) and a bandwidth from dc
" to 1 MHz was used for micro- to millisecond time scale

The films for electric measurements are multilayer structures: measurements. Another amplifier with an input resistance of
(electrode)/insulating layers/DA layer(s)/insulating layers/ 100 KO and a Bandwidth from 0.01 to 50 MHz was used for
(electrode). Methods of smooth multilayer deposition are of great nanosecond time scale measurements. Amplified signals were

Importance for this investigation technique. digitized by Tektronix 7912AD or 2212 and averaged (typically

This study was divided into several steps. In the first step, 50_gg curves) by a PC, controlling the experiments. An external
the monolayer films were studied. The ET properties were tested . voltage from—1.2 to+1.2 V can be applied to the sample

Ey tln?eéresolr\]/ed flur(])rzscfenct? spectroscopy. fOn dthe(ljaa5|s| '(I)f tiSin order to study the influence of the electric field on the
cnowledge, the methods for the preparation of ordered multilayer ,,i4electric response. The conductance and capacitance of the
films were developed. Companson_ of the quo_rescenC(_a propernessarm)le were always checked before and after measurements.
of the monolayer and multilayer films gave information about . .

In the photoelectric measurements, the film can be treated

the DA molecule functioning. Finally, multilayer films were as a flat capacitor. One electrode of the capacitor is the ITO

prepared on the indiurtin oxide (ITO) electrodes and their S . X
photoelectric responses were recorded. This method provideslayer’ which s also a support for the deposited LB film. Another

direct information about the light-induced charge motion in the _?_lﬁgtrfoiit'%sa?r%&oﬁsnelrgc;a:rléoﬁlgzntsly_ﬁtstalcigg t?rgf ft'm
direction perpendicular to the film plane. The optimization of uncti Y w ways insu

the film structure in order to obtain the highest intensity of the electrodes to avoid any interaction of the DA compounds with

: ; A the conductors. Typically nine insulating layers of SAm or
photoelectric response is the objective of the present work. DPPA were deposited directly onto the ITO electrode prior to

deposition of the DA layers. Finally, the DA layers were covered
by 10 insulating layers of SAm or DPPA. Based on our previous
2.1. Materials. The synthesis and complete chromatographic €xperiencé, this can ensure that no direct contact of the DA
separation of the P4 diastereomers of-8methoxycarbonyl- ~ compounds with the electrodes takes place. Ideally, the film
P4-oxy-(9,10-anthraquinone-2-carbonypheophytina (PQ1 samples can be considered as a pure insulators. Thus, there was
and PQ2, Figure 1) were accomplished as reported eatlier. no steady-state current across the sample when a bias voltage
The zinc(ll) insertion into PQ1 and PQ2 and the reference Was applied. The measured Maxwell displacement charge was
compounds was carried out according to the published proce-created by the motion of charges induced by the light in the
dure® The metalation resulted quantitatively in the zn(ll) DA layers. The charge, however, did not reach the electrodes.
complexes of the pyropheophytianthraquinone dyads (ZnPQ1 It is possible to manufacture film samples with two comple-
and ZnPQ2, Figure 1). mentary structures capable of performing vectorial PET. The

a) folded conformer b) open conformer

2. Methods and Materials
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first type of structure was prepared by depositing the DA layers =, mN/m
upstroke and the supporting layers downstroke. Schematically,

the samples can be drawn as follows: 357
|>-- --< DA- --< DA- --< >-- / 30 + b
[>-= —=< >~~ —-< >~~ o< > | c
|>-- --< DA- --< DA- --< >-- | 25 4+

ITO |>-- --< >~~ --< >~~ --< >-- | top electrode a
|>-- --< DA- --< DA- --< >-- | 204 e d
[>-= =< >~ —o< > —m< > |
|>-- --< DA- --< DA- --< >-- \ 154

Here, - < denotes insulating molecules~~ is the matrix 10 +

molecule for the DA compound, and BAis the DA compound.

The second structure was deposited in the opposite direction: 54
|>-- --< >-- -AD >-- -AD >-- / 0 : 'y ’ % 4
[>-= —m< >om e > < > 0 50 100 150 200 250
|>-- --< >-- -AD >-- -AD >-- |

ITO |>-- --< >-- ~~< >-- ~~< >-- | top electrode 2
|>-= —-< >-— -AD >-- -AD >-- | mma, A
[>=- —=< >-= ~~< > ~n< > | . -
|5-- ——< >-— -AD >-— -AD >—— \ Figure 2. Surface pressure isotherms of (a) ZnP, (b) ZnPQ1, (c)

ZnPQ2, (d) PQ1, and (e) PQ2 on a pure water subphase.

In the ideal case structurdsand 2 should produce photo- 3.1. Films of the Pure DA Compounds Each of the four

elect(ip signa}ls Fhat are similar in amplitpde bu'F of different pa compounds forms a monolayer on the water surface,
polarities. This kind of photorespons_e is direct evidence for the exhibiting reasonable mean molecular area (mma). The surface
sample struct_ure and for the vectorial charge transfer. _ pressure isothermsz(vs mma) were recorded on a pure water
Another evidence of the DA molecules arrangement in the g,pnhase for all of the compounds. The resulting isotherms for
layer is whether an external static electric field has an influence PQ1, PQ2, ZnPQ1, ZnPQ2, and for the quinone-free reference

on the photoelectric signal. Two extreme situations are repre- compound (ZnP) are shown in Figure 2. From these results
sented by the transient photoelectric responses obtained fromy,-ae conclusions can be drawn. '

the 100% chlorophylla (Chl) films!!* and from the films
containing the electrostatic porphyriphthalocyanine DA het- ¢ ihe metal-free derivatives.

erodimerg? In the first case, the photoresponse signal is (2) The P4 R stereoisomers have higher mma values than
determined by the photoinduced charge migration in the Chl o p4 5 sterecisomers (e.g., PQ1 vs PQ2).

self-aggregates and the polarity and intensity of the signal are (3) The metal-free compounds have lower collapse pressures
fully controlled by the applied external electric field. In the 41 the corresponding Zn compounds.

second case, the polarity of the signal is determined by the * he first conclusion is in agreement with the molecular

orientation of the DA heterodimer and the driving force for - gu\\ctyre models, showing that the center-to-center distance
creation of the Ma.xwell.dlsplacement charge is the orientation \,o.veen the donor and acceptor for the Zn compounds is shorter
of the DA heterodimer in respect to the electrodes. than that for the metal-free compounds. This suggests that the
Zn compounds may have a more compact conformation,
resulting in a denser packing in the monolayer. The P4
The DA compounds have been intensively studied by means diastereomers have about the same DA center-to-center distance,
of NMR?2.25and by steady-state and time-resolved absorption but the orientations of the phorbin and quinone rings are
and fluorescence spectroscopies in different solv&nihe different. In addition, the conformations of the phytyl groups
preliminary results from the fluorescence investigations of the are completely different for the diastereomers, which results in
ZnPQ1 monolayers in the DOPC matrix have also been a distinct difference in the relative mma for the diastereomers
reported® On the basis of these studies, one can expect two (Figure 2). The tighter packing may provide a more stable layer
main types of conformers of the DA compounds to be present and results in a higher collapse pressure for the Zn derivatives.
in the films. The first one is a folded conformer with the shortest ~ Monolayers of the pure DA compounds can be deposited on
donor-acceptor distance of approximatelt A for the zn a solid support. There is evidence that porphyriresd
compounds and-68 A for the metal-free compounds. This is  chlorophylla>®16form aggregates in the 100% LB films. This
the dominating type of conformer. Another type of conformer aggregation is usually characterized by a broadening of the
has a noticeably longer separation between the donor andabsorption bands, a red-shift and a broadening of the emission
acceptor (estimated value is 480 A). Its relative amount  bands and a gradual decrease in the lifetime of the singlet excited
depends on the DA compound and the environment and wasstate>~":16 Similar phenomena have been observed for the DA
estimated to vary between 5 and 30%. The folded conformerscompounds in the LB films now under investigation. The
of the Zn compounds undergo fast light-induced ET in less than fluorescence spectra of the film samples were significantly red-
a few picoseconds in solutions of different polarity, such as shifted. The fluorescence intensities were low and the fluores-
toluene, acetone, or methanol. The metal-free DA compoundscence decay profiles were short with the shape close to the
(PQ1,2) perform ET in solvents of moderate or high polarity instrumental response function, indicating lifetimes shorter than
(the ET rate constant in acetonitrile is close td21€%). The 100 ps.
folded conformer is supposed to dominate in LB films as ithas  The film samples for the electric measurements were prepared
a more compact arrangement and, therefore, may be favoredor all pure DA compounds (pairs of samples with structures
thermodynamically. and 2 were made in all cases). For PQ1l and PQ2, the

(1) For the Zn compounds, the areas are smaller than those

3. Results and Discussions
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U, v investigations of the DA molecules incorporated into the soft-
matrix monolayers. These monolayers are then incorporated into
multilayer structures that are suitable for the photoelectric
measurements.

0.000 ety The isotherms of the DA soft-matrix mixtures were close to
3 structure 2 those of the pure matrix layer, as the relative concentrations of
0005 F g the DA compounds were low (10% or lower). The deposition

0.005

of the monolayer can be accomplished with almost a unity
transfer ratio (typically in 0.91.1 range), which in turn, ensures
0.010F the presence of the matrix on the support. The presence of the
structure 1 DA compounds in the film was controlled by measuring the
1 absorption spectrum of the film. The spectrum should show a
0.015 [ . . ; . ) , distinct absorption band at 43@30 nm (Soret band) and
] 20 40 60 80 another band at 666680 nm (Q-band) for samples with a
time, us relative concentration greater than 5 mol %. On the basis of
Figure 3. Photovoltage responses of the 100% ZnPQ1 monolayer films this criterion, '_DQl and_PQZ can be deposited succe;sfully in
deposited in upward (structure 1) and downward (structure 2) directions. @ll of the matrixes studied. Stable transfers were achieved for
The dashed line is the average of the signals. ZnPQ1, but the sample absorptions were-20% lower than
expected. In contrast, the deposition of ZnPQ2 was almost
photoelectric responses were virtually the same as those reportedinsuccessful; weak absorptions were detected, but a stable
for the chlorophylla samples showing a stepwise formation transfer was not achieved. Therefore, the following consideration
and a slow decay (the lifetime corresponds to the measuredis mainly limited to PQ1, PQ2, and ZnPQ1.
charge relaxation over the input resistance of the amplitfer). It is noteworthy that the deposition of both ZnPQ1 and ZnPQ2
The intensities and the polarities of the photoelectric responsesin the rigid matrixes (SA, SAm, or DPPA) was even less
were sensitive to the external electric field. Therefore, the successful. Almost no absorption was observed for the ZnPQ2
behavior of the PQ1,2 samples can be explained by a strongsamples, and the absorption of the ZnPQ1l samples was
intermolecular aggregation between the pyropheophytin moietiesconsiderably lower than expected.
and by the migration of photoinduced charges in those ag- The fluorescence properties of the ZnPQ1 monolayer films
gregates. in DOPC have been described previoushhe properties were
The photovoltage responses for the 100% ZnPQ1 samplesfound to be in good agreement with the model involving the
were more complex (Figure 3). The signals consisted of a fast coexistence of two types of conformers, the folded ones and
rise and, at least, of two decay components. One componentthe open ones. The dominating folded conformers undergo fast
had an extremely long lifetime and was sensitive to the external and efficient ET and have no direct contribution to the observed
electric field. It can be attributed to the charge migration and fluorescence. The fluorescence observed was due to the open
recombination in the ZnPQ1 aggregates. The other componentconformers and was quenched by the energy transfer to the
was relatively short-lived (lifetime-210us). The polarity sign  folded conformers when the relative concentration of the latter
of this component was controlled by the sample structure and exceeded a critical value defined by tha$ter radius. In excess
was in agreement with the expected direction of the vectorial of the folded conformers, the energy transfer is a one-step
PET for the DA molecules organized on the water surface with process and the fluorescence decay can be described by the
the quinone moiety located above the pyropheophytin ring. It Ferster two-dimensional modélleading to the equation
can be suggested that the short-lived component corresponds
to the relaxation of the CS state of individual DA molecules. I(t) =1, exp(t/t, — y (tr,)"3) (1)
The main objective in our LB film development was to
prepare samples which would not show the long-lived compo- wherel, and I(t) are the fluorescence intensities just after a
nent but would exhibit structure-controlled signals from the delta-pulse excitation and at a tinierespectivelyr, is the
individual DA molecules. Therefore, intermolecular aggregation lifetime of the excited state in the absence of the energy
should be reduced to a minimum. A traditional method to acceptors, ang is a factor determining the efficiency of the
achieve this is to place the DA molecules in a passive lipid energy transfer. The factor depends on the mutual orientation
matrix 5-7.20 of the energy donor and acceptor, and it is proportional to the
3.2. Monolayers of the DA CompoundsThe monolayers  quencher concentratian(reduced concentration of the folded
of the DA compounds were tested in the following series of conformer in the particular case) and to thegter critical radius
matrixes: DOPC, Soya PC, EA, SA, SAm, and DPPA. In R, Numeric calculations have been done for a uniform and

agreement with the previous studfe®; 28 the lipids with random distribution of the quench&andy can be derived:
unsaturated carbon chains form soft layers and have better
miscibility with other molecules compared to the lipids with y = 1.146&F{)2 (2)

saturated chains. Matrixes such as DOPC, Soya PC, and EA

can prevent the intermolecular aggregation and are henceFor ZnPQL1 in the DOPC matrix, the analysis of the concentra-
preferable for the preparation of homogeneous films. The tion dependence of the factor yielded arR, value of 50 A,
disadvantage of those matrixes is that they cannot be depositedvhich represents the critical distance of energy transfer in this
as multilayer films by themselves. In contrast, the lipids with systen

saturated carbon chains form highly ordered stiff layers, which  The fluorescence decays for ZnPQ1 in the Soya PC and EA
are easy to deposit as a multilayer film, while the nonlipid matrixes were analyzed in the same manner and gave essentially
molecules such as the DA or other dye compounds are pressedimilar results (see Figure 5). We can assume that the folded
out of that structure and form aggregates even at low concentra-conformers dominate in the films, since fluorescence of the
tions!” Consequently, our discussion will be limited here to the ZnPQ1 films was at least 10-fold lower compared to that of Zn
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Figure 4. Fluorescence decays of the PQ1 compound in the EA matrix 0 0.05 0.1 0.15 0.2 0.25 0.3
at PQ1 concentrations of (a) 0.6, (b) 1.2, (c) 2.5, (d) 5, and (e) 10 mol
%. The instrumental response function is presented by a dashed line. concentration, molecules/nm?
TABLE 1: Dependence of the Fluorescence Parameters on Figure 5. Dependences of the factors on the DA concentration for
the Concentration for the Monolayer Films of PQ1 in EA2 ZnPQ1in DOPCQ) and in EA @), and for PQ1{) and PQ2 &) in

EA. Straight lines correspond to the criticalrBter radii of 50, 42,

cmol% vy NS a%  ls  Tans  leodler and 36 A from top to bottom, according to eq 2.
0.6 1.6 7.6 5.6 1.0 2.7 0.32
1.2 3.3 5.8 25 0.8 1.2 0.14 of pyropheophytira in solutions. For the samples with PQ1 or
25 4.7 4.5 1.7 0.4 0.7 0.072 PQ2 concentratior 1.2 mol %, they factor was almost linearly
5.0 8.7 2.7 0.66 0.19 0.27 0.059

proportional to the DA molecule concentration, as it was for
ZnPQ1 in DOPC. Figure 5 presents the plots of tHfactor vs

2 Parametery, 71, anda; = IJ(le + IF) are obtained by fitting of the DA compound surface concentration for the three types of
the decay curves by eq Bsis the relative intensity of the steady-state DA molecules. On the basis of the linear dependencies in Figure
fluorescences compared to a 0.6 mol % sampig.is average g5 504 agsuming a uniform distribution of the DA dipoles,

fluorescence lifetimdpqdlppis the ratio of the fluorescence intensities . . . .
of the PQ1 monolayers to the pyropheophytin (reference compound) required by eq 2, the Fster radii can be estimated to be 50 A

10.0 18.0 1.6 0.07 0.04 0.066 0.022

monolayers. for ZnPQ1, 42 A for PQ1, and 36 A for PQ2 (see ref 8 for the
details of calculations).
TABLE 2: Dependence of the Fluorescence Parameters on The long-lived component in the fluorescence decay curves
the Concentration for the Monolayer Films of PQ2 in EA* may be attributed to a possible equilibrium between the singlet
c, mol % y Tins @1, % lss  TawNS  lpodlep excited state () and the CS state,
0.6 17 13 2.7 1.0 2.2 0.27 L
1.2 24 8.6 1.4 1.34 1.6 0.20 PSQ‘_—‘ PQ (4)
2.5 4.1 5.6 0.7 0.79 0.8 0.12
5.0 6.8 3.6 022 0.29 0.36 0.075 which results in a delayed fluorescence. One can expect that
10.0 13.0 24 007 017 0.12 0.076 the energy levels of the reactants and products of the ET reaction
aFor parameters description see Table 1. in the LB films will be close to those in unpolar solvents (e.g.,

toluene). In a solution with a low dielectric permeability, the
pyropheophytin films; hence, the total chromophore concentra- ET rate is relatively slowk = 0.1-1 ns™1). This indicates that
tion can be used in eq 2. There is a clear deviation from the the energies of the CS state and the singlet excited state are
linear dependence on the concentration predicted by eq 2 atclose to each other, thus making the reverse reaction possible.
low chromophore concentrations. This can be attributed to a The intensity of the corresponding fluorescence component and,
distribution of the lifetimes of the open conformérs. therefore, the efficiency of the reverse ET reaction are low
The fluorescence properties of the PQ1 and PQ2 compoundscompared to the ‘Fster component (see Tables 1 and 2). This
in the EA matrix were close to those of ZnPQ1 in DOPC. The type of process has only a weak effect on the energy transfer
fluorescence decay curves for PQ1 at different concentrationsoccurring in a single step, and hence, the fluorescence decay
are shown in Figure 4. On the quantitative level, the attempts can be approximated by eq 3 showing a linear dependence of
to approximate the decays by thérEer dependence of eq 1 they factor on the DA compound concentration. Therefore, we
were not as successful as for the ZnPQL1 films. For this reason,suppose that the model, which takes into account the coexistence
the decay curves were fitted in terms of the sum of thisteo of the two types of conformers and the quenching of the

and the exponential decay components, fluorescence by energy transfer between the conformers, can
be applied to the PQ1 and PQ2 monolayers in the EA matrix.
I(t) = Iz exp(t/t, — y(t/to)1’3) + l.exp(tit;)) (3) The long-lived component is essential in the fluorescence

decays of PQ1 and PQ?2 in the DOPC and Soya PC matrixes.
In this case, the statisticgf value was smaller than 1.6. The This component is present at all PQ1 or PQ2 concentrations
results of the fittings are summarized in Tables 1 and 2. The and has a lifetime of-34.5 ns. The fast component of the decay
exponential decay component showed relatively small ampli- curves has a shorter lifetime at higher concentrations of the DA
tudes. At low DA compound concentrations, the component compound. The intensities of the steady-state fluorescence for
exhibited a lifetime longer than that of the singlet excited state the PQ1 or PQ2 samples were quenched compared to the
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reference samples (quinone-free compounds) by about the sam@ABLE 3: Deposition of the Multilayer Films Containing
order of magnitude as for the ZnPQ1 samples. The quenchingSoft Matrix Layers (See Text for Details)

efficiency increased rapidly with the increase in the concentra- matrix  dep. direction no. of layers alternate layer(s)
ti(_)n of the DA_compOl_md. Though this type of behavior agrees g up ~10 SA. SAm. DPPA
with the previously discussed model, the fluorescence decay down >10 SA, SAm, DPPA
curves cannot be successfully fitted neither to thiester eq 1 DOLPC up <5 SA, DPPA
nor to eq 2. down no transfer
The fluorescence quenching of the PQ1 and PQ2 monolayers So¥a PC up 10 3 layers of SAm or DPPA
q g Q Q Y down 10 3 layers of SAm or DPPA

in DOPC cannot be explained by the intermolecular aggregation

of the phorbin moieties of the DA compound, since the ) . . .
fluorescence time-resolved spectra (1) agreed well with the selected as the first candidates for testing, since they can be

corresponding fluorescence spectra in toluene solution, (2) Weredeposned from a neutral phosphate subphase; a good altemative

very similar for different concentrations of the DA compound, for SAm is DPPA, which requires €& ions in the water
and (3) were almost time-independent. The proposed explanationSprhafse' . .

is an equilibrium between the singlet excited state and the ¢S The films for the electric measurements have to contain DA
state of the folded conformers. This would allow the energy layers deposited in one direction. However, the deposition of

transfer to occur between the conformers in both directions, from X~ @nd Z-type films is poorly controllable and, hence, it is
the folded conformers to the open ones and vice versa. Thef€asonable to deposit the sample as a Y-type structure with the
reaction scheme might be as follows: DA compounds in every second layer (cf. the diagrams shown

in section 2 for the complementary structutesgnd 2). The
P—O=P0=PpP0O 5 problem is that the soft lipids cannot.t.)e deposited as multilayer
Q Q Q () structures by themselves, and addition of a small amount of

where the left-hand equilibrium represents the intermolecular DA molecules did not change the situation. Nevertheless, it was
energy transfer and the right-hand one the intramolecular chargeP0ssible to cover the monolayer of the soft matrix by a hard-
transfer. In addition, the energy transfer between the folded lipid layer under certain conditions. On this layer, the next soft
conformers should be taken into account. Thus, the model islayer can be deposited. Thus, the problem was solved by
approaching a random-walk model involving a multistep energy alternating the -SOft-matr-iX.layerS, Containing the functional DA
transfe?®33 and it is, therefore, difficult to analyze the model compounds, with hard-lipid layers.
quantitatively. For the electric measurements, the soft-matrix layers, contain-
The differences in the fluorescence decays of the DA ingthe DA compound, were always deposited in one direction,
compounds in the EA and DOPC matrixes can be attributed to to give a uniform orientation of the DA molecules. Thus, one
different dielectric permeability of the films (mainly defined or three hard-lipid layers were deposited between the DA layers.
by the matrix molecules). If the permeability is higher (presum- Three layers were used if the deposition of the first supporting
ably for EA), the CS state is more stable. Thus, the equilibrium layer was not successful (transfer ratio less than 0.8). If the third
PSQ = PTQ" is shifted to PQ~, and the energy transfer is layer had a transfer ratio less than 0.9 or if the deposition of
essentially a one-step proces$<R — PsQ). The behavior of the second soft layer had a transfer ratio less than 0.8, the sample
the system is close to that of theé rSter type. In contrast, at ~Was considered to be unsuccessful.
lower values of the dielectric permeability (DOPC), th®P The results from the testing of different sample structures
state is populated enough to make the energy transfer possibleare summarized in Table 3. We were able to prepare multilayers
in both directions. Under these conditions, the fluorescence of the DA compounds in EA in both directions of deposition
decays cannot be described by a simple one-step model. with a single intermediate layer of SA, DPPA, or SAm. The
Unfortunately, we have not been able to prove the above deposition rate for the EA films was 40 mm/min or faster and
suggestions by electric measurements because of the problem#or the intermediate layers 20 mm/min, when 0.1 mM GgIClI
in the multilayer film deposition (see below). CaCb, or phosphate buffer was used as a subphase. It was
3.3. Deposition of Multilayer Films. The next step in our ~ possible to prepare a film consisting of as many as 10 layers of
sample development was the fabrication of multilayer films, Soya PC, alternating each layer by 3 layers of DPPA or SAm.
suitable for the photoelectric measurements. In these films, theBetter films were obtained with DPPA layers. The deposition
functional layer(s) have to be separated from the electrodes.rate was 40 mm/min for DPPA and 20 mm/min for Soya PC,
This can be achieved by the deposition of insulating layers on when 0.1 mM CaGlwas used as the subphase. By using the
the electrode below and above the DA compound layer(s). DOPC layers alternating with 3 layers of DPPA or SAm, five
Therefore, the influence of the insulating layers on the fluo- layers can be deposited, but only for the upstroke direction. The
rescence properties of the DA compounds in soft matrixes wastransfer ratio decreases with increasing number of layers, e.qg.,
also studied. the fifth layer of DOPC had a transfer ratio of about 0.6.
It is widely accepted that lipids with saturated carbon chains  3.4. Effect of the Bottom Layers on the Structure of the
can serve as insulating layer$he most frequently used lipids DA Layer. The properties of the DA monolayers deposited on
are SA, SAm, DPPA, dipalmitoylphosphatidyl choline (DPPC), different bottom layers were studied and compared with the
and other related compounds. For a smooth multilayer depositionmonolayers deposited on pure quartz plates. The DA monolayers
of these compounds, a proper subphase, containing certain ionswere always deposited in the upward direction. The transfer
is needed. Suitable ions are £dand T for SA, (UOy)%" ratio for the bottom layers was close to unity. For the DA
for DPPC, C&" (or similar bivalent metals) for DPPA, and layers, the transfer ratio varied from 0.8 to 1, depending on the
(POy)®~ or (SGy)2~ for SAm2# The presence of these ions in  matrix. The absorption intensities of the PQ layers in different
the water subphase has an influence on the DA layer arrange-matrixes were close to the intensities of the PQ layers without
ment and deposition. In addition, the ielipid complexes can the bottom layers. For ZnPQ1, the monolayer depositions on
be transferred into the films and may affect the ET properties the bottom layers were less successful. Absorption intensities
of the DA compounds. Consequently, the films of SAm were were significantly reduced in the DOPC matrix independently
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Figure 6. Fluorescence decays for 10 mol % of ZnPQ1 compound in b)
Soya PC matrix deposited (a) onto 10 bottom layers of SAm and (b) oD

directly onto the quartz plate. The instrumental response function is 0.04
presented by a dashed line.

of the nature of the bottom layers (SA, DPPA, or SAm). Better 0.03

results were achieved by using Soya PC and EA as the matrixes,

although a relative reduction of 2610% in the absorption of

the DA molecules was observed. 0.02
The fluorescence decays of the DA compounds deposited

directly on quartz plates differed gradually from those deposited

on the bottom layers. As an example, Figure 6 presents the decay 0.01

curves at 670 nm for 10 mol % ZnPQ1 in Soya PC, deposited

on (a) SAm bottom layers and (b) on a clean quartz support. 0.00 \
The excited state of the DA compound deposited on the quartz 300 350 400 450 500 550 600 650 700 750 800

plate relaxes faster, and the fluorescence profile fits well to the wavelength, nm

2D Faster quenchlng model, with, = 4.7 ns andy = 8.2 in Figure 7. Absorption spectra of samples containing (a) 10 layers of
eq 1. Despite the fact that the fluorescence decay of the DA 15"mq 95 znPQ1 in Soya PC matrix each alternated by 3 layers of
compound deposited on the bottom layers fits badly even to a pppA and deposited as the structdrgdashed line) and the structure
model with combined exponential andrster decays ( eq 3), 2 (solid line) and (b) 10 layers of 10 mol % PQL1 in EA matrix each
it can be approximated with a reasonajfe= 1.27 as a sum  alternated by a single SAm layer.
of three exponentials with the lifetimes of 8010 ps, 0.50+
0.14 ns, and 2.3t 0.1 ns. The three exponentials fitting for transfer to the folded conformers, and this was used to prove a
curve b in Figure 6 results in the lifetimes of 906 ps, 0.36 random distribution of the folded conformers.
+ 0.03, and 1.2+ 0.1 ns, showing smaller difference between The multilayer films were prepared using the method
the fastest and slowest components than that for curve a. Thedescribed above. The deposition of ZnPQ1 in the EA matrix
physical meaning of the three exponentials fitting is not evident. was relatively unsuccessful, even when the transfer ratio was
It seems that the homogeneous (random) distribution of the DA about unity. The DA compounds in the multilayer films have
molecules in the matrix is disturbed by the supporting bottom shown weak absorption independently of the supporting bottom
layers. There can be clusters of DA molecules with relatively layers. Rather weak absorptions were observed for the DA
short lifetimes and almost isolated DA molecules with relatively compounds in the DOPC matrix as well. The highest absorption
long lifetimes for the excited state. Comparable results were for ZnPQ1 was obtained in the Soya PC matrix alternated by
obtained when DPPA and SA bottom layers were used. DPPA layers, but even in this case the absorption was lower
For the metal-free PQ compounds, the corresponding analysisthan expected. The transfer ratios for the ZnP@bya PC
is more complex, since the fluorescence decay of the PQ sampldayers, when deposited in the upward direction (structire
does not obey the ‘Fster model of eq 1. On the qualitative ~were somewhat higher than when deposited in the downward
level, however, the deposition of the PQ molecules on the hard- direction (structur®), but the absorption intensities were higher
lipid bottom layers resulted in the appearance of shorter- andin the latter case, as shown in Figure 7. The shape of the
longer-lived components. The fluorescence spectrum of the absorption spectrum for structuteexhibits significant broaden-
shorter-lived component was shifted to the red compared to theing of the Q-band, indicating the presence of aggregates of the
longer-lived component. DA molecules. The fluorescence properties of the multilayer
The steady-state fluorescence intensities of the DA com- films of structurel were quite close to those of the monolayer
pounds deposited on the bottom layers were rather similar to films deposited on the bottom layers. The fluorescence of the
the intensities of the DA compounds deposited on pure quartz structure2 samples indicated a lower degree of aggregation.
plates. For these samples, the decays were somewhat smoother, but
From the viewpoint of PET, the important conformer is the Yet no satisfactory fitting could be achieved by applying eq 1
folded one, whose fluorescence is quenched almost totally in or eq 2.
the case of ZnPQ1. The only fluorescing conformers are the The absorption intensities of the films incorporating PQ1 or
open ones. Their fluorescence can be quenched by energyPQ2 were almost proportional to the number of the layers and
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the PQ concentration (Figure 7b). Also, some changes in the a)
fluorescence properties were observed, indicating a high degree

of aggregation. Basically, the fluorescence properties of the U.V
multilayer films containing metal-free DA compounds were  0.0151
close to the properties of the monolayer films deposited on the 1
bottom layers.

In conclusion, the fluorescence and absorption properties of 0
the multilayer samples prepared for the photoelectric measure- ]
ments indicate higher aggregation tendency for the DA com- 0.0057]
pounds compared to the tendency in the monolayer films
deposited on pure quartz plates. The hard-lipid layers may have
an effect on the distribution of DA molecules in a soft matrix.
The crystal-like structures of the hard lipids may induce more ]
regular packing of the soft-matrix lipids, thus leaving fewer -0.0057]
possibilities for the homogeneous distribution of the alien :
molecules in the matrix. M " T y T T T " 1

0101

structure 2

0.0001

3.5. Photoelectric Measurements of the DA Films in Lipid 0 ! 2 . 3 4 5
Matrixes. All of the multilayer structures were tested by time, ps
measuring their photoelectric signals. The highest signal intensi-
ties were obtained for the ZnP@Boya PC/DPPA multilayer b)
samples. The photovoltage responses in microsecond time U, mv

domain for the 15% ZnPQ1 samples of structutemnd?2 are )
shown in Figure 8. The polarities of the signals are determined 4.2
by the orientation of the DA molecules in the film. A dominating A
component in the transient signal is the fast recombination (in
less than 0.s) of the CS state. For the 15% ZnPQ1 samples, 0.8
the contribution of the aggregates of DA molecules to the signal
can be found at longer time scales. Also, the relative intensity
of the signal, arising from the aggregated DA molecules, is
smaller compared to that for the 100% films (see Figure 3).
With decreasing concentration of ZnPQ1, the intensity of this
signal rapidly decreases. At the concentration of 5 mol %, the

structure 2

photovoltage response consisted almost exclusively of a vectorial -0.21 b4 structure 1

intramolecular component. The intensities of the signals for the 04 ] i ] . . i ] .

5 mol % samples were 2660% of that for the 15 mol % o 200 400 600 800 1000
samples, being in accord with the decrease of the ZnPQl time, ns

concentration.
;. . . Figure 8. Photovoltage responses of the films of (a) 15 and (b) 5 mol
The deposition of layers consisting of ZnPQ1 in DOPC was %gof ZnPQL1 in Soyg PC. F%he solid lines repres(e)nt the ex(p())nential
less successful, as mentioned above. Nevertheless, signals fromittings. For the 15 mol % film, the decay times are 270 ns (43%) and
the samples containing ZnPQDOPC/SAm or DPPA were 9.3 us (57%) for structurel and 29 ns (88%) and 450 ns (12%) for
detected and can be attributed to the intramolecular ET reaction.structure2. For the 5 mol % films, decay times are 190 ns and 26 ns
The signals indicated a very short lifetimeZ0 ns) for the CS ~ for the structured and2, respectively.

state. Unfortunately, only a few layers of these samples could . .
be deposited and hence the intensities of the signals were ver)}he voltage applied to the sample & 1 V, maximally), the

weak. Also, since we were able to prepare only samples with '([jhu;kness Oitzeg”ml( ~ 300? ’z‘)’daTd the t():htarge sc(ejparaﬂond
structurel, we cannot confirm the origin of the photoresponse 1S an;:etg Nth f Idedes |mfa € |sfazncFe) f_vveehr; ofnor a.n
by comparison with the signals of the complementary structures, 3cCeptor for the foided contormer of zn Q1 in chloroformy:

No reliable electric signals, attributable to the vectorial AE = Ud/L ~ 0.004 eV
intramolecular ET, were obtained for the ZnPQ1 compound
prepared in the EA matrix or for the PQ1 and PQ2 compounds This value is much less than the thermal eneigly &nd is too
in the tested matrixes. small to have any significant influence on the intramolecular
Two distinct charge-transfer (CT) processes, inter- and ET. That was confirmed in the case of struct@ré-igure 9),
intramolecular, should be considered in the discussion of the for which neither the intensity nor the lifetime of the fast
photoelectric response of the DA compounds. The intermolecu- component depended on the external electric field. The lifetime
lar CT takes place between the pyropheophytin moieties of two of the fast component was estimated to be 29 ns, but it is
DA molecules and can be treated as a charge migration alongprobably shorter and not resolved because the excitation laser
a pyropheophytin aggregate or as a charge hopping betweerpulse duration was roughly 20 ns. At longer delay times, a long-
similar sites. This process can be controlled by an external lived component, which can be controlled by the electric field,
electric field and is independent of the film structure. The was detected. It indicates the presence of aggregates in the film,
intramolecular CT occurs in the same DA dyad molecule, and although their relative amount is much lower than that for the
its direction is determined by the orientation of the dyad. In 100% film.
fact, the electric field must have an influence on the intramo-  The influence of the electric field on the photoresponse from
lecular ET, as it can introduce some imbalance in the energy the structurel is more complex (Figure 9). The shape of the
(AE) of the CS state. The value &fE can be estimated from  decay curve is completely different at different polarities of the
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Figure 9. Effect of the external electric field on the photovoltage
response of the films containing 15 mol % of ZnPQ1 in Soya PC
matrix. The lifetimes, which are independent of the external electric
field, are 270 ns and 9.3s for the structurd and 30 and 450 ns for
the structure.

applied voltage. The biexponential fitting resulted in two
lifetimes (270 ns and 9.3s) for the decay curves shown in

Figure 9. The fast component is completely missing when the

external voltage wag- 0.5 V, but it is dominating at voltage
—0.5 V. Most probably the structuré samples have a high

degree of aggregation compared to the aggregation in the
structure2 samples. This proposal agrees also with the absorp-

tion spectra and the fluorescence properties of the samples.
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(2) When incorporated into a matrix of soft lipids (such as
Soya phospholipids), the fluorescence properties of the DA
compounds indicate light-induced electron transfer for the folded
dyad conformer.

(3) For the preparation of multilayer films with uniform orien-
tation of the DA molecules, a method based on an alternating
deposition of soft-matrix layers with the DA compound in-
termitted with layers of hard lipids (such as stearic acid) has
been developed.

(4) Light-induced intramolecular electron transfer was ob-
served and studied in multilayer LB films by direct measure-
ments of the Maxwell displacement charge for ZnPQ1 incor-
porated into the multilayer film.
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