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Abstract

The self-assembled monolayer (SAM) technique was employed to fabricate a two-layer
donor-acceptor film on surface of TiO,. The approach is based on using donor and acceptor
compounds with anchoring groups of different length. The acceptor, a fullerene derivative,
has a carboxyl anchor attached to the fullerene moiety via a short linker which places the
fullerene close to the surface. The donor, a porphyrin derivative, is equipped with a long
linker which can penetrate between the fullerenes and keep porphyrin on top of the fullerene
layer. The two-layer fullerene—porphyrin structures were deposited on a mesoporous film of
TiO, nanoparticles by immersing the TiO, film sequentially into fullerene and porphyrin so-
lutions. Transient absorption spectroscopy studies of the samples revealed that after selective
photoexcitation of porphyrin a fast (<5 ps) intermolecular electron transfer (ET) takes place
from porphyrin to fullerene layer, which confirms formation of the inter-layer donor-acceptor
interface. Furthermore, in the second step of ET the fullerene anions donate electrons to the

TiO, nanoparticles. The latter reaction is relatively slow with average time constant of 230 ps.
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It involves roughly half of primary generated charges and the second half relaxes by the inter-
layer charge recombination. The resulting state with porphyrin cation and electron in the TiO,

has extremely long lifetime and recombines with average time constant of 23 ms.

Introduction

The study of photoinduced electron transfer (ET) across a organic-semiconductor interface is
driven by many promising applications such as dye sensitized ! and hybrid solar cells,>? nanopho-
tonic devices and molecular sensors.* In these applications, a molecular layer is assembled on a
semiconductor surface where its primary function is to capture a photon. The energy of the ex-
cited state is used then to transfer an electron across the interface in a direction determined by the
energy states of the semiconductor and the molecule. Since the main role of the organic layer is
photo-sensitization, relatively simple dye molecules equipped with anchor groups to attach them
on the surface are typically used.

However, functionality of molecular systems is not limited to photo-sensitization, and numer-
ous donor-acceptor (DA) molecules were designed, which can efficiently absorb the light and un-
dergo intramolecular charge-separation.” Potentially such molecules can be attached to the semi-
conductor surface either by donor or acceptor side, so that photo-excitation will push either electron
or hole towards the semiconductor. This may lead to a more efficient cross interface charge trans-
fer or even to a control over the direction of the ET across the interface. Although utilization of
DA molecules in place of simple dye photosensitizers looks promising, a number of problems stay
in the way of practical implementation and a very few studies have attempted to implement this
approach. %3 The efficient charge-separation is often impeded by the poor control over orientation
and ordering of covalently linked donor-acceptor dyads in self-assembled films. Moreover, cluster
formation and defects in donor-acceptor architectures fabricated by different layer-by-layer as-
sembly methods® preclude efficient light energy conversion. On the other hand, co-self-assembly

may lead to uneven distribution of the donors and acceptors in mixed self-assembled monolayer



films. 10-11

Here, we propose to use donor and acceptor compounds with anchoring groups of different
length as a potential approach to construct ordered DA architectures. At the first stage of deposi-
tion, acceptor molecules with a short linker form a monolayer close to the semiconductor surface.
Then, donor molecules with long linker, which can penetrate between the units in the first mono-
layer, form second layer on top of the acceptors. This approach enables preparation of a large
number of differently ordered two-layer structures only by using different combinations of donor
and acceptor molecules.

Porphyrins and fullerenes are widely studied and proved to be an excellent combination for

3.10-14 porphyrins are highly conjugated macrocycles which absorb light over

donor-acceptor pair.
a wide wavelength range in the visible and UV regions and have high electron donating abilities.
Its activity in DA systems can be altered by changing the central atom and modifying the periph-
eral substituents of macrocycles. ! Fullerene Cg has a high electron affinity accepting up to 6
electrons, '® and ET reactions involving fullerenes are characterized by relatively small reorgani-
zation energy.'” Low absorption of fullerene in the visible region makes the selective excitation
of porphyrins possible and the unique anion absorption band of the fullerene in the near-IR makes
detection of the ET dynamics reliable and reasonably accurate.'® In addition, a combination of
porphyrin as a donor and sensitizer with fullerene as an acceptor is known to exhibit a long-lived
charge-separated (CS) state with a high quantum yield via photoinduced ET.>1%11.14 For these
reasons a fullerene derivative was used to form the acceptor layer on the surface of TiO,, and two

porphyrin derivatives, free-base (H,P) and zinc complex (ZnP), were used to deposit the top donor

layer.

Experimental

Sample preparation

TiO, nanoparticle thin films with layer thickness of 2 um were formed on glass substrates by a



standard doctor blade technique.'® The substrate was framed with Scotch tape creatinga 1 x 3 cm
channel. Roughly 30 ul of Solaronix:Ti-Nanoxide-T paste was dropped in the channel and spread
evenly with a glass rod. Resulting film was dried in air for one hour while the tape was removed
after 5 min drying. After that, the samples were heated 10 minutes at 120, 250, 330, 450 and
520 °C, respectively and cooled in air.

Immobilization of the compounds on TiO, films was done by immersing the films in the solu-
tions of corresponding compounds. Prior to the immobilization, TiO, films were heated at 150°C
for 30 minutes to remove moisture. The solvent, compound concentration and immersion time
were adjusted individually for each compound.

The best solvent for both H,P and ZnP was MeOH. The concentrations of H,P and ZnP were
0.09 mM and 0.05 mM, respectively, and the deposition time was 18 hours. After immersion
the substrates were washed by immersing in neat solvent twice for one hour to remove unbonded
compounds. CF has poor solubility in pure alcohols, thus solvent mixture of chloroform and
ethanol, CHCI;:EtOH = 9:1 by volume was used for the deposition. The solution concentration
was 0.16 mM, immersion time 10 minutes and washing time twice for 30 minutes. The two-layer
samples were prepared with two-step deposition. First, fullerene SAM was formed on TiO, and
the plate was washed and dried in air. Then the plate was dipped into ZnP or H,P solution to

attach the donor layer and washed as above.

Steady-state spectroscopy

The UV-Vis spectra was measured with Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. The
fluorescence spectra were recorded with an ISA-Jobin Yvon-SPEX-Horiba Fluorolog-2-111 fluo-

rometer and corrected using the instrument response function supplied by the manufacturer.

Transient absorption spectroscopy

A pump-probe setup was used to carry out time-resolved absorption spectroscopy studies in fem-

tosecond time scale. In brief, the fundamental light pulses at 800 nm wavelength were generated
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by a Libra F laser system (Coherent Inc.) at repetition rate of 1 kHz. The pulse energy was
1 mJ and the pulse duration was approximately 100 fs. Roughly 90% of the fundamental beam
energy was delivered to the optical parametric amplifier (OPA) Topas C (Light Conversion Ltd.)
to produce the pump pulses at the desired wavelength. The rest of the light was delivered to the
measurement system (ExiPro, CDP Inc.) to generate white continuum for sample probing. The
measurement system was equipped with two pairs of array detectors, a Si CCD arrays for measure-
ments in the visible part of the spectrum and an InGa diode arrays for measurements in the near
infrared (NIR) part of the spectrum. The white light beam, after sapphire continuum generator,
was split into two beams: reference and signal. The measurements were acquired by comparing
responses with and without excitation using a chopper synchronized with the fundamental laser
pulses. Typical averaging time was 10 s, i.e. averaging 10 000 excitation shots. The spectra were
recorded in two wavelength ranges 550-780 nm and 880—1100 nm. The gap between the ranges
is due to high instability of the white continuum at wavelengths approching the laser fundamental.
All measurements were carried out under nitrogen atmosphere.

The flash-photolysis method was used to study the time-resolved absorption in the millisecond
timescale. The measurements were performed with excitation pulses from a Nd:YAG laser at
532 nm (5 ns, 5-15 mJ per pulse). The used excitation power density was ~ 0.5 mJcm™2. The
monitoring light was obtained from a tungsten halogen light source (AvalLight-HAL, Avantes).
The signal was detected by the silicon photoreceiver (2051-FS, New Focus) and recorded by the
digitizing oscilloscope TDS3032B (Tektronix, 300 MHz). The Luzchem laser flash system (mLFP-
111) was used to control the experiments. The transient decays were collected in the wavelength
range from 450 nm to 900 nm in a nitrogen atmosphere.

Multiexponential or combination of exponential and distributed decay models was used for
global fit of the data obtained from transient absorption measurements.?%?! In some cases a short,
< 100 fs, component was needed for the fitting. This component is at the limit of the instruments
time resolution and most probably originates from imperfection of the dispersion compensation

and estimation of the instrument response function. Thus those components have no physical



meaning and were left outside of the discussion.

Results

Compounds

Chemical structures of the compounds, carboxy-substituted porphyrins, H,P and ZnP, and fullerene
derivative CF are presented in Figure 1. The details of synthesis, purification and characterization
are provided in Supporting Information. The absorption spectra of the porphyrins, H,P and ZnP,

in MeOH and fullerene CF in CHCIl;:EtOH (9:1) are presented in Figure 2.

CF

H2P ZnP
o) (e}
OH OH

Figure 1: Chemical structures of carboxy-substituted free-base porphyrin, H,P, zinc porphyrin,
ZnP and fullerene, CF.

Mono- and two-layer films

SAMs were deposited on TiO, nanoparticle films of roughly 2 um thickness by immersing the
TiO, films into solutions of organic molecules. The layer formation was controlled by measuring
the film absorption. A critical parameter for the deposition of SAMs of CF was immersion time.
Absorption of the samples increases with increasing immersion time until 15 minutes, and does

not grow much after that, as illustrated in Figure 3a. A slightly wavy shape of the spectra in the
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Figure 2: Absorption spectra of CF in CHCl;:EtOH (9:1) and H,P and ZnP in MeOH. Inset shows
the magnified spectra to visualize the Q-band part of the spectrum better.

figure is due to the light interference in the TiO, layer, and it was observed for all samples. After
deposition, the samples were only quickly washed by dipping them in pure solvent (CHCl;:EtOH
mixture). A more thorough washing of the samples causes a loss of the sample absorption. As
shown in Figure 3b, after one hour of keeping the sample in neat solvent the absorption decreases
by half. However, further washing does not change the sample absorption any more.

Based on these results, CF SAMs were prepared by immersing TiO, films in the solution for
10 minutes and then washing in pure solvent twice for 30 minutes each time. One can also notice
that absorption spectra of CF samples are rather featureless with absorbance increasing gradually

toward shorter wavelengths. This is typical for densely packed fullerene films.??
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Figure 3: Absorption spectra of CF monolayer on TiO, (a) after different immersion times and
quick rinsing of the samples and (b) after different washing times. The immersion time is indicated
in the plot.



Similar studies were carried out for H,P and ZnP (see Supporting Information, Figures S1-
S2). Though these compounds form more stable layers, the rate of SAM formation for both por-
phyrin derivatives was much lower. Thus, much longer, 18 hours, immersion time was used to
deposit the layers and after deposition the samples were washed in pure MeOH twice for one hour
each time.

Absorption spectra of single and two-layer structures of H,P and ZnP, and CF | H,P and
CF | ZnP, respectively, are presented in Figure 4. Absorption of the samples at Soret band of por-
phyrins are much higher than the maximum measurable value for the instrument used. However,
the Q band region is seen well with maximum absorptance in the range 0.2 —0.5, which is suitable
for conducting transient absorption measurements by the pump-probe method. The absorption of
porphyrin in CF | ZnP and CF | H,P structures is roughly 30% lower than that of porphyrin layer
alone. This is an expected result as the packing of porphyrins on top of the fullerene layer can-
not be as dense as on clean TiO, surface, since much lower density of potential binding sites is

available for the anchor groups of porphyrin derivatives in this case.
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Figure 4: Absorption spectra of (a) CF and H,P monolayers and CF | H,P two-layer structures
and (b) CF and ZnP monolayers and CF | ZnP two-layer structures on TiO,.

The selective excitation of porphyrin chromophore in two-layer structures is possible in Q-band
area and thus the most intense Q-bands, at 515 nm for H,P and 555 nm for ZnP, were used for
photoexcitation. The fluorescence intensity of both H,P and ZnP is decreased by roughly 70%

in two-layer structures as compared with porphyrin SAMs deposited directly on TiO, surface (see



Supporting Information, Figures S3—S4). The emission of porphyrin SAMs on TiO, is probably
already quenched due to their aggregation in the SAM and possible ET to TiO,, but the enhanced
quenching on top of CF layer indicates relatively strong electronic interactions between the two

organic layers.

Transient absorption

The transient absorption responses of all the samples with porphyrin layer were measured by ex-
citing porphyrins selectively at the shorter wavelength Q-bands, 515 and 555 nm for H,P and
ZnP, respectively. To study the photo-response of the CF layer alone, the excitation wavelength
of 400 nm was used. At this wavelength CF absorbance is only 0.15. The absorbance is higher
at shorter wavelengths, but the absorbance of TiO, film also increases sharply toward the shorter
wavelengths, and 400 nm was selected as a reasonable compromise between the excitation se-
lectivity and efficiency. Figure 5 shows the time-resolved differential absorption spectra with
compensated group velocity dispersion for TiO, | CF sample. The broad non-structured spectrum
is typical for the fullerene excited singlet state.?®> The singlet state relaxes non-exponentially to
the ground state with average time constant close to 100 ps, and at 5 ns delay time no transient
absorption can be detected. The shape of the transient spectrum does not change in time, which
means that the singlet excited state of fullerene relaxes directly to the ground state through the
intermolecular interactions in aggregated film. Similar decays were observed also for a drop cast
CF film on glass substrate (see Supporting Information, Figure S5).

The results of transient absorption measurements of ZnP on TiO, are presented in Figure 6.
A four-exponential global fit gave reasonably good approximation of the data, and the spectra of
components associated with the four time constants are presented in Figure 6a. The time-resolved
absorption spectra at a few delay times are presented in Figure 6. The spectrum at 0.1 ps delay
time refers to the differential spectrum right after the excitation. Its noticeable features are dips
at 605 and 660 nm, which are characteristic for the first singlet excited state of ZnP.%* These

dips correspond to the bleaching of the ground state absorption, namely the Q-band at 605 nm,
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Figure 5: Time-resolved transient absoption spectra of CF monolayer on TiO,.

and stimulated emission at the lower energy emission band of the porphyrin at 660 nm. The two
shorter-lived components (4 and 30 ps) have rather similar spectra and both indicate recovery
of the spectral dip at 660 nm, which means that they both can be attributed to relaxation of the
singlet excited state. The relaxation is not mono-exponential since there are variations of local

environments and molecular arrangements co-existing in the SAM. 242
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Figure 6: Transient absorption decay component spectra (a) and time-resolved transient absorption
spectra (b) of ZnP monolayer on TiO,.

The state left after the singlet state relaxation has a spectrum typical for ZnP cations with a

12,26 a5 seen for the time-resolved spectrum at

clear absorption band in the 650-700 nm region,
100 ps in Figure 6b. This is an expected result as photoexcited zinc porphyrins are known to
eject electrons to the TiO, conduction band. 19.24.27 In our case, the process of electron injection

is relatively slow (4-30 ps) compared to results published for other zinc porphyrin layers on TiO,,
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which is explained by a long linker connecting ZnP to TiO,. At the same time, longer linker
increases the lifetime of the porphyrin cation. There is virtually no decay of the cation in the time
window of pump-probe measurements, 6 ns, except of relatively minor decay component with the
time constant of 220 ps (Figure 6a).

The transient absorption measurements for H,P on TiO, show similar spectral changes, though
the singlet state relaxation is slower and the efficiency of ET is lower (Figure 7). The initial state
formed after excitation (time-resolved spectrum at 1 ps) is the porphyrin singlet excited state, as
expected. The differential spectrum of this state shows bleaching of the Q bands and a dip at
720 nm, a wavelength corresponding to the lower energy emission band. The singlet state decays
with 400 ps time constant yielding a low intensity spectrum with a broad absorption band in the
600-700 nm region. The latter can be attributed to porphyrin cation, HyP .2 There is also a fast,
~ 0.1 ps, decay component which is most probably due to a fast thermal relaxation for porphyrin

to the lowest vibrational state of the first singlet excited state.
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Figure 7: Transient absorption decay component spectra (a) and time-resolved transient absorption
spectra (b) of H,P monolayer on TiO,.

The transient absorption response of TiO, | CF | ZnP sample was rather complex and at least
five-exponential approximation was needed for reasonable data fitting. In addition, it was noticed
that the spectra of some exponential components are quite similar, which indicates that the tran-
sitions between states do not follow exponential law. At the qualitative level, the time-resolved

spectra (Figure 8b) have relatively straightforward interpretation. The state at long delay, 2 ns, can
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be attributed to ZnP cation. Its characteristic features are an absorption band at ~ 640 nm, a dip at
605 nm which corresponds to the bleached lowest energy Q-band and almost no absorption in the
near IR part of the spectrum. This spectrum is also almost identical to that of TiO, | ZnP sample
at long delay time (at 1 ns, Figure 6b), and can be assigned to porphyrin cation, ZnP". However

the formation process of ZnP™ is different in two films.
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Figure 8: Transient absorption decay component spectra (a) and time-resolved transient absorption
spectra (b) of CF | ZnP film on TiO,.

The first time-resolved spectrum of the TiO, | CF | ZnP sample has already a band in 600
700 nm region and relatively shallow dips at 605 and 660 nm, which are the singlet exited state
indicators. There is also significant absorption in the near IR part of the spectrum with a band at
1050 nm. The dip at 660 nm disappears with roughly 5 ps time constant and the band at 1050 nm
becomes more pronounced. The latter band is typical for fullerene anion, and the spectrum at 20 ps
delay can be attributed to the intermolecular charge separated (CS) state, ZnP+-CgO.

Assignment of the spectrum at 0.3 ps cannot be done if only one of possible precursors of
the CS state is considered. Firstly, comparing the time-resolved spectra of TiO, | CF | ZnP and
TiO, | ZnP (Figure 6b) at short delay times, at 0.3 and 0.1 ps, respectively, one can notice that
the spectral features of the porphyrin singlet excited state are less pronounced in the two-layer
sample. The difference between the two short delay spectra is that the response of the two-layer
sample is closer spectrally to the CS state. Most probably many types of porphyrin—fullerene

arrangements coexist in this film and the intermolecular CS proceed with different time constants
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in the range from 100 fs to a few picoseconds. As the result, the first time-resolved spectrum is
already a mixture of the primary excited porphyrins and CS states. Alternatively, the first spectrum
can be a mixture of the porphyrin singlet excited state and intermolecular porphyrin—fullerene
exciplex, which is known to form in few hundreds of femtoseconds in face-to-face porphyrin—
fullerene dyads.?®

With this knowledge of possible photo-reactions in TiO, | CF | ZnP sample, the transient ab-
sorption data were fitted using a combination of exponential and distributed decay models, used
previously to analyze ET in porphyrin—fullerene and phthalocyanine—fullerene dyad films.20?!
A reasonable approximation was achieved with two exponential and two distributed decay com-
ponents which gave a sigma-value better than that from the five exponential fitting. The decay
component spectra are presented in Figure 8a, except for the fast, 0.1 ps, component.

The second exponential component with 5 ps time constant resembles very much those corre-
sponding to 4 and 30 ps components in the case of TiO, | ZnP sample (Figure 6a) in the visible
part of the spectrum, and shows also the 1050 nm band reshaping in the near IR part. This can
be attributed to the relaxation of the remaining part of the singlet excited state by yielding the in-
termolecular CS state, ZnP“L—CgO. The CS process is most probably non-exponential, but use of a
more complex model did not improve the quality of the fit.

The most interesting result of the fit is the spectra of two distributed decay component. The
components are very much similar and have roughly the same intensities in the visible part of the
spectrum. However, in the near IR part the spectra are very different. The 230 ps component has a
distinct band at 1050 nm and can be attributed to the decay of intermolecular CS state. The second
component has a lifetime much longer than the maximum delay time of the instrument, 6 ns,
and has practically no absorption in the near IR part of the spectrum. This component represents
porphyrin cation spectrum alone showing no sign of fullerene anion. Apparently, this state is
formed as the result of electron injection from fullerene anion to TiO,. Thus the time constant of
230 ps results from two competing processes, the electron injection to TiO, and intermolecular

charge recombination. The two distributed decay time constant are well separated from each other,
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which made the qualitative prediction of the photoreactions taking place in the sample possible
based on the time-resolved spectra.

The long-lived components from the pump-probe measurements were longer than the longest
delay available from the instrument, 6 ns, for both, TiO, | ZnP and TiO, | CF | ZnP. Thus, the
nanosecond flash-photolysis instrument was used to measure transient absorption of the samples
in the time scale up to hundreds of milliseconds The excitation wavelength was 532 nm. At this
wavelength, ZnP was excited predominantly, though the absorption of ZnP was really low. A
reasonable fit was achieved with one exponential and one distributed decay components. The ex-
ponential component had a lifetime shorter than the time resolution of the instrument and was
needed to account for the instrument response. The spectrum of the distributed decay compo-
nent obtained from the flash-photolysis measurement corresponds well to that of the longest-lived
component obtained from the pump-probe measurements and attributed to ZnP™ (Figure 9). The

obtained average time constants were 6.2 and 23 ms for TiO, | ZnP and TiO, | CF | ZnP samples,

respectively.
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Figure 9: (a) Spectra of the longest-living components obtained from the pump-probe and flash-
photolysis measurements and (b) transient absorption decay curves at 650 nm from the flash-
photolysis measurements for ZnP monolayer and CF | ZnP two-layer films on TiO,.

The results of measurements of similar two-layer structure with free-base porphyrin, TiO, | CF | H, P,
are presented in Supporting Information (Figure S7). The longest-lived component has shape sim-
ilar to the longest-lived component observed for porphyrin only sample and can be attributed to

porphyrin cation, HyP™. However the component with with 1.3 ns lifetime has a broad and almost
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featureless spectrum, resembling the time-resolved spectra observed for the fullerene only sample,
and is therefore attributed to fullerene singlet excited state. The 43 ps and 210 ps components are
again similar to the 430 ps component observed for porphyrin only sample and are attributed to
a bi-exponential relaxation of the porphyrin singlet excited state. Unlike the samples with zinc
porphyrin, there are no evidences of free-base porphyrin-fullerene ET, since there are no spectral
component resembling the CS state or intermolecular exciplex. In addition, the observed com-
ponent spectra of the two-layer sample have their analogues in component spectra of monolayer
porphyrin and fullerene samples. The only indirect evidence of porphyrin—fullerene interaction
is the shorter lifetime of the porphyrin singlet excited state, which is most probably due to the
porphyrin—fullerene energy transfer. The energy transfer explains the enhanced emission quench-
ing and the appearance of a detectable amount of the excited state of fullerene (1.3 ns component)

since the excitation at 515 nm is very inefficient in exciting fullerenes directly.

Discussion

All the films were prepared following exactly the same protocol and the specific areas are expected
to be the same for all the samples. Therefore relative absorption intensities of the samples can be
compared to get an estimation of relative densities of the molecular layers on TiO, surfaces. Av-
erage absorbance of the CF SAMs on TiO, is 0.15 at 400 nm. Absorbance of the H,P SAM is 0.5
and absorbance of the CF | H,P samples is 0.3 at 515 nm. Considering that the molar absorption
of these molecules at these wavelengths are €cr ~ 3500 M~ lem~! and eyp ~ 11300 M~ lem™!
for CF and H,P, respectively, the surface densities of molecules in single layer SAMs are roughly
the same. However, in the two-layer samples the ratio of molecules CF:H,P is roughly 3:2. Molar
absorption of ZnP at 555 nm is &z,p ~ 6800 M~ lem™!, and the monolayer and two-layer sam-
ple absorbances are 0.35 and 0.2, respectively, at 559 nm. Thus the density of ZnP molecules in
monolayer SAM is approximately the same as in monolayer SAMs of CF and H, P, and in the case

of two-layer SAM the ratio is CF:ZnP =~ 3:2, which is the same as for CF | H,P samples. The
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lower density of porphyrin layer deposited on top of the fullerenes as compared to that on clean
TiO, surface is the expected outcome, since after CF deposition the density of available binding
points on the surface is lower and packing of porphyrins atop of fullerenes cannot be as high as on
an open surface.

According to the intensities of transient absorption spectra of the singlet excited state and
porphyrin cation of TiO, | ZnP sample, the efficiency of the electron injection from porphyrin to
the conduction band of TiO, is essentially lower than 100%. Typically the cation absorption at
700 nm is two times higher than that of the singlet state.?> The observed intensity of the cation
(the spectrum at 100 ps delay, Figure 6b), is somewhat lower that the intensity of the singlet state
absorption (the spectrum at 0.1 ps, Figure 6b). This leads to an estimation that the efficiency of
the ET is approximately 30%. The rest of photo-excited molecules decay non-radiatively to the
ground state. The average time constant of the singlet state relaxation is about 20 ps.

In the case of the TiO, | CF | ZnP structure, the primary relaxation of the porphyrin singlet
state is at the limit of the instrument time resolution at least for half of the excited porphyrins, and
the first time resolved spectrum (the spectrum at 0.3 ps, Figure 8b) has a less intense dip at 650 nm
compared to that of the TiO, | ZnP sample (Figure 6b). The dip at 650 nm is a characteristic feature
of the porphyrin singlet excited state and this observation indicates that over half of the primary
excited singlet state decays within 300 fs time interval. This decay does not lead to decrease of
the absorption in the 600-700 nm region, but rather it gives rise to the absorption in this region.
The decay of the remaining singlet excited states, which relax with 5 ps time constant, contributes
also to somewhat high absorption in this range. This shows that close to 100% of the singlet
state is converted to a new state, which can be either intermolecular porphyrin-fullerene exciplex,
(ZnP-Cg)", or the CS state, ZnP"-Cg,. This is the first important difference to the monolayer
TiO, | ZnP: the two-layer sample has no any detectable relaxation to the ground state during the
singlet state relaxation. Secondly, the average lifetime of the singlet state is not longer than 5 ps for
the CF | ZnP sample, whereas for the monolayer sample the average lifetime is 20 ps. These two

observations are in agreement with each other, and prove the close contact between porphyrin and
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fullerene in two-layer samples — most of the excited porphyrins interact efficiently with fullerenes
by yielding the CS state. This ET is manifested by the fullerene anion band in the near IR part of
the spectrum (Figure 8). According to the transient absorption measurements, the quantum yield
of the CS state is close to 100% since there is no detectable decay of the transient absorption prior
to the CS state formation.

The average lifetime of the intermolecular CS state is 230 ps. Its decay leads to complete dis-
appearance of the fullerene anion band in the near IR and only partial decay of porphyrin cation
band in the visible part of the spectrum (see Supporting Information, Figure S6, for the decay com-
parison at two wavelengths). This is possible only if the fullerene anion donates an electron to the
conduction band of TiO,. The efficiency of this process is roughly 60% as can be estimated from
comparison of the decay component spectra corresponding to 230 ps and 20 ns components (Fig-
ure 8a) or time-resolved spectra at 20 ps and 2 ns (Figure 8b). Apparently the ET from fullerene
anion to TiO, is much slower than that from porphyrin singlet excited state, though the expected
distance between CF and TiO, is shorter than that between ZnP and TiO, in the monolayer sam-
ple. If one considers only the lowest energy level of the TiO, conduction band as the electron
accepting level, the driving force for the ET is lower for TiO, | Cg, pair than that for TiO, | ZnP'>
pair. For ET in the normal Marcus region this results in slower ET. The second reason for slower
ET for TiO, | Cg, pair is the fact that there are many energy levels in the conduction band. In this
case a lower energy of the electron donor, Cg,, means that there are fewer potential electron ac-
cepting states of the acceptor, TiO,, which also leads to slower ET in otherwise similar conditions.
Considering that the excited state is less efficient electron donor than the anion, inefficient electron
injection from the photoexcited fullerene to TiO, (TiO, | CF sample) is very reasonable outcome
as the excited state lifetime is only 100 ps.

In both samples, TiO, | ZnP and TiO, | CF | ZnP, the final state is ZnP'. However, the
measured lifetime for ZnP™ is almost four times longer for TiO, | CF | ZnP sample (= 23 ms)
than for TiO, | ZnP sample (= 6.2 ms). In both cases the distance between ZnP and TiO, is

relatively large which leads to rather slow charge recombination. Most probably the recombination
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in TiO, | ZnP sample is faster because the separation is shorter in this sample as the linker has more
freedom for bending which reduces the distance.

Although the difference between free-base and zinc porphyrins is very minor, and at least exci-
plex was previously observed for free-base porphyrin-fullerene dyads, no evidence for porphyrin-
fullerene interaction was observed for TiO, | CF | H,P samples. Apparently formation of two-layer
donor-acceptor film was not as effective for the free-base porphyrin as for the zinc counterpart,
though the reason for this is not clear.

Zinc porphyrin derivatives have been widely studied in dye sensitized solar cell applications
and in particular dynamics of the electron injection to TiO, and charge recombination were mea-
sured by time resolved spectroscopy techniques.>!%?427-29 A comparison can be made with results
reported here, though a notice has to be made that most previously reported measurements were
conducted with samples placed in a solution. It seems to be well accepted that the fastest electron
injection from porphyrin to TiO, takes place for porphyrins at relatively short distance from the
surface, e.g. provided by one phenyl spacer, and slightly tilted orientation of macrocycle. %2427
Then the electron injection is taking place in less than 1 ps. Reported here TiO, | ZnP system
cannot provide the optimum geometry and the electron injection is much slower, 4-20 ps. How-
ever, the goal of this study was to build up two-layer donor-acceptor structure on TiO, surface
with fast and efficient primary charge separation in the organic film. This goal was achieved and
the most of excited porphyrins donate electron to fullerene in less than 0.3 ps. Though the sec-
ond step, the electron injection to TiO, is slow (=~ 230 ps) and less efficient (= 60%). The most
probable reason for slow injection is relatively low driving force, which is the energy difference be-
tween lower edge of TiO, conduction band and LUMO level of fullerene as indicated in Figure 10.
The reported energies of the TiO, conduction band varies in the range —4.4... —4.2 eV,>3% and
LUMO of fullerene was estimated to be around —4.1 eV.3!-3? The faster electron injection would
require acceptor with higher LUMO, and actually was achieved for the TiO, sensitized by the cova-
lently linked porphyrin-pthalocyanide dyad.>? In the latter case the injection of the electron form

porphyrin anion is taking place in roughly 30 ps, though comparison between these two donor-
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acceptor layers on TiO, is not straightforward as the layers have very different structure and were

prepared by different methods.
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Figure 10: Schematic representation of potential energy diagram of TiO, | ZnP and
TiO, | CF | ZnP. kcs refers to the electron injection directly from ZnP to TiO, in TiO, | ZnP
sample and kés and k%s to the electron transfer inside the organic layer and from CF to TiO,,
respectively.

Conclusions

A new method for deposition of donor-acceptor two-layer molecular films using self-assembling
approach is proposed and used to construct DA film on TiO, surface. The method is based on using
two compounds with different length of linkers responsible for the layer self-assembling. First,
fullerene equipped with a short linker forms the primary SAM on TiO,. After that, porphyrin with
a long linker can form the secondary layer on top of the fullerenes.

Porphyrins showed stable layer formation on top of the primary fullerene layer indicating the
successful anchoring to TiO, via a carboxylic acid linker penetrating between the fullerenes in the
primary SAM. Also the density of porphyrin molecules in the two-layer structure was roughly 30%
lower than in the monolayer deposited directly on TiO,. The transient absorption measurements
with selective excitation of porphyrin layer revealed efficient interlayer charge separation mani-
fested by porphyrin cation and fullerene anion bands in TiO, | CF | ZnP sample. This confirms

formation of the two-layer structure in which most of the porphyrins were located on top of the
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fullerene layer. The primary charge separation between the fullerene and porphyrin layers was
followed by the electron transfer from the fullerene anion to TiO, with average time constant of
230 ps and efficiency close to 60%.

Importantly, the lifetime of the charge separation increased gradually to ca. 20 ms as compared
with porphyrin monolayer films and specially with those having short linker, which are typically
used in dye sensitized solar cells. This can be attributed to a much longer separation distance
between the semiconductor holding an electron and porphyrin cation.

The proposed method can be used to easily construct the ordered two-layer donor-acceptor
structures with different combinations of donors and acceptors or molecules with other functions

to enhance the functionality of organic layers on semiconductor surfaces.
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