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Picosecond Generation of Transient Charge Carriers in
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S. Palacin

Laboratoire de Physico-Chimie de I’Etat Solide Organique, Centre d’Etudes de Saclay,
DSM/DRECAM/SCM, 91191 Gif-sur-Yvette Cedex, France

Langmuir—Blodgett homolayers are formed by deposition of semi-amphiphilic porphyrin—phthalocyanine hetero-
dimers. The optical and photophysical properties of these dimers have been investigated and compared to the
liqguid-phase data. Excitation of the dimer results in an instantaneous formation of the singlet excited states,
followed by a very efficient charge-transfer reaction. The oxidized porphyrin and reduced phthalocyanine moi-
eties are formed within 2 ps and disappear in 70 ps. The tripiet excited states of the porphyrin issued from the
intersystem crossing decay pathway of the singlet excited states are formed with a very low quantum yield. They
also undergo a charge-transfer reaction, leading to the formation of long-lived transient charge carriers. The
photoprocesses determined in the Langmuir—-Blodgett films of semi-amphiphilic porphyrin—phthalocyanine het-
erodimers are almost identical to those previously observed for the same dimers in the liquid phase.

The quest for novel materials for molecular electronics and
optoelectronics has prompted scientists to focus their atten-
tion on chemically versatile organic molecules that are easily
synthesized, modified and handled. Among the conducting
materials, polymers and charge-transfer salts are those most
commonly studied. However, the ‘big’ compounds of bio-
logical interest such as porphyrins or phthalocyanines, have
also received attention. They offer numerous advantages over
the single inorganic or organic compounds, i.e. a coordin-
ation chemistry that is particularly rich and a chemical versa-
tility which allows the synthesis of numerous geometries and
structures. Morever, they offer a wide domain of redox
properties which depend on the nature of the central metal
ion and of the peripheral substituents. Their dual character of
donor and acceptor facilitates the choice of the complexing
molecule and charge-transfer complexes can easily be
obtained. An example is given by Ni phthalocyanine crystals
doped with iodine, which show conductivities ranging from
260 to 750 Q! cm~*! along the crystallographic stacking
direction, at room temperature.’

The charge carriers, which are responsible for conductivity
properties, can also be photogenerated. In the field of photo-
conducting materials, photovoltaic cells of zinc oxide or
cadmium sulfide with phthalocyanines can give a high con-
version efficiency (0.22% under white light irradiation with a
fluence of 75 W cm ~2).2 This efficiency is related to the poly-
morphous nature of the phthalocyanine films: it depends
essentially on the intermolecular interaction in the lattice. A
cofacial conformation of the chromophores and a short inter-
molecular distance favours high conductivity. Their efficiency
is, however, limited to the domain of absorbance of the pho-
toactive compound which corresponds to 550-900 nm for
phthalocyanines and 350-650 nm for porphyrins. A recent
study has pointed out the possibility of extending the spectral

t Also at: Groupe CRM en Sciences des Radiations et Départ-
ment de Médecine Nucléaire et de Radiobiologie, Université de Sher-
brooke, Canada.

response of electrochemical cells over the solar spectral
domain from the UV to the near-infrared by associating the
two compounds.?

The literature contains very few studies on the association
of the two compounds. This is surprising since such an
association offers very attractive features. Besides their com-
plementary optical properties, an exceptionally wide range of
donor-acceptor systems can be obtained by varying the
central metal ion and peripheral substituents of the two
monomers.

In previous work, we have shown that the electron transfer
can efficiently occur in heterodimers formed by pairing in
solution positively or negatively charged porphyrins and
phthalocyanines bearing oppositely charged substituents.*
The present study aims at elucidating the nature of the intra-
molecular and intermolecular interactions of similar but
semi-amphiphilic heterodimers when they are transferred
from the liquid phase to organized Langmuir-Blodgett films.
Our attention will be more specifically focused on the study
of electron-transfer processes in LB films, which could be rel-
evant for applications based on electron-transfer processes.

Experimental

The 5,10,15,20-(tetrakis-(N-docosylpyridinium)-4yl porphyrin-
ato)zinc(t1) tetrabromide, [ZnP(N*C,,H,;),4Br~] was syn-
thesized as previously described.’® The 4,4'4",4"-tetra-
sulfonated chloroaluminium phthalocyanine (AICIPcTS*™)
was synthesized by Dr. Langlois using Weber’s method.*®

A solution of a 1:1 mixture (5 x 10”* mol dm™3) of the
two compounds was initially prepared in dimethyl sulfoxide.
The concentrated solution was then diluted with chloroform
and the solution (2.5 x 107° mol dm™3) was spread on the
Millipore Q-grade water subphase. Homolayers or alternate
layers of the porphyrin—phthalocyanine heterodimers with -
tricosenoic acid were built on a trough patented by Barraud.®
With a transfer pressure of 20 mN m™! and a transfer speed
ranging from 0.5 to 0.7 cm s~ !, we obtained transfer ratios
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>0.9. The quartz substrates were coated on each side and the
number of layers was varied from two to 400.

UV and visible linear dichroism and EPR techniques were
used to probe the orientation of the heterodimers on the sub-
strate. Absorption spectra were recorded with a Perkin-Elmer
15 spectrophotometer.

A time-resolved study of the photophysical properties of
the mixed dimers was performed using a two-laser spectro-
scopy set-up. For experiments on the nanosecond to milli-
second timescale, we used a nanosecond absorption
spectroscopy apparatus comprising an Nd-YAG laser (6 ns
f.w.h.m. pulse duration) and a pulsed xenon lamp as probing
light. A detailed description of the system is given elsewhere.”
For sub-picosecond to nanosecond experiments, high-power
femtosecond pulses were generated from a colliding mode-
locked dye laser and further amplified. The whole system was
described in detail elsewhere.* Briefly, in the present study,
we obtained 250 fs f.w.h.m. pulses centred at 620 nm, of 500
wJ. The beam was split in two and two continua of white
light were generated for the pump and probe experiment. In
the first line, the exciting wavelength was selected with an
interference filter (A = 550 + 10 nm), then amplified via a
double passage of the beam through a dye cell (thodamine
6G) synchronously pumped by the Nd-YAG laser. We
obtained 100 pJ at 565 nm. However, low output power was
generally used in these experiments (100 MW cm ™ ?) to avoid
the destruction of the layers. The pump pulse width measured
again at the sample place was broadened to 650 fs. The time
zero between the pump and probe beams was determined
from the instantaneous photobleaching of rhodamine 6G
deposited as a thin film on a glass slide. The absorbance dif-
ference of the excited mixed dimer in LB films was recorded
as a function of time, over the 380—800 nm range.

Results and Discussion
Surface Pressure vs. Area Curves

The floating films built from the 1:1 semi-amphiphilic
ZnP(N*C,,),/AIPcTS*~ heterodimer were very stable and
could sustain surface pressure up to 32 mN m~!. The molec-
ular area was 235 + 10 A2, for a surface pressure of 20 mN
m~ ! (Fig. 1). This value is much higher than those previously
reported in the literature for phthalocyanines or porphyrin-
like compounds. When the molecular area was less than 50
AZ, it was suggested that the macrocycles are nearly perpen-
dicular to the surface of the substrate. This behaviour was
found for numerous porphyrin and phthalocyanine com-
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Fig. 1 Pressure vs. area isotherms of the semi-amphiphilic hetero-

dimers on pure water. ¢, ZnP(N*C,,),/CuPcTS*™; O,
ZnP(N*C,,),/AICIPCTS*"
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Fig. 2 Molecular model of a two-dimensional packing of the semi-
amphiphilic heterodimers on the water subphase and within the LB
films. A top view

pounds which are either substituted by short chains or
hydrophobic substituents.® When the chain length increases,
when the substituents are hydrophilic or the semi-
amphiphilic phthalocyanines are charged, the molecular area
per macrocycle is higher (120-135 A).° Thus, the combination
of hydrophobic chains and hydrophilic substituents favours
molecular ordering at the air/water interface. In the last case,
recent studies have shown that the semi-amphiphilic phtha-
locyanines are in fact dimerized; the dimer has a face-to-face
structure and lies flat on the water surface.'®

The area of an unsubstituted phthalocyanine can be esti-
mated from the known crystallographic data. Williams et
al.'! and Omiya et al.,'? calculated the molecular area to be
175 A% A higher, but more precise value, 185 A2 can be
obtained directly from the more recent work of Lippel et al.'3
who reported electron tunnelling microscopy of copper
phthalocyanine molecules adsorbed on the (100) face of a
copper crystal. This molecular area, however, corresponds to
an unsubstituted phthalocyanine. For a substituted phtha-
locyanine, such as the tetrasulfonated phthalocyanine, this
area would be slightly higher, ca. 200 A2, Similar values were
also obtained for amphiphilic porphyrins. Porteu et al.'°
found molecular areas of 210 and 165 A2 for the monomeric
and aggregated forms of the amphiphilic porphyrin. In the
present case, the area is slightly higher than those found for
the amphiphilic porphyrin monomer and tetrasulfonated
phthalocyanine monomer. This value, therefore, cannot fit
with a side-by-side arrangement of the two chromophores,
but seems to be consistent with a tilted face-to-face confor-
mation as shown in Fig. 2. From space-filled molecular
models, it can be seen that such an arrangement, with the two
chromophores facing each other and tilted 45°, allows filling
of the free space and gives a very compact molecular layer.
The molecular area of such a cofacial dimer is around 255
A2 which is remarkedly close to the experimental value. Such
conformations were found in covalent face-to-face
porphyrin—phthalocyanine lanthanide dimers;'* they reduce
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the steric hindrance due to the phenyl group of the porphyrin
and thus the intermacrocycle distance.

EPR Spectroscopy

EPR is well suited to explore molecular orientations in LB
films, especially when paramagnetic centres are present. Here,
AICIPcTS*” was replaced by the paramagnetic CuPcTS*~
and alternate layers of the ZnP(N*C,,),/CuPcTS*~ dimer
and w-tricosenoic acid were built and studied. In Fig. 3 are
shown the EPR signals of the dimer film.

Three different types of interaction could contribute to the
shape of the EPR signals: (i) hyperfine (hf) coupling, which
arises from the interaction between the electronic and nuclear
spins of the paramagnetic centre. In the case of the Cu®* ion,
the hyperfine coupling is responsible for the splitting of the
signal into four equivalent lines. Its intensity is measured by
the coupling constant A. (ii) Super hyperfine (shf) coupling,
which arises from the interaction between the nuclear spins of
the paramagnetic centre and its proximal neighbouring
atoms (four nitrogens of porphyrins and phthalocyanines). In
the present case, this shf coupling is responsible for the split-
ting of the signal into nine lines which appear as small fringes
inside the hyperfine signals. The shf intensity is given by the
coupling constant AN. (iii) Dipolar coupling, which arises
from the interaction of two paramagnetic centres. This
depends strongly on the distance between and relative posi-
tion of the two atoms. In the present case, homo-dimerization
or self-aggregation of CuPcTS*~ could occur on the water
subphase, before the transfer of the monolayer onto the sub-
strate. Such a dipolar coupling in an ill-defined dimer or in
an aggregate is known to give rise to structureless signals
without any shf or hf lines.!’

In the present case, the hf structures can be detected for
both parallel and perpendicular magnetic fields. Therefore,
CuPcTS*~ is neither in homodimer form nor self-aggregated.
The more or less well defined shf structures are observed only
for one of the four hyperfine lines. This feature is commonly
observed for copper phthalocyanine dyes either in solutions
or in polycrystalline solid solutions and is explained by the
occurrence of intermolecular coupling. The predominant
effect of increasing intermolecular exchange on the EPR
spectra of phthalocyanines is its tendency to average local
hyperfine fields causing a progressive coalescence of both the
shf and hf splittings.'® In the present case, this interaction is
weak, as the hf and shf structures are still visible, and the
hetrodimer can be visualized as being in weak interaction
with its neighbours. Moreover, CuPcTS*~ molecules are
neither dimerized nor in an aggregated form.
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Fig. 3 EPR spectra of an LB film of ZnP(N*C,,),/CuPcTS*~ het-
erodimers alternated with w-tricosenoic acid (680 layers). (a) Mag-
netic field perpendicular to the substrate plane, g = 2.1490; (b)
magnetic field parallel to the substrate plane, g = 2.052. T = 300 K,
v = 9.4698 GHz
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The values of g and the coupling constants calculated from
Fig. 3 are as follows:

g, = 2.149 + 0.002; A, =219 +110"% cm™?;
Aw =18+110"*cm™!; g, = 2053+ 0.002;
A =80+£2010"%*cm ! AY=19+110"*cm™!

These values are comparable to the data obtained by Roll-
mann and Iwamoto!® for the monomers of tetrasulfonated
copper phthalocyanines in dimethyl sulfoxide solution. The
high anisotropy of the EPR spectra in LB films indicates that
the CuPcTS*~ chromophore in the dimer lies flat on the sub-
strate. The value of 4, in the present heterodimer is notably
increased with respect to the monomer of copper phthalocya-
nine in solution (4, =20 x 10™* cm™!). This indicates an
increase in the ionic character of the CuN bond, the electron
being more localized on the copper ion. This effect could be
due to the strong intramolecular interaction between the two
macrocycles.

UYV and Visible Dichroism

The absorption spectra of the dimers in LB films have a high
anisotropy. We used the method developed by Vandevyver et
al.'” to study the spatial orientation of the heterodimer with
respect to the surface of the substrate. This method allows,
under specific conditions, the calculation of 0, the average tilt
angle between the dimer plane and the surface of the sub-
strate. @ is related to f(i), the dichroic ratio, which is the ratio
of the absorption at i = 60° to that at i = 0, by the expression

2 < (sin? 0) > n2 8) ny, €os r + ny cos i
= - y 1
1+ <cos?f» nisin?i nyny(ny + ns)
cosicosr
S — 1)
nns

where n, is the refractive index of air (n, = 1), n, of the
organic film (n, = 1.55), and n; of the quartz substrate (n; =
1.33), i is the angle of incidence in medium 1, r the angle of
refraction in the substrate (n, sin i = n, sin r). For small 6,
sin? @ = (sin 6)? and cos? 6 = (cos 6)>.

Fig. 4 shows the absorption spectra for two orientations of
the sample (i = 0 and 60°) relative to the polarized electric
field. The dichroic ratio, f(i), was found to be 0.66 + 0.01.

o 008f
Q
s \
el
?, 0.06 \
o
«©
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\ \w AN
0.02¢ {\.\\\ ‘;\‘ \‘
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substratekf_\_ substrate\i\,
300 400 500 600 400 500 600

A/nm

Fig. 4 Soret band intensity for two incident angles i = 0 and 60°
under linearly polarized light. H = magnetic field, E = electric field. 8
is the tilted angle between the dimer plane and the substrate plane
(two layers)
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Fig. 5 Absorption spectrum of: (-—-) ZnP**/AICIPcTS* "~ in water,

¢=10"° mol dm~3, optical pathlength =1 cm (right ordinate);

( ) LB film of ZnP(N*C,,),/AICIPcTS*~ dimer (220 layers) alter-
nated with w-tricosenoic acid (220 layers) (left ordinate)

According to eqn. (1), this value corresponds to 6 varying
between S and 15°. Therefore, the macrocycles can be con-
sidered as lying approximately flat on the substrate. This
result is also consistent with the experimental surface area of
the dimers (235 + 10 A2) on the water subphase, the molecu-
lar area calculated from space-filled molecular models (255
A?) and the EPR data.

The absorption spectra of semi-amphiphilic
ZnP(N™C,,),/AICIPcTS*~ dimers in the LB films are very
similar to those recorded for the same dimers in the liquid
phase (Fig. 5). This similarity is very interesting; it reflects the
strong intramolecular coupling of the two moieties in the het-
erodimer. This intramolecular coupling seems to prevail over
any other intermolecular interaction in the solid matrix. This
result is also consistent with the EPR data. As the optical
properties of the ground-state dimer in LB films are the same
as in the liquid phase, it is interesting to study the photo-
processes occurring in the solid-state system upon light irra-
diation in comparison with the liquid-phase photoreactivity
of the heterodimer.

Photophysical Properties of ZnP(N*C,,),/AICIPcTS*~

The fluorescence of each monomer is totally quenched in the
heterodimer. This is not surprising since the heterodimer in
solution is not fluorescent. In the liquid phase, this behaviour
has been explained in terms of the existence of a very efficient
charge-transfer reaction.* The resulting transient oxidized
porphyrin and reduced phthalocyanine were characterized by
their optical properties.

Upon excitation at 565 nm with a femtosecond laser
source, transient absorbing species are formed. The transient
differential spectrum (Fig. 6) is very similar to that obtained
for the same dimer in solution. Instantaneous photobleaching
of the porphyrin Soret band and the phthalocyanine Q band
along with positive absorptions in the near UV and visible
region are observed. Over the whole explored wavelength
domain, the kinetics of disappearance of the transient species
show three distinct regimes. The contribution of each decay
or formation rate is wavelength dependent. At 450 nm, which
corresponds to the absorption maximum of the porphyrin
Soret band, the instantaneous photobleaching reaches first a
maximum at 0.95 ps, then starts decaying with three disinct
regimes; the first corresponds to a very fast decay from 0.95
ps to ca. 8 ps. The second is slower and the signal decreases
within 200 ps to a plateau and remains quite stable up to 800
ps (Fig. 7).
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Fig. 6 Picosecond differential absorption spectrum of the excited
ZnP(N*C,,),/AICIPcTS*~ dimer in LB homolayers; the number of
layers was, respectively, 150 and 300 in the UV (400-460 nm) and
visible region (460-750 nm). t/ps: x,0; @, 0.45; A, 095; 0O, 1.45; A,
1.95;¥,495; O, 25. 4,,, = 565 nm

In the positive absorption domain of the differential spec-
trum as well as in the photobleaching region of the phtha-
locyanine Q band, similar features are observed. The only

difference comes from the first kinetic step which could corre-

spond either to a formation rate or a decay rate, the con-
stants of which are the same. The strong absorption in the

470-500 nm region is usually observed when porphyrin
singlet or triplet excited states are formed, while the absorp-

tion at 400-410 nm is typical of zinc porphyrin mono-

cations.!® On the other hand, monoanions of tetrasulfonated

phthalocyanines in solutions are known to possess strong
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Fig. 7 Picosecond kinetics traces at different wavelengths/nm: [J,
455; A, 520; &, 700
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Table 1 Decay rate constants (s~ 1)

liquid phase

LB films

S-S e-transfer

ky < 6.5 x 108

T-T e-transfer

=(3.8 4 0.5) x 10" k,
ky = (14 + 0.2) x 101°

K, = (245 + 0.15) x 10*
K, = (3.80  0.12) x 10

= (50 £ 0.5) x 10
ky = (14 + 0.5) x 10
ky < 108

K, = (9.2 +0.5) x 10°
K, = (8.0 + 0.15) x 10°

absorbances in the 500-700 nm region with two maxima at
around 570 and 645 nm.'¢

According to the spectral variation and kinetics profile at
different wavelengths, its appears that electron transfer occurs
in the dimer in LB films as well as in solution. We therefore
attribute the initial absorption to the singlet excited states of
the dimer which are instantaneously formed within the pulse
duration. They deactivate rapidly within a few picoseconds,
with rate constant k,, to low-lying charge-transfer states,
leading to the formation of the oxidized porphyrins and
reduced phthalocyanines. As the electron transfer seems to be
very efficient, it must correspond to the principal decay
pathway of the singlet excited states of the strongly coupled
dimer. However, one cannot neglect the possibility that the
intersystem crossing from singlets to triplets could also be
efficient enough to compete with the charge-transfer process.

Depending on the energy levels of the charge-transfer
states and of the triplet states of the dimer, the radical-ion
pairs issued from the charge-transfer reaction might relax,
with a rate constant k,, either back to the ground state or to
the triplet excited states of the dimer.

For different wavelengths, the decay kinetics were analysed
as a sum of three exponents. The rate constants are reported
in Table 1. k5, which corresponds to the triplet decay, can be
varied from 5 x 10® to 10® s~ ! without perturbing k, and &, .
The transient triplet should be very long lived; its decay is
thus studied by means of the nanosecond absorption spec-
troscopy.

The initial differential absorption spectrum at 20 ns is very
reminiscent of that obtained for the triplet state of the dimer
in solution* (see Fig. 8). Here again, the most intense porphy-
rin Soret and phthalocyanine Soret and Q bands are instan-
taneously photobleached and the positive absorption,
peaking around 480 nm, is typical of the heterodimer triplet

AA

1-0.01

-0.02

400 500 600 700
A/nm

Fig. 8 Nanosecond differential spectrum of the excited
ZnP(N*C,,),/AICIPcTS* ™ dimer. A, = 532 nm, 150 homolayers

states. Despite the fact that the transient absorption around
400-410 nm is very weak, the kinetics show a fast formation
process, the rate constant of which is identical to the decay
rate constant measured at 460 nm (Fig. 9). The growth of the
absorption at 410 nm can be correlated with the decrease of
the absorption at 460 nm. Moreover, over the whole wave-
length region explored, the decay shows two regimes: a fast
one, the rate constant of which is k; = (9.2 £ 0.5) x 10° 57!
and a slow one with k), = (8.0 + 0.5) x 103 s~'. The same
features have been found previously for this dimer in solution
and were attributed to the charge-transfer reaction which
occurred in the triplet excited state of the dimer and to the
relaxation of the charge-transfer states back to the ground
states. The final differential spectrum of the long-lived
radical-ion pairs in the organized solid state is very remin-
iscent of that recorded for the liquid-phase system.

As for the liquid phase, electron-transfer reactions are
found to occur both in the singlet and triplet excited states of
the dimer. When the charge transfer occurs in the singlet
excited states, it is noteworthy that the transfer rate constant
and the recombination rate constant of the radical ions are
almost the same in the solid state and in the liquid phase. In
contrast, in the triplet excited states of the dimer, the
electron-transfer rate constant in the LB film is 40 times
faster than in the liquid phase. However, the recombination
of the primary charge carriers in LB films is only twice as fast
as that in solution.

In the liquid phase, the discrepancy between k., for singlets
and triplets could be explained in terms of the thermodyna-
mics of the transfer process. The theory of electron transfer of
Marcus'? allows prediction of the rate constant of transfer as
a function of the free energy of activation, AG*, of the pho-
toinduced charge-transfer reaction. In solutions, AG* is
essentially related to the standard Gibbs energy, AG°, of the

W‘W wawﬂ

2us

2us

2us
(e)
,w;,\ W.WA\W o
1MV smvi
100 ps 100 us
(g) (h)
PN (o 2OV SO "
5mv L, ;""'{/T‘:
m
100 ps 100 s

Fig. 9 Microsecond kinetics traces at different wavelengths: (a) 410
nm, I, = 450 mV; (b) 440 nm, I, = 57 mV; (c) 460 nm, I, = 350 mV;
(d) 680 nm, I, =122 mV; (e) 410 nm, I, =980 mV; (f) 460 nm,
I, =905 mV;(g) 520 nm, I, = 910 mV; (k) 700 nm, I, = 850 mV
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photoinduced charge-transfer reaction and to A, the reorgan-
isation energy of the solvent during the transfer.

AG* = (AG® + A)*/4) )

AG* can be obtained from the experimental electron-transfer
rate constant k., using Marcus’s expression

k. = v exp(AG*/RT) 3)

where « is the transmission coefficient and v the collision fre-
quency. In the adiabatic regime, which corresponds to strong
coupling between the reactants (as in the present case), k = 1
and v = kg T/h.

The standard Gibbs energy (AG°), of the ground state
dimer, in a solvent x, can be approximated from the redox
potentials of the monomers in a solvent m, using Weller’s
expression?®

(AG%), = (Ef); — Eqfpp)m + €2/6,2r7" + 2r21 — 1))
—e%fe(2r, +2r.) 4

with EJ,, and Ej,, being respectively the half-wave potential
of monoelectronic oxidation of the donor and reduction of
the acceptor measured in a solvent m, r = r, = r_ the ionic
radius, r,, the distance between the two ions, ¢, and ¢, the
respective static relative permittivities of solvents x and m,
and e the electron charge.

With E{,, [(ZnPTMPyr**)* (ZnPTMPyr**)] = 1.18 V vs.
ENH in H,0,%' and Ej,, [(AICIP¢)/(AICIPc)”§ = —0.656 V
vs. ECS in DMF,?? and taking r equal to the radius of the
Onsager cavity for porphyrin and phthalocyanine monomers
(7.6 A)?3, and r,, = 3 A for the reactants in close contact, we
found

AG°[S%(Zn-Al) - (Zn°*-Al°7)] = 1.50 eV

If one assumes, as a first approximation, that the energy of
the singlet excited states [E(S')] of the heterodimer would
not be very different from that of the singlet excited state of
the zinc porphyrin monomer (1.95 eV), AG® for the photoin-
duced electron transfer becomes

AG°[SYZn-Al* > (Zn°*-AlI°7)] = —0.45 eV

This allows one to determine A, the energy of reorganisation
of the solvent during the transfer. We find A = 0.98 eV, which
is consistent with values previously given in the literature for
porphyrin-like compounds (0.6-1.0 eV).1%-24

The same evaluation can be applied when the charge trans-
fer occurs in the triplet excited state of the dimer. With
E(T!) = 1.63 eV obtained from phosphorescence data,?! and
Tk, (ZnPTMPyr**/AICIPcTS* ") = 2.45 x 10* s~ ! and for
the same geometry of the dimer (r=3 A), we obtain
Ti=224eV.

In the liquid phase, the large difference in 4 values could
have different origins. First of all, during the transfer time,
which is 2ps and 40 ps, respectively, for the singlet and triplet
excited states of the dimer, the relaxation and reorganisation
of the solvent shell around the ion pair should be more
important when the reaction is slower. Moreover, in the
liquid phase, conformational change of the dimer could also
occur. The dimer, in thermodynamic equilibrium with the
two monomers, could be visualized as a floppy compound
with the two chromophores being able either to move away
from each other within a short distance, or to reorganize
their mutual spatial conformation in such a way that the
symmetry of the dimer could be completely changed. Such
changes are predicted to affect strongly the rate of electron-

View Article Online

J. CHEM. SOC. FARADAY TRANS,, 1992, VOL. 88

transfer reactions.?® Studies reporting the determination of
both 14 and T values are, however, very scarce, especially
for porphyrins, and no comparative data are available.

Marcus’s theory of charge transfer was also applied to het-
erodimers of porphyrins in the liquid phase. Segawa et al.,?’
using picosecond laser spectroscopy, found for a series of
porphyrin heterodimers that the rate constant for the charge-
recombination process decreases linearly with increasing exo-
thermicity as in the ‘inverted region’. In contrast, Schaafsma
et al,?> using femto- and pico-second laser spectroscopy
techniques, found for a different series of porphyrin dimers:
(i) no dependence on the free-energy gap for the charge
separation process, (ii) much slower rates for charge recombi-
nation, which are explained in terms of a small electronic
coupling between the charge-transfer state and ground-state
potentials. These points have been discussed in a previous
paper.* It appears that for strongly coupled porphyrin dimers
the kinetics of charge separation and recombination are not
well understood. More work is needed to answer to the
numerous questions, the most important of which is the
applicability of Marcus’s theory to strongly interacting com-
plexes. The study of such complexes in LB films could be
helpful as one can eliminate the role of the solvent in reorga-
nizing the ion pair during the transfer.

We find that the rate constant of charge transfer in the
singlet excited states of the dimer is a little slower in solutions
than in LB films. This result seems to support the idea that
the reorganisation of the medium around the ion pair during
the transfer is more important in the liquid phase compared
to the more rigid solid medium. The mobility of the two
chromophores in LB films is restricted despite the possibility
of motion of the long saturated alkane chains. The restriction
of this motion, added to the difficulty for the surrounding
medium to reorganize itself around the ion pair during its
formation, would also account for the fast electron-transfer
rate constant found for the triplet-state reaction in LB films.
Moreover, in LB films, a gradient of polarity exists in the
medium surrounding the dimer: the semi-amphiphilic zinc
porphyrin experiences a non-polar medium constituted by
the alkyl chains on one side and a polar medium on the
other, while the tetrasulfonated phthalocyanine is completely
surrounded by a polar environment.

The effect of polarity gradient on the efficiency of a charge-
transfer reaction has not been studied. Such an environment
could favour a charge-transfer reaction and stabilize the tran-
sient ion pair. To be able to discriminate between the two
effects of gradient polarity and motion restriction one needs
to study the charge-transfer reaction in rigid and homogen-
eous media. Such media could either be thin films of organic
polymer or matrices of inorganic gels. Work is in progress to
incorporate the porphyrin—phthalocyanine dimers in these
matrices.

From a theoretical point of view, these strongly coupled
dimers present a very interesting case of charge transfer.
Thus, even in the liquid phase, the efficiency of the electron
transfer could not be entirely understood in terms of the ther-
modynamics of the photoinduced reaction. Contradictory
results have been obtained in the literature and the applica-
bility of the Marcus’s theory is questioned. Many questions
also arise when the dimer is transferred to the more rigid LB
film, such as how to account for the microscopic ‘solvation’
effect of the inhomogeneous environment of the dimer in the
AG* term. The determination of the A value is very problem-
atic in such cases. We believe that systematic comparative
studies of the electron-transfer process in various dimers in
solutions, in LB films, and in hyperviscous polymer matrices
would give a clue to understanding the thermodynamics of
photoinduced charge-transfer reactions.
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Conclusions

The floating film built from the 1:1 semi-amphiphilic
ZnP(N*C,,),/AICIPcTS* ™ heterodimer is very stable and
can sustain surface pressures up to 32 mN m~'. The high
stability of the film is explained in terms of the highly com-
pact nature of the film due to a judicious arrangement of the
dimer lying flat on the water subphase. This idea is supported
by the high value of the molecular area of the dimer, which
fits with a molecular model in which the two chromophores
are cofacial but tilted by 45°.

The dimers in LB films are also very photostable. Photoir-
radiation of these compounds induces a charge-transfer reac-
tion both in the singlet and triplet excited states of the dimer,
leading to the formation of the primary charge carriers, the
oxidized zinc porphyrins and reduced aluminium phthalocya-
nines. This behaviour was previously reported for the same
dimer in solutions and seems to be completely reproducible
in the organized solid state. The only difference comes from
the rate constant values of the transfer reaction: it is faster in
LB films than in solution. This discrepancy is tentatively
explained in terms of the restricted mobility of the two
chromophores in the solid state which could prevent any
conformational change of the dimer during the transfer. It
could also be related to the difference of the dimer environ-
ment in homogeneous solutions and in the LB films.

The first results obtained on the comparative study of the
semi-amphiphilic ZnP(N*C,,),/AICIPcTS*~ dimers in LB
films and their homologues ZnP** /AICIPcTS*" in solutions
are of great interest and are important in many respects.
First, one can reproduce the photoprocesses that occur in the
liquid phase when the compounds are transferred to the
organized solid state. If this behaviour were generalized to
the other dimers, the liquid-phase data could therefore serve
as a guide for the choice of the most suitable system for many
potential applications based on charge-transfer reactions, i.e.
photoconductivity, second-harmonic generation etc. Thus,
these preliminary results are very encouraging since the
transfer processes seem to be enhanced in the solid organized
medium.
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