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The heterodimer formed by electrostatic association of zino@getetrakisN-methylpyridyl)porphyrin (ZnTMPyP)
and zinc(ll)mesetetrakisp-sulfonatophenyl)porphyrin (ZnTPPS) exhibits a strong affinity for the interface between
water and 1,2-dichloroethane (DCE). Surface tension measurements using the quasi-elastic light scattering (QELS)
technique reveal that the heterodimer adsorption can be described in terms of a Langmuir isotherm with standard Gibbs
energy of adsorption of-45.5 kJ mot®. The orientation of the heterodimer transition dipole moment, as estimated
from light polarization modulated reflectance (LPMR), shows a marked dependence on the bulk concentration of
heterodimer. On the other hand, changes in the Galvani potential difference between the two phases have little effect
on the heterodimer organization at the wétet-dichloroethane interface when the surface coverage is close to
maximum. This behavior suggests that the ZnTPRSTMPYP heterodimer forms an adsorbed layer of aggregated
molecules which affects the physical properties of the interface. Indeed, capacitance and surface tension measurements
reveal that the dielectric properties of the wHDEE interface are significantly altered in the presence of heterodimer

species.

1. Introduction

Interactions between paired porphyrin units have been studied

extensively over the past decadellany of the biologically

relevant processes involving porphyrin derivatives, such as
photosynthesis, and most porphyrin-based electronic and optica
devices are known to depend on interacting porphyrin units.

Monitoring the distinctive physicochemical properties of por-

phyrin dimers not only provides further understanding of
biological systems, butis also of crucial interestin any application

of multi-porphyrin compounds as molecular recepfors.
The quasi co-facial geometry of the “special pair” in the

photosynthetic reaction center has led to the investigation of a
number of co-facial assemblies of porphyrins or tetrapyrrole
compounds. A convenient way of building such a complex is to

use ion pair interactions between oppositely charged #yés.

In such cases, the electrostatic attraction between the charge
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substituents and the hydrophobic interaction of the aromatic
macrocycles cooperate in holding the individual species in close
proximity such that extensive orbital overlap can occur. Indeed,
porphyrin heterodimers frequently exhibit redox and spectral
properties which differ from that of the monomérséRecently,

the porphyrin heterodimer formed by the association of zinc(ll)
mesetetrakisN-methylpyridyl)-porphyrin (ZnTMPyP) and zinc-
(I mesetetrakisp-sulfonatophenyl)porphyrin (ZnTPPS) has
been extensively used as a sensitizer at the Wagdichlo-
roethane boundary, owing to its high affinity for the interfacial
region1®-22This series of publications offers fundamental insight
into the dynamics of heterogeneous electron transfer at molecular
interfaces. However, information on the spatial organization of
dimer species at the interface is still lacking. In the present
contribution, we shall employ quasi-elastic light scattering (QELS)
d'{and light polarization modulated reflectance (LPMR) to inves-
tigate the adsorption of the ZnTPPAnTMPyP heterodimer as
well as that of the free monomers at the wHXEE interface as
functions of the bulk concentrations and Galvani potential
difference between the two phases.

The interface between two immiscible liquids is generally
considered a good model environment for studying heterogeneous
reactions and exchange processes occurring in biological
systemg3-25 The advantages provided by this type of system
lie in the fact that the interface can be externally polarized and
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that the potential difference between the two phases can be use(y
as a driving force for charge transfer and adsorption phenomena.
Koryta et al. first stressed the relevance of adsorbed phospholipid
monolayers at liquidiquid boundaries as a model system for the scattered beam—___|
clarification of biological membrane phenomefisgince then,

the formation of monolayers or aggregates at polarized giffaction grating— -----
liquid|liquid junctions has been studied employing a variety of
experimental techniquéd?2427-32The LPMR technique described

in the present paper allows estimation of the average orientation
of the transition dipole moment of molecules adsorbed at the 0
interface, which should provide useful information on how
adsorbates arrange themselves at molecular interfaces. Indeec

our measurements reveal that the organization of the ZnFPPS )/ —E
ZnTMPyP heterodimer at the walBICE interface is dependent

on its bulk concentration as well as on the potential difference

between the two phases. At a bulk concentration of*Ifol

dm~3in the agueous phase, the surface coverage approaches it b |x
maximum and the organization of the heterodimer becomes a_ b T

ractically independent of the applied potential. y c ki
P y P AP P /\\ detector

PM
diffracted beam /1

optical window — c——

W

2. Experimental Section Polariser

All reagents employed were analytical grade. Water was purified !
using a Milli-Qplus 185 Millipore installation. Zinc(IPnesetetrakis- < |
(N-methylpyridyl)porphyrin (ZnTMPyP) and zinc(lihesetetrakis-

(p-sulfonatophenyl)porphyrin (ZnTPPS) were employed as received I:l ‘
from Frontier Scientific. The organic electrolyte bis(triphenyl-
phosphoranylidene)ammonium tetrakis(pentafluoro-phenyl)borate oscilloscope
(BTPPATPFB) was prepared by metathesis of BTPPACI (Fluka)

and LiTPFB (Boulder Scientific) in 2:1 mixtures of methanol and [ Y

water, followed by recrystallization in acetoffe. 1

The experimental QELS setup is depicted in Figure 1a. The beam
from a 4 mW He-Ne laser at 632.8 nm (Uniphase model 1101)

a (modulator axis)

passes through the bottom of the four-electrode glass cell (area 1.5% b B polariser axis
cn?) and illuminates the interface perpendicularly. The water surface g
was covered with an optical glass window to minimize the light > X=x

scattering from the giwvater interface. A diffraction grating consisting
of dark lines on a photographic glass plate was placed after the
optical cell. An optical beat was generated by mixing the diffracted
light with the light scattered by the capillary waves at the ligjiddid
interface. The beat corresponding to the third-order diffraction spot
was monitored by a photomultiplier tube and analyzed using a Figure 1. (a) Schematic diagram of the QELS setup. (b) Schematic
Stanford Research Systems SR770 fast-Fourier transform analyzerdiagram of the polarization modulated reflectance setup. (c) Schematic
The LPMR setup is schematically represented in Figure 1b. The representation of the anglesandg. The direction of propagation
442 nm beam from a HeNe laser (OmNichrome S74) first passes ~ Of the laser beam is perpendicularXandY. The axis " is the
through a polarizer and then the optical element of the photoelastic modulation axis of the PEM.
modulator (Hinds Instruments PEM-90). The PEM introduces a
periodical retardation in the component of the electric field along Parallel and perpendicular. The beam reaches the interface with an
the modulator axig*35When the retardation maximum is setto half angley of 72°, ensuring total internal reflection conditions. The
the wavelength of the laser light and the difference between the reflected beam is collected by an optical fiber to a photomultiplier
angleso. and (Figure 1c) is equal to £5the polarization of the tube. The signal from the detector contains a modulation at the

light beam at the liquiiquid interface varies periodically between  frequency of the PEM.
Homemade glass cells with built-in luggin capillaries and platinum
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Figure 2. Surface tension of the wate&xCE interface as a function

of the bulk concentration of ZnTPPZNTMPyP heterodimer, in
the absence of supporting electrolytes. The solid line is a fitting
using eq 7 with the parameters= 0.029 kg s2, I's"&=4 x 107

mol m—2, andAG,gs = —45.5 kJ mot?.

capacitance was estimated from admittance measurements at 12 Hz
with amplitude of 4 mV rms.

3. Results and Discussion

3.1. Adsorption of the ZnTMPyP—ZnTPPS Heterodimer
as a Function of the Aqueous ConcentrationThe specific
adsorption of the ZnTPP&ZnTMPyP heterodimer at the
wateDCE interface can be followed by changes in the interfacial
surface tension. The QELS method allows for estimation of the
surface tensiop from the characteristic frequency of the thermally
activated capillary waves. The relation between these two [ [ | | |
parameters is given by Lamb’s equatinas described in 04 o2 @0 o2 04
Appendix A. : : s :

Figure 2 shows the evolution of the waB€E surface tension Retardation
as a function of the concentration of heterodimer in the absenceFigure 3. Reflectance signal as a function of the wave retardation
of supporting electrolyte. To a first approximation, we shall inthe presence of ZnTPPS (a) or ZnTPFZTMPYP heterodimer
assume that the surface coverage can be related to the bulkb) in the aqueous phase. Bulk concentrations are indicated on the
concentration in terms of a Langmuir isotherm. Thus, the surface 9raPhs inumol dms. The solid lines are fits of eq 21 to the
tension as a function of bulk concentration can be described byexperlmental data, taking and¢ as adjustable parameters.
eq 1, with the maximum surface concentratibfi™ and the
Gibbs energy of adsorptiohG,4sas adjustable parameters (see
Appendix A).

AR/ a. u.

experimental data can be described with a constant value of
AGgygs indicates that the Langmuir isotherm is a reasonable
approximation for the heterodimer adsorption. According to the
w parameters obtained from the fit in Figure 2, more than 96% of

=y —TRTInl1 + Cs —AG,yd 1 the maximum coverage is attained with a bulk concentration of
Y VO S n w ex RT ( ) 2 105 | _3 . . .

) X mol dm 3. The maximum surface concentration is
estimated to be 4 1071° mol cn 2, which corresponds to a

The termy, denotes the surface tension in the absence of Surface area of about 0.4 Aper porphyrin complex. This high
porphyrins ¢ is the bulk concentration of heterodimer, agjd surface density indicates that a film of aggregated porphyrins is
is the concentration of water molecules in water, i.e., 55.5 mol formed at the interface. As discussed later, this 2-dimensional
dm-3. The solid line in Figure 2 illustrates the fit of eq 1 to the POrPhyrin structure is determining to the properties of the
experimental data. The Gibbs energy of adsorptidG4) liquid|liquid interface. )
associated with the heterodimer is evaluatee 45.5 kJ mot?, Figure 3 displays typical LPMR curves measured with the
which is considerably larger than the values obtained from S€tup described in Figure 1b in the presence of ZnTPPS (a) or
photocurrent measurements or second harmonic generation ifh€ ZnTPPSZnTMPyP heterodimer (b) in the agueous phase.

the case of various porphyrin monomafs® The fact that the 1 he detected signal is displayed as a function of the retardation
in relative units. A retardation of 0.5 means that the polarization

(36) Lamb, H.HydrodynamicsDover: New York, 1945.
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component parallel to the modulator axis leads the perpendicular
component by half the value of the beam wavelength. Providing
that the angle between the initial polarization and the modulator M Z
axis (3—o in Figure 1c) is equal to £5the beam at this point N \é

is linearly polarized at Y0with respect to the initial polarization \(‘
(retardation= 0). The setup in Figure 1b is disposed in such a i
way that the laser beam reaches the ligjigdid interface with

polarization parallel to the interfacial plane. Therefore, retardation /
X

]

values of 0 andt0.5 correspond to parallel and perpendicular
polarization, respectively. At other retardation values the beam ol
is circularly polarized. Y

The data in Figure 3a reflect the increase in surface
concentration of ZnTPPS as the bulk concentration is increased.Figure 4. Scheme of the incident and reflected beams at the interface
The relatively small changes in the curvature of the response glr;?g t_f_’ﬁ’é' :rr]‘g?égﬁlt Eélaegqtltc;gbglrs]eallgtneg;f%(ﬁrgcﬂgﬂn\?v%iaclflxiiswat(
indicate that the orientation of the Z_nTPPS molec_ules dogs nOtan angley to the axis z perpendicular to the interfacé. The transition
vary much as the surface coverage increases. This situation Caljipole momentM is defined by the angles and ¢.

be contrasted to the case of the ZnTPEZBTMPyP heterodimer,
where pronounced changes in both the amplitude and shape ofgqr6yps the light intensity, the density of transition dipoles, and

the response are observed. The data in Figure 3b suggest that thg,e characteristics of the detector. Under controlled experimental
organization of the dimer at the interface is largely influenced o gitions, C is proportional to the surface concentration of
by the bulk concentration of porphyrins. In principle, the signal 54sorbate.

measured in Figure 3b corresponds to the absorption of light by e gark lines in Figure 3 are fits of the experimental data to
dimer species as well as monomers. However, the associationyhe theoretical expression developed in Appendix B. The
constant between ZnTPPS and ZnTMPyP |r11 S|m|Ila;r conditions adjustable paramete@andé are displayed as functions of the
has been reported to be larger tharf #@0l™* dm®*® In the ) concentration of the corresponding species in Figure 5. The
following d|scu55|on, the reflec.tance associated with remaining ¢.id line in Figure 5a is proportional to the Langmuir isotherm
monomers at the interface will be neglected whenever both jyterred from the QELS measurements in Figure 2. The smaller
porphyrins are present in solution. signals obtained in the presence of the ZnTPPS or ZnTMPyP

To quantitatively analyze these results, it is necessary 10 monomers reflect the charge repulsion between adsorbates, which
describe how the modulated electric field at the interface interacts prevents the formation of closely packed layers at the interface.

with the transition dipole moment of the adsorbed species. The T o experiments provide a consistent picture of the evolution
development presented in Appendix B is based on severalyt the znTPPSZNTMPYP heterodimer concentration at the
assumptions: (i) The reflection plane is supposed to coincide \ateyDCE interface. The Langmuir model appears appropriate,
with the adsorption plane of the dyes. (i) The light absorption 5ithough it seems improbable that no interactions occur between
by porphyrins in the bulk is not considered. Indeed, photocurrent patarodimer species.

measurements under total internal reflection conditions as e evolution of the orientation angi®f the transition dipole
functions of the incoming angle of the illumination beam using  \oment (Figure 5b) offers further insight into inter-porphyrin
S|mllez’asr4|?32rp_r_1_yr|ns have shown that this assumption is reason-jnteractions at the interface. In the case of the monomers, the
able”®#%4%(iii) The porphyrin molecules exhibit an average 4ngiez shows very little variation when the bulk concentration
orientation with respect to the interfacial plameyf (see Figure i increased, despite the larger number of adsorbed molecules.
1b), but can rotate freely around the axdprferpendiculartothe s pehavior can be contrasted to the casenetetetrakis-
interface. (iv) Finally, a_lthough porphyrins are known to exhibit (p-carboxyphenyl)porphyrin (ZnTPP&where hydrogen bond-

two orthogonal transition dipoles located in the plane of the g heqween the adsorbates results in marked changes in the

ring,*3we shall consider the interaction of the electric field with 530 hiation angle. Similarly to ZnTPPC, large variationg afe
a single dipole moment for all adsorbed species. As describedpsarved in the presence of the hete;odimer.

in Appendix B, the reflectance atagiven value of the retardation e rpretation of these results requires knowledge of the nature

is a func.tion of the orientation angiand depends on several ¢ tansition dipoles in the ZnTPPSZNTMPyP heterodimer.
geometrical parameters of the setup Ultrafast time-resolved spectroscopy measurements have shown
that the dimer undergoes interporphyrin electron transfer within
AR= = 1o = (C,6) @) 100 ps after excitatio?? This electronic rearrangement leads to
' a charge transfer state of the form [(ZnTMPYRZNTPPSY ]
with a lifetime extending into the microsecond range. At short
wherel andl, correspond to the detector signal in the presence times afterillumination, the transient absorption spectra of excited
and in the absence of porphyrins, respectively. The addgge porphyrin dimers is roughly the sum of those of the two
defined as the angle between the interfacial plane and the transitiormonomers'* Therefore, we can reasonably assume that the dimer
dipole, as shown in Figure 4. The anglén this figure describes ~ photoexcitation proceeds via the excitation of a paired monomer
the orientation of the transition dipole on the plane of the interface, followed by relaxation to the charge transfer state. In the following
which is considered to be random. The param€&eescribes discussion, the transition dipole is taken to be in the plane of one
the modulation amplitude of the detected signal. This term of the monomers. Considering that the porphyrins feature face-
to-face conformatiof®2?the transition dipole is perpendicular
(41) Jensen, H.; Kakkassery, J. J.; Nagatani, H.; Ferbu J.; Girault, H. H. to the center-to-center axis of the dimer. According to Figure 5b,
. ?érlg) Engrsrzérs,ol\??ggnls%i,13?9;4I§énnD. J.; Girault, H. H.J. Electroanal. the ZnTPPSZnTMPYP dimer adopts an orientation nearly
Chem.2003 560, 143.

(43) Gouterman, MThe PorphyrinsAcademic Press: New York, 1978; Vol. (44) Eugster, N. Dynamic Photoelectrochemistry at Porphyrin-Sensitised
3. Liquid|Liquid Interfaces, EPFL, 2004.
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10°¢ 107 10 Figure 6. Electrocapillary curves measured by QELS inthe absence
W 3 (white squares) and in the presence offiol dn3 of ZNTMPyP—
cg /mol dm ZnTPPS heterodimer (black squares). The aqueous phase contained
102 mol dn13 Li,SOy, whereas the DCE phase contained 503
20 b O mol dn3 BTPPATPFB.
O g g dimer from photocurrent measurements have shown that the energy of
75 — adsorption does not vary with the applied potentidiiere we
o shall support these observations employing QELS, capacitance,
70 — and LPMR measurements.
° Figure 6 shows the evolution of the surface tension measured
:p 65 with the QELS technique as a function of the applied potential.
O Open squares correspond to the bare WateE interface, while
60 — Z0TPPS the solid squares were obtained in the presence of il
n A A A dm—30of ZnTPPS and 10' mol dm~3 of ZNTMPYP in the aqueous
S5—a 4 A phase. The supporting electrolytes®, and BTPPATPFB were
ZnTMPyP o present in the aqueous and organic phases, respectively. These
501y e ® ¢ ® salts are responsible for the lower surface tension observed here

T T T compared to the case of Figure 2. The potential corresponding

I LI I LI
2 4 638 2 4 68 to the maximum of the electrocapillary cunie.f,) appears un-
-5 4 4
10 10 10 affected by the presence of heterodimer, although the surface
w -3 tension is substantially decreas&gaxis commonly referred to

s / mol dm as the potential of zero charge, i.e., the potential in which the
Figure 5. Modulation amplitudeC of the reflectance signal (a) and  charge of the diffuse layer on each side of the interface is zero.
orientation anglé (b) as functions of the bulk concentratiofiof ~ The results in Figure 6 confirm that the potential difference
ZnTPPS, ZnTMPyP, or heterodimer, as extracted from the data in petween the two phases has little effect on the surface coverage
Figure 3. ofthe heterodimer, as the surface tension decreases symmetrically
perpendicular to the axizat relatively low concentrations. The ~ aroundEo.
porphyrin rings lie flat on the interface, suggesting that at  The specific adsorption of ionic species at the lidliggid
incomplete coverage the orientation of the dimer in the absenceboundary also manifests itself by perturbations of the differential
of applied potential is controlled by the solubility of the paired capacitance, as illustrated by Figure 7. The symmetrical potential
dyes. When the surface coverage of the heterodimer approachedependence of the capacitance around the potential of zero charge
its maximum, the anglé decreases to values close to what is for the watefDCE junction is strongly affected in the presence
observed in the case of the monomers. As shall be discussed irof the charged monomers. In the case of ZnTPPS, the minimum
the following section, the orientation at high surface concentra- of the capacitance shifts to positive potentials, showing a steep
tions is determined by the formation of a film of aggregated increment of the capacitance toward negative potentials. This
porphyrins at the interface. behavior is consistent with the specific adsorption of hydrophilic

3.2. Adsorption as a Function of the Galvani Potential anionic species featuring a strong affinity for the ligligid

Difference between the Two PhasesAs mentioned in the  boundary??45In the case of ZnTMPyP, the minimum of the
Introduction, the ZnTPPSZnTMPyP heterodimer has been capacitance curve shifts toward more negative potentials due to
extensively used as a sensitizer for photocurrent generation atthe positive charge on the dye. On the other hand, substantial
the liquidliquid interfaces. These studies have allowed char- changes to the capacitanggotential curves are observed when
acterization of the dependence of the rate of electron transfer onboth ZnTPPS and ZnTMPyP are present in the aqueous phase.
the Galvani potential differencd]¢ between the two im- ~ Theminimum ofthe capacitance is observed at negative potentials.
miscible liquids. The analysis of the photocurrent responses wasThe potential dependence appears somewhat weakened, sug-
based on the assumption that the surface concentration of dimeigesting a change in the interfacial relative permittivity. These
remains independent of the poten&bf2Such a behavior appears  phenomena have been observed during the formation of a dense
reasonable considering that the dimer forms an overall neutral
entity. Furthermore, surface concentration isotherms inferred  (45) Su, B.; Eugster, N.; Girault, H. H. Electroanal. Chen2005 577, 187.
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Figure 8. Reflectance signal as a function of the wave retardation
| b in the presence of ZnTPPS at various Galvani potential differences.
The solid lines are fits of the experimental data to eq 21, taking
g and£ as adjustable parameters. The aqueous phase contaired 10
o y mol dn13 Li,S0,, whereas the DCE phase contained 202 mol
E dm—3 BTPPATPFB.
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Figure 7. Differential capacitance-potential curves of the wid€lE
interface in the presence of ZnTMPyP~20nol dn2 or ZnTPPS o ; :
104 mol dnr3 (a) or 104 mol dm2 of both porphyrins (b). The I I I I I I
dotted line corresponds to the capacitance in the absence of dye 03 02 -01 00 01 02
species. The aqueous phase containedrm0! dnm 3 Li SOy, whereas Ve e ULV : :
the DCE phase contained>5 10-3 mol dnr3 BTPPATPFB. A, @IV

neutral surfactant-type monolayer at the liglighid bound-
ary 3042 The minimum of the capacitance curve appears much
decreased in comparison with the blank capacitance. This behavior
is consistent with the insertion of a low-permittivity dielectric
material atthe interface. It could be envisaged that the heterodimer
aggregates at the interface but retains a high polarizability due
to the delocalization of the electrons. Hence, the charge on one
side of the interface is less screened in the presence of ZnTMPyP
ZnTPPS aggregates, resulting in alower capacitance. These results
can be compared to the QELS measurements in Figure 6. Both
sets of data suggest that the adsorption of a layer of heterodimer :
species strongly affects the physicochemical properties of the I I I I I
watellDCE interface. 03 02 -01 00 0.1 02

Figure 8 displays light polarization modulated reflectance AOW¢/V

: 3 ;

curves in the presence of 1tmol dm > ZnTPPS in the aqueous Figure 9. Modulation amplitudeC of the reflectance signal (a) and

phase at various potential differences. The black lines are fits to orientation anglé (b) as functions of the Galvani potential difference

the experimental data (in gray) employing the equation derived i, the presence of 18mol dn3ZnTPPS, ZnTMPYP, or heterodimer,
in Appendix B. It can be observed that the amplitude of the as extracted from the data in Figure 7.

response increases when the potential is tuned to more negative

values, reflecting the increase in the ZnTPPS surface concentra{Aj¢3, rypyp = 0.09 V) The concentration of the charged
tion. At very negative potentials, the amplitude of the oscillation monomers increases when approaching the transfer potential,
decreases while the overall reflectance magnitude is larger,reflecting the higher surface excess charge observed by capaci-
revealing a change in the orientation of the transition dipoles at tance measurements in Figure 7. On the other hand, the amplitude
the interface. This is clearly visible in Figure 9, which displays of the modulated reflectance in the presence of the ZnFPPS
the amplitudeC and the orientation angleas functions of the ~ ZnTMPyP heterodimer appears unaffected by the changes in the
potential for the three porphyrin species. The value€ @ind Galvani potential difference. This result confirms again that the
& were extracted from the fit to the experimental data shown in surface concentration of heterodimer remains constant throughout
Figure 8. The dashed lines correspond to the formal ion transferthe potential window delimited by the formal ion transfer
potentials of ZNTPPSAL ¢%rpps= —0.29 V) and ZnTMPyP potentials of the monomers.
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: of an aggregated, ordered layer which strongly affects the
64 — dielectric properties of the interface.
62 — 4. Conclusions
60 — The self-organization of the water-soluble porphyrin het-
< erodimer ZnTPPSZnTMPyP at the wateDCE interface was
»' 58 investigated employing various techniques. QELS and LPMR
56 measurements reveal that the dependence of the surface
concentration of heterodimer on the bulk concentration in water
54 — can be rationalized in terms of a Langmuir isotherm. This
5 treatmentyields a Gibbs energy of adsorptiordb.5 kJ mot™.

Analysis of the LPMR data also allows extracting information
of the average orientation of the dipole transition moments at the
interface. Although the orientation of the ZnTPPS and ZnTMPyP
monomers appears weakly dependent on the bulk concentration
of porphyrins, the ZnTPPSZnTMPYP exhibits large variations

of the orientation angle. At low surface coverage, the porphyrin
rings of the heterodimer species are nearly in the plane of the
The orientation angle of the heterodimer in-t@nol dr3 interface. At surface concentrations close to saturation, the

concentration also appears to have very little dependence on th(@eterc_)dimerorganization is controlled by aggregatiqn phenomena,
potential difference between the two phases, although Someresultlng in an average angle of'3&etween the transition dipole

variations are observed (see Figure 9b). It should be noticed that,ang the r_10rmal tOEtEg mte(rjfall_cPeMR f .
even at potentials close to the transfer of ZnTMPyP, the dimer apacitance, Q >, an measurements as functions
remains oriented with an angle of abouf ¥th respect to the of the. Ga]vam potential difference show .that thg heterodlmer
normal to the interface. This situation can be contrasted to theprgamzaﬂon at a large ;urface coverage is practically potential
case of the two monomers, where the aggtereases at potentials mdepende_nt. Although in the case of the_ Monomers the surf_ace
close to the transfer potential, particularly in the presence in the concentration increases sharply near theirion transfer potentials,
case of ZnTPPS where changes of abduai@ observed. The the heterodimer shows a constant surface concentration throughout
dependence of the angj®n the potential in the cases of ZnTPP

S the potential window. The orientation of the porphyrin rings also
and ZnTMPyP monomers differs from earlier results obtaine

d remains stable when the potential is varied, again indicating that
with ZnTPPCAL In the presence of ZnTPPC, the porphyrin rings the aggregatior_l determines the orientation. Finally, papacitange
adopt a more upward position at high surface coverage to and electrocapillary curves suggest that the heterodimer species
accommodate more molecules. However, it has been shown tha{orm acompac’_[ layer of gggregates atth«_e lighiagiid bpundary,
hydrogen bonding involving the carboxylic groups of ZnTPPC thereby changing the dielectric properties of the interface.

plays a large role in its adsorption at the wdDe&LE interface.

Figure 10. Orientation anglé as a function of the Galvani potential
difference in the presence of 10mol dn12 and 10° mol dnv3
heterodimer.
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complete, as shown in Figure 10. Although the signal amplitude

observed with a heterodimer bulk concentration of *Lthol Appendix A: Interpretation of the QELS Results

dm~2 did not show any significant changes betweeh29 and

+0.09 V, the angleZ exhibits a marked dependence on the

potential. At low surface coverage, the dimer species are free to

rotate and adapt to the potential distribution, thereby adopting

a position in which the porphyrin rings lie nearly in the plane 1 ( y )1,2 -
0,

The QELS method monitors the frequencies of thermally
activated capillary waves, which can be related to the interfacial
surface tension using Lamb’s equafidn

of the liquidliquid interface. fo==

o ®)

Finally, the following picture emerges for the adsorption of Putp
the ZnTPPSZnTMPyP heterodimer at the watBCE inter- . e .
face: at relatively low bulk concentrations (below$amol wherefyis a characterl_s.tlc frequency of the capillary waves and
dm-3), interactions between adsorbates are negligible and the®w @hdpo are the densities of the aqueous and organic solvents,
surface coverage can be rationalized in terms of a Langmuir "€SPectively. The circular wavenumbeof the capillary wave
isotherm. Adsorbed heterodimer species are free to rotate in!S @ssociated to that of the incident beaf) &ccording to eq 4
order to adapt to the potential distribution across the interface.

When the potential difference between the two phases approaches Ktan @) =k (4)

the transfer potential of ZNTPPS, the heterodimer adopts a position

inwhich the porphyrin rings are nearly in the plane of the interface. The anglé is fixed by using a grating of constashénd choosing
However, if the bulk concentration is increased and the surface the order of diffraction

coverage approaches saturation, the heterodimer species arrange

themselves at the liqujliquid boundary with fixed orientation dsin (@) =ni (5)
angle and surface concentration. Within the limits imposed by

the transfer of porphyrins to the organic phase, the potential haswheren is the order of diffraction and is the wavelength of
little effect on the heterodimer adsorption, as the interactions the laser beami(= 27/K). In practice, the anglé is sufficiently
between heterodimer units overcome their ability to follow the small to allow the approximation that sif)(= tan ) = 6,
imposed electric field. These interactions result in the formation therefore
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_ 2

K="

(6)
The slit widthd was estimated as 0.335 mm by measuring the
diffraction angle of the tenth order spot. The wavenumber
associated with the third order diffraction can be readily estimated
atk = 563 cn1! from eq 6.

The surface concentration of ZnTPPBNTMPYP heterodimer
can be calculated from the Gibbs surface tension equation

1 _dy
RTd In(cd)

@)

S

wherecy is the bulk concentration of heterodimer. To a first
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phase difference between the components at any time.
¢ = ¢ COS1) (13)

The maximum phase shiffp induced in the light beam during

a period of the modulator oscillation is a function of the light
wavelength and the maximum voltage applied to the modutétor.
For all measurements in this paper, these parameters were set
so thatgo = 7 (i.e., the maximum retardation is equal to 0.5).
The field of the reflected beam can be calculated using the Fresnel
equations

approximation, the surface coverage can be described in terms

of a Langmuir isother@#$:45

'\
Cs
—ex
W

Cw
CW
1+ —fvex
Cw

*
*

Wherec\% is the concentration of water molecules in water, i.e.,
55.5 mol dm3. Combining eqs 7 and 8 yields eq 1 after
integration.

AGads)

RT
[g= T

RT

Appendix B: Reflectance as a Function of the
Retardation

The coordinatesq,Y,2), (a,b,c), and &,y,2), corresponding to
the laser beam, the PEM, and the ligliglid interface,
respectively, are shown in Figure 1b. The field of the laser beam

(E) _n’cosy —n"cosf _ (14)
EJi n°cosy+n"cost

E. (o] A

(_r) _ncosf —n"cosy _ - (15)
E/o  n°cos6 + n"cosy

wheren® andn" denote the refraction index of DCE (1.445) and
water (1.333), respectively. The anglés the refraction angle,
which is imaginary under total internal reflection conditions.
This angle is obtained from Snell’s law

n’siny =n"sino

nO 2 1/2
cosf = i((—) sin?y — 1)
nW

Finally, the electric field of the laser light at the interface is the
sum of the incident and reflected fieléfs.

(16)
which yields

17

after passing through the polarizer can be represented in thek,, =

referential ,b,c) of the PEM as

E, cosa A
E,=|Eosina =|B 9)
0 xvz  \0 /abc
where
A= Ey(cosa cosf + sina sinj) (20)
and
B = Ey(sina cosp — cosa. sin f) (11)

The termEg corresponds to the magnitude of the initial electric
field, o is the angle of the initial polarization of the beam, and
p describes the orientation of the modulator axis (see Figure 1c).
When passing through the PEM, the field component with
polarization along the modulator axis is periodically retarded
with respect to the component perpendicular to the modulator
axis’* 35

Aexplg)
B

0

E2
abc

Aexpl¢) cosp — Bsinp

—Aexp(¢) sin cosy — B cosf cosy

Aexplg) sinf siny + Bcosp siny

(12)

Xyz

wherey is the angle between the incoming beam (&isnd
the normal to the interface (axas The parametep denotes the

(1+r,)(Aexp(¢) cosp — Bsinp)
— (1 + rp)(Aexple) sinp cosy + B cosp cosy)
(1 —rp)(Aexple) sinp siny + B cosp siny)

(18)

Xyz

The orientation of the transition dipole is described by the angles
& andg in Figure 4. The adsorption intensity can be described
as’

s = D fy fy 1E@)IM,[* dor cé (19)
wherei stands for the coordinatesy,2), f(§,¢) is the distribution
function of the angle§ andg, andD is a constant proportional
to the density of transition moments. Considering a Dirac
distribution of the orientation angiand a uniform distribution
of ¢ around the normal to the interfacedxis), the following
expression is obtained for the absorption inten&iti#

Do Sin’ &
Dz sinf &
2Dz cos &

| (20)

abs™

It should be noted that, for an orientation angle of 4the
absorption intensity given by eq 20 is the same as what would
be obtained with a random distribution of the angl&ince the
angles measured in the presence of porphyrins are ab&ie 50

(46) Chabal, Y. JSurf. Sci. Rep1988§ 8, 211.

(47) Akutsu, H.; Kyogoku, Y.; Nakahara, H.; Fukuda,8hem. Phys. Lipids
1975 15, 222.

(48) Ohta, N.; Matsunami, S.; Okazaki, S.; Yamazakiadngmuir1994 10,
3909.
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most cases, we can exclude that there is no specific orientationbetween responses at various light intensities, the reflectance is
of the porphyrin rings. However, the distribution is probably expressed as

more adequately described with a Gaussian function. Such a

distribution can be easily introduced into eq 19. In the following el
analysis, we shall restrain ourselves to singjlalues since we AR=
lack any information on the possible width of theistribution.

Although this situation might introduce errors in the evaluation N . . .

. - . . _To simplify the expression, the various scaling factors are grouped
of the orientation angle, we believe that the trends observed in into a sinale constant
the dependence of the porphyrin orientation on the concentration 9
and potenfual remain valid. The intensity of the detector signal C=EDP (23)
can be written as

(22)
IO

l=1.—P(E.. 1%, +1E. .. +IE_ |2 21 The solid lines in Figures 3 and 8 are fits to eq 22 employing
0~ PUBimdTapsi Byl Tabey + [Breallaned) (1) C andé£ as adjustable parameters.

whereP is a proportionality constant depending on the char-
acteristics of the photomultiplier tube. To allow comparison LA052642B



