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ABSTRACT: Metalloporphyrin molecules have a wide range of CH

potential applications in diverse technological areas ranging HC

from electronics to optoelectronics, electrochemistry, photo-

physics, chemical sensors, and catalysis. In particular, self-

assembled monolayers of porphyrin molecules have recently HsC CHa

attracted considerable interest. In this work we have studied for

the first time the self-assembly of a novel Cu deutero porphyrin A\,
functionalized with disulfide moieties using electrochemical
techniques, UV—vis absorption spectroscopy, polarization L4 \'
modulation infrared reflection absorption spectroscopy, and

photoelectron spectroscopies (XPS and UPS). Experimental

results indicate that the molecule adsorbs retaining its molecular integrity without forming molecular aggregates via the formation of
Au—S covalent bonds. Furthermore, the monolayer consists of a packed array of molecules adsorbed with the plane of the porphyrin
molecule at an angle of around 30° with respect to the surface normal. Interestingly, adsorption induces reduction of the Cu center
and its consequent removal from the center of the porphyrin ring resulting in porphyrin demetalation. Our results are important in
the design of self-assembled monolayers of metallo porphyrins where not only blocking of the metal center by the functional groups
that drive the self-assembly should be considered but also possible adsorption induced demetalation with the consequent loss in the
properties imparted by the metal center.

HN” ~O

14NN A

B INTRODUCTION basic structure of the porphine macrocycle, which consists of a
16-atom ring containing four nitrogen atoms, obtained by linking
four tetrapyrrolic subunits with four methine bridges (see
Figure 1 below). The size of the macrocycle is perfect to bind
a great number of metal ions which can be inserted in its center
forming metalloporphyrins. The diversity of their functions is in
part due to the variety of metals that bind to the porphyrin ring,
Porphyrin rings are found in a variety of important biological sys-
tems where they are the active site of numerous proteins, whose
functions range from oxygen transfer and storage (hemoglobin
and myoglobin) to electron transfer (cytochrome ¢ and cyto-
chrome oxidase) and energy conversion (chlorophyll).

The involvement of porphyrins in many biological processes
and the possibility to tailor their physical and chemical properties
at the molecular level, including very large dipole moments,
polarizability, nonlinear optical response, energy transfer, and
catalytic properties, make porphyrins and metalloporphyrins extre-
mely versatile synthetic base materials. Therefore porphyrin-
based films on metal or semiconductor surfaces® as well as org-

Organic surfaces play a major role in material science thus a
great diversity of methods have been employed to prepare or-
ganic thin films on solid surfaces. Functionalized self-assembled
monolayers (SAMs) have attracted much attention because of
their potential application in chemical sensors, biosensors,
molecular switches, molecular electronics, etc.' > SAMs provide
a convenient, flexible, and simple way to tailor the interfacial
properties of metals, metal oxides, and semiconductors. SAMs
are organic assemblies which organize spontaneously and are
formed by the adsorption of molecular constituents from solu-
tion or the gas phase onto solid surfaces. The molecules that form
SAMs have a chemical functionality with a specific affinity for the
substrate. In particular organothiols are well suited for fabricating
structurally well-defined adlayers of monolayer thickness on gold,
silver, palladium, and platinum® surfaces. It is well-known that
organosulfur compounds react with gold surfaces* forming S—Au
covalent bonds resulting in monolayer molecular assemblies. These
ultrathin monolayers expose an organic surface with properties that
can be tailored by varying the type of organothiol employed.

Porphyrins are a ubiquitous class of naturally occurring Received:  June 3,2011
molecules involved in a wide variety of important biological Revised:  July 28,2011
processes. The common feature of all of these molecules is the Published: July 29, 2011
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Figure 1. Cu deutero IX porphyrin disulfide (CuPorSS).

anized assemblies of porphyrins on metal surfaces have attracted
recent considerable attention,®”® mainly because of the strong
characteristic UV/vis absorption features of porphyrin chro-
mophores”' plus its potential application in light harvesting
devices,"" chemical sensors,"” and photocatalysts'® and as models
for electron transfer reactions.'* The key in the implementation of
hierarchical assembly of porphyrins for the construction of molec-
ular-based devices is the ability to readily create assemblies that can
be reliably organized and attached to surfaces with a controlled
molecular structure. The most widely employed method to bind
porphyrin molecules to metal surfaces has been the formation of
SAMs via the derivatization of porphyrins with thiol groups despite
the fact that the thiol functional groups can coordinate the central
metal jon of the porphyrin, resulting in multilayer formation as well
as the blocking of the catalytic center.'® Other strategies involve (i)
preparation of SAMs containing imidazole-terminated adsorbates
which bind covalently to a series of metalloporphyrins,"® (ii)
covalent attachment of metalloporphyrins to dimercaptoalkane
modified gold electrodes,'® (iii) formation of a pyridinethiol
SAM followed by axial attachment of the metaloporphyrin,'” and
(iv) funtionalization of metalloporphyrins with disulfide groups.'®
In the work presented here the Cu deutero IX porphyrin
(CuPorSS) macrocycle bearing a disulfide moiety shown in
Figure 1 was synthesized as a platform for the rapid, high yield
attachment of these molecules to gold surfaces. Adsorption of
CuPorSS over Au surfaces results in the formation of thiol
tethered porphyrin self-assembled monolayers. This surface
assembly was characterized utilizing X-ray and UV photoelectron
spectroscopies (XPS and UPS), polarization modulation infrared
reflection absorption spectroscopy (PMIRRAS), UV—visible
absorption spectroscopy, and electrochemical measurements.
We found that CuPorSS forms a pack array of molecules that is
bonded to the Au substrate via two covalent Au—S bonds, with the
thiolated legs close to perpendicular to the surface and the
porphyrin ring at an angle of around 30° with respect to the surface
normal. Furthermore, adsorption results in reduction of the Cu
metal ion followed by its consequent removal from the center of the
porphyrin ring. As a result these monolayers are not stable in
aqueous solutions as Cu ions leached away from the Au surface.

B EXPERIMENTAL SECTION

Materials. Cu (II) deutero IX Porphyrin, cystamine.2HCI, N-acety-
Icysteamine, and (3-aminoporpyl)-trietoxysilan 99% (APTES) were

obtained from Sigma-Aldrich. Tetrahydrofuran (THF), iso-butyl chlor-
oformate, and triethanolamine were purchased from Merck. Ethylene
chloride, methanol, and absolute ethanol were of analytical grade.

Porphyrin Disulfide Synthesis and Characterization. The
Cu porphyrin with the disulfide moiety was prepared from Cu deutero
porphyrin as described in the literature with minor modifications."® In
short, the carboxylic acid functions of the Cu(II) deutero porphyrin were
activated by treatment with iso-butyl chloroformate in THF in the pre-
sence of triethyl amine followed by addition of cystamine. In the same
way, the metal free deutero IX porphyrin (PorSS) with the disulfide
moiety has been synthesized. CuPorSS was characterized by matrix-
assisted laser desorption/ionization time of flight (MALDI TOF) result-
ing in the expected molecular weight of 688 g/mol. Furthermore PorSS
was characterized by "H NMR (300 MHz; CDCl;) resulting in the
following signals: O (ppm) = 3.28 (2t, 2xCH,CH,CONHR); 3.51; 3.59;
3.61; 3.63 (4s, 4xCHj;); 4.25 (4t, NHCH,CH,S—SCH,CH,NH); 4.27
(2t, 2xCH,CH,CONHR); 8.95 (2s, 2 H); 9.86; 9.90; 9.92; 10.11 (4s,
4 H meso). It should be noted that the NMR signals of the NH groups at
the center of the porphyrin ring are lost due to the tautomerism observed
in all porphyrins.

Preparation of Au Substrates. Silicon (100) substrates were
coated with a 20 nm titanium and 20 nm palladium adhesion layer and a
200 nm gold layer, thermally evaporated with an Edwards Auto 306
vacuum coating system at P < 10 ° bar. Au surfaces were cleaned
electrochemically by cycling the electrode potential in 2 M sulfuric acid
between 0 and 1.6 at 0.1 Vs~ '. The electrochemically active areas were
calculated from the reduction peak of gold. Semitransparent gold
substrates used for UV—vis experiments were prepared according to
Wanunu et al.® Briefly, glass substrates were first cleaned with piranha
solutions for 20 min, then treated with 1:1:2 H,0,:NH;:H,O at 70 °C
for 20 min, followed by copious rinsing with water and methanol. The
substrates were then shaken in a 10% solution of APTES in methanol for
3 h, rinsed and sonicated in methanol, and dried under a N, stream. Glass
substrates were coated with a 15 nm gold layer thermally evaporated and
annealed (200 °C, 20 h). Prior to use the substrates were cleaned by
UV/ozone (UVO Cleaner model 42, Jelight) for 15 min.

Monolayer Preparation. Self-assembled monolayers of CuPorSS
were prepared in liquid phase by immersing the gold substrate into a
freshly prepared 100 #M solution in methylene chloride for 24 h at room
temperature in the absence of light. A final and careful rinsing was made
with methylene chloride before drying under N,. SAMs of N-acetylcys-
teamine were prepared in liquid phase by immersing the gold substrate
into a freshly prepared 100 #M solution in absolute ethanol for 24 h at
room temperature in the absence of light. A final and careful rinsing was
made with ethanol before drying under N,.

Photoelectron Spectrocoscopy. XPS and UPS measurements
were performed under UHV conditions (base pressure <5 x 10~
mbar) in a SPECS UHYV spectrometer system equipped with a 150 mm
mean radius hemispherical electron energy analyzer and a nine channel-
tron detector. XPS spectra were acquired at a constant pass energy of
20 eV using a Mg Kat (1253.6 eV) source operated at 12.5kV and 20 mA
and a detection angle of 30° with respect to the sample normal on
grounded conducting substrates. Quoted binding energies are referred
to the Au 4f;,, emission at 84 eV. No charge compensation was
necessary and no differential charging features were observed (e.g,
low binding energy tails) given that we have measured sufficiently thin
films on grounded conducting substrates. Atomic ratios were calculated
from the integrated intensities of core levels after instrumental and
photoionization cross section corrections. UPS spectra were acquired at
a constant pass energy of 2 eV using a He I radiation source (21.2 eV)
operated at 1.5 kV and 100 mA with normal detection. Samples were
biased —8 V in order to resolve the secondary electron cutoff in the UPS
spectra. Work function values were determined from the width of the
UPS spectra as discussed below.
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Figure 2. (a) Reductive desorption curve of CuPorSS monolayers on Au surfaces recorded at 0.05 Vs~ ' in 0.1 M NaOH. (b) UV—vis spectra of
CuPorSS monolayers on Au surfaces (left axis) and in CH,Cl, solution (right axis).

IR Spectroscopy. PMIRRAS experiments were performed on a
Thermo Nicolet 8700 spectrometer equipped with a custom-made exter-
nal tabletop optical mount, a MCT-A detector (Nicolet), a photoelastic
modulator, PEM (PM-90 with I1/ZsS0 ZnSe 50 kHz optical head, Hinds
Instrument), and syncronous sampling demodulator, SSD, (GWC
Instruments). The IR spectra were acquired with the PEM set for a half
wave retardation at 1500 cm ™. The angle of incidence was set at 80°,
which gives the maximum of mean square electric field strength for the
air/gold interface. The signal was corrected by the PEM response using a
method described by Frey et al.'® Typically 1500 scans were performed
and the resolution was set for 4 cm™'. Transmission spectra for solid
porphyrins were measured using KBr pellets. Resolution was set to
4 cm™ " and 200 scans were performed.

Electrochemical Measurements. Electrochemical measurements
were carried out with an Autolab V 30 system (Eco Chemie). Gold sub-
strates were mounted in a conventional three-electrode glass cell. Solu-
tions were purged with argon. All potentials were measured and reported
with respect to a Ag/AgCl (3 M KCl) reference electrode. Solutions were
prepared using deionized H,O from a Milli-Q purification system
(Millipore Products, Bedford). Reductive electrodesorption of thiols from
the Au substrates were performed by scanning the potential from —0.2
to —1.7 at 0.05 Vs ' in 0.1 M NaOH aqueous solution, at room
temperature.

UV—Visible Spectroscopy Measurements. Transmission
spectra were obtained with a Shimadzu UV-1603 UV—vis spectro-
photometer. Spectra were recorded in the range 300—700 nm and are
normalized with respect to the spectrum corresponding to the clean Au
substrate used for monolayer formation.

B RESULTS AND DISCUSSION

It is well-known that the reductive desorption of thiol-contain-
ing monolayers gives a voltammetric cathodic peak in aqueous
solutions due to the cleavage of S—Au thiolate bonds.”® We have
therefore carried out electrochemical measurements in order to
estimate the coverage and the electrochemical stability of Cu-
PorSS self-assembled monolayers. In these measurements the
charge density of the peak allows an estimation of the thiolate
coverage. Figure 2A shows a typical curve corresponding to the
reductive desorption of CuPorSS monolayers over Au surfaces.
The observed curve shows a defined cathodic current peak
preceding the hydrogen evolution reaction at a peak potential
of E, = —1.1Vvs Ag/AgCl. The position of the peak reflects that
the SAM is desorbed from the Au substrate by reducing the
S—Aubond. It is well-known that peak position depends both on
the strength of the S—Au bond and on the lateral interactions in

10716

the monolayer and it could be in the range —0.8 to —1.2 V.*°
Assuming one electron per thiolate bond for the reductive
desorption (2 per molecule), the charge density involved in the
CuPorSS desorption peak of 6 samples yields an average surface
coverage of 1.9 4 0.8 x 10"* molecules cm ™. This value is larger
than that expected from the molecular area corresponding to
molecules adsorbed with the porphyrin ring parallel to the Au
surface (0.3 x 10" molecules cm™*).*" Therefore the coverage
calculated from the desorption curves implies that either the
CuPorSS SAMs form monolayers oriented in a geometry with
the porphyrin ring not parallel to the substrate or that CuPorSS
binds parallel to the substrate forming molecular aggregates.

Figure 2B shows the UV—visible absorption spectra of
CuPorSS in solution (right axis) and of a self-assembled mono-
layer of CuPorSS deposited over semitransparent Au substrates
(left axis). The spectrum observed in solution is the typical
spectrum of a metalloporphyrin consisting of two distinct
regions. In the near-UV region we observe an intense absorption
peak known as the Soret band (397.5 nm) and in the visible
region we observe two small bands known as the Q bands (524.5
and 560 nm) which have much smaller extinction coefficients.*”
Given that the spectrum corresponding to a metal free-porphyrin
has four Q bands, the observed spectrum with two Q bands
confirms the presence of the Cu ion at the center of the
porphyrin. The UV absorption spectrum of CuPorSS SAMs
over Au surfaces shows a Soret band located at the same position
(397.5 nm) as the band corresponding to the molecule in
solution with no discernible shoulders. The implications of these
observations are that (i) the molecule retains its optical proper-
ties after adsorption over the Au surface and (ii) no molecular J
aggregates are formed in the monolayer as this would have
resulted in a larger wavelength shift in the Soret band”****
(J -aggregates is a polymolecular state in which molecules are
packed together in a plane-to-plane fashion). Furthermore from
the calculated extinction coeflicient and the UV absorption
intensity of 6 samples we estimated a CuPorSS average surface
coverage of 1.8 £ 0.6 x 10'* molecules cm™ . This value is in
complete agreement with the value estimated from the electro-
chemical measurements discussed above, and together with the
fact that the molecules are not forming aggregates, it indicates
that the porphyrin ring is not parallel to the Au surface. Here we
should note that the UV—vis spectrum of CuPorSS SAMs over
Au surfaces (Figure 2B left axis) shows no peaks in the Q-band
region as they have very small extinction coefficients.

dx.doi.org/10.1021/1a2020836 |Langmuir 2011, 27, 10714-10721
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Figure 3. PMIRRAS spectra of self-assembled monolayers of CuPorSS
and AcCys on Au surfaces (left axes). Resolution was set to 4 cm ™' and
1500 scans were performed. Transmission FTIR spectrum of CuPorSS
in a KBr pellet (right axes). Resolution was set to 4 cm™ " and 200 scans
were performed.

In order to characterize the adsorption geometry of surface
CuPorSS porphyrins we carried out PMIRRAS measurements.
Figure 3 shows a PMIRRAS spectrum of self-assembled CuPorSS
molecules on Au surfaces. CuPorSS infrared transmission spec-
trum was also measured for comparison with the monolayer spe-
ctrum and shown in the right axes. Furthermore, self-assembled
monolayers of N-acetylcysteamine (AcCys) on Au surfaces were
also measured and shown in Figure 3. This compound has the
same thiolated tail as the CuPorSS molecules, with a methyl
group instead of the porphyrin group at the end of the tail and its
spectrum will be important to rationalize the CuPorSS spectrum.
Spectral assignments are shown in Table 1 below.

No significant signals from the porphyrin ring are observed in
the monolayer spectrum and the most prominent peaks corre-
spond to the amide group of the molecules resulting in three
well-defined regions: amide I, II, and IL>>%% The region at
around 1700 cm ™" corresponds to C=O stretching absorption
(vc=o amide I). The band at around 1540 cm ™' can be assigned
principally to N—H deformation coupled to C—N—H bending
(On_g amide II), and the band at 1267 cm ™' corresponds to a
C—N stretching mode coupled with CNH angle opening (vc_y
amide IIT). In the KBr pellet, the amide I peak appears at 1686 cm ™,
the value expected for secondary amides.”® A broadening and a
shift to higher wavenumbers occurs when the CuPorSS mol-
ecules are adsorbed on the gold surface. Changes of the C=0
frequencies toward higher wavenumbers of amides can occur
because of bond strain. This phenomenon has been reported for
lactams (cyclic monosubstituted amides).”® >’ In unstrained
ring lactams (6 or more carbon atoms) the carbonyl absorption
band appears at the same wavenumbers as in noncyclic amides,
i.e., around 1640—1680 cm ™', but shifts to higher frequencies in
smaller rings. To look further into this matter, we measured a
PMIRRAS spectrum of a gold substrate modified with N-acet-
ylcysteamine as this compound has the same thiolated leg as the
adsorbed porphyrin molecules. Therefore, we expect that the
amide group in AcCys will not be strained due to geometric
constraints when self-assembled on the surface. In fact, the
AcCys PMIRRAS spectrum shows the position of the C=0
stretching band at 1651 cm ™', implying that, the shift of the

Table 1. Spectral Mode Assignment of PMIRRAS Spectra of
Self-Assembled Monolayers of AcCys (Left Column) and
CuPorSS (Middle Column) on Au Surfaces as Well as Trans-
mission FTIR of CuPorSS in a KBr Pellet (Right Column)

AcCys (em ™) CuPorSS (cm™ ")
assigment monolayer monolayer KBr pellet
Vo 1651 1722 1686
On 1 1558 1542 1541
Ouym i3 1377 1307
V c=N 1296 1269 1267

1173 1147

C=O0 stretching band observed in the CuPorSS SAM can be
attributed to constrains in the amide bond. Regarding the amide
bond configuration, the wavenumbers where amide II and III
bands appear correspond to secondary amides in a trans
configuration.”*® The absence of bands at 1490—1440 and
1350—1310 cm ™~ ' would correspond to secondary amides in a cis
configuration implies that most of the amide groups are trans in
these porphyrins. Another conclusion that can be drawn from the
position of the amide I and II peaks in the IR spectra is that no
significant hydrogen bonding between amide groups is present in
the SAMs. The shifts observed for amide I and amide II peaks
after self-assembling on gold occur in the opposite direction that
H-bonding would have caused.”®

PMIRRAS spectra could be used to estimate the average
molecular orientation as the integrated band intensities of
absorbed molecules is proportional to cos® 0, where 0 is the
angle between the average direction of the dipole moment and
the surface normal.*”*° Figure 3 shows a difference in relative
intensity of the amide peaks between random distributed por-
phyrins (KBr pellet) and self-assembled porphyrins. This differ-
ence is due to the preferential orientation of surface adsorbed
porphyrins. When the molecules are randomly oriented (in a KBr
pellet), the amide I absorption is stronger than the amide II and
amide III bands, indicating that the molecular extinction coeffi-
cient of amide I is larger. However, the PMIRRAS spectrum of
the CuPorSS SAMs shows that the amide II and amide III
absorption bands are stronger that the amide I absorption band.
This fact suggests a close to parallel orientation of the C=O bond
with respect to the surface (amide I intensity decreases) while the
C—N bond lies close to perpendicular to the surface (amide II
and III intensity increases). It is well-known that alkanethiols
chains form a 20—30° angle with respect to the surface
normal.*"** Therefore we expect that the thiolated alkyl legs of
the porphyrin molecule would form a 20—30° angle with respect
to the surface normal while the C=0 would lie close to parallel
to the surface and the porphyrin ring would form an angle of
around 20—40° with respect to the surface normal. This adsorp-
tion geometry is in agreement with the fact that the porphyrin
molecules do not form surface aggregates and with the estimated
surface coverage. It is important to remark that C=O is not, on
average, parallel to the surface because in that case no absorption
peak for amide I would have been observed.

CuPorSS self-assembled monolayers on Au surfaces were
further characterized with UPS and XPS. Figure 4A shows the
UP spectra of CuPorSS monolayers on Au surfaces in compar-
ison to the spectrum of the clean gold surface. The main graph
shows the secondary electron cutoff and the inset shows the
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Figure 4. (A) UP spectra (He I) of a bare Au surface and CuPorSS on Au surfaces. The inset shows a magnified view of the region around the Fermi
edge, whereas the mainframe shows the secondary electron cutoffs. (B) N 1s and (C) S 2p of CuPorSS monolayers on Au surfaces before and after
immersion in water solution and of the bare Au surface. (D) Cu 2p;/, XP spectra of (i) bare Au substrate, (ii) CuPorSS evaporated over Au,
(iii) CuPorSS monolayers on Au surfaces, and (iv) CuPorSS/Au after immersion in H,O solution.

region around the Fermi edge. The UPS spectrum corresponding
to the bare Au substrate shows the same pattern and peak
positions (2.7, 4.3, and 6.1 eV vs Eg) to that previously reported
for clean Au surfaces and corresponds to the 5d bands.** From
the width (W) of the UPS spectrum we can calculate the work
function (@) of our Au substrates: ® =21.2 eV — W = 4.8 eV
which is in excellent agreement with values reported for poly-
crystalline gold.>* When CuPorSS is adsorbed on the metal
surface, the Au Sd bands decrease in intensity indicating the
presence of the adsorbate.** The three highest occupied molec-
ular orbitals of Cu porphyrin molecules are located at approxi-
mately 1.6, 2.8, and 6.6 eV vs Eg (P = 4.8 V), these values are
indicated with arrows in the CuPorSS UPS spectrum shown in
the inset of Figure 4A. Clearly, the expected UPS signals corre-
sponding to CuPorSS monolayers are not discernible as they
have very little intensity (1.6 V) or they are hidden by the Au 5d
bands (2.8, 6.6 eV). The discernible feature in the monolayer
spectrum is the shift in the position of the secondary electron
cutoff which indicates a change in the work function of
A® = —0.7 eV after formation of the CuPorSS SAM. We should
bear in mind that the work function change caused by thiol SAMs
over gold surfaces can vary over a wide range (—2 to +2 eV)
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dependin§ on the functional group at the end of the organic
molecule.”® The CuPorSS induced work function modification
is in complete agreement with values previously reported for
methyl terminated SAMs on Au surfaces giving also an indication
that the molecules adsorb with the porphyrin plane close to
perpendicular to the surface glane and the methyl groups
pointing away from the surface.””*

Survey XPS scans show the presence of C, O, N, S, Ay, and Cu
with no other elements being observed on the CuPorSS/Au
SAM. Figure 4 shows the XP spectra of the (b) N 1s, (c) S 2p, and
(d) Cu 2p3/, regions corresponding to a CuPorSS SAM on Au
before and after after immersion of the Au covered substrate in a
H,O solution (see the discussion below). Signals corresponding
to the bare Au substrate are shown for comparison. In the Cu
2p3/, region, we also show the spectra corresponding to a
CuPorSS thick film (evaporated over a Au substrate). The N 1s
spectrum of CuPorSS SAMs over Au surfaces (Figure 4B) shows
only one peak centered at 399.5 eV indicating that the 2 N atoms
in the amide bonds are not greatly shifted with respect to the 4 N
atoms in the porphyrin ring in agreement with other metallo-
porphyrin SAMs.>® Most importantly the XPS determined N:Cu
ratio is 6:1 in excellent agreement with the stoichiometry of the

dx.doi.org/10.1021/1a2020836 |Langmuir 2011, 27, 10714-10721
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plane upon formation of the self-assembled monolayer.

molecule and demonstrates that the integrity of the porphyrin
thiol molecules is retained after SAM formation. Furthermore
from the integrated N 1s XPS intensity and the Cu 2p;,, XPS
intensity (see the discussion below) corresponding to the Cu-
PorSS SAM over Au, we can estimate a surface coverage of 1.7 &
0.6 x 10"* molecules cm ™2, value obtained after measuring six
different samples. This value is in excellent agreement with the
coverage estimated from the electrochemical reductive desorption
as well as the UV—vis absorption measurements discussed above.

The S 2p XP spectrum of the CuPorSS SAM (Figure 4C) shows
a broad signal with a high binding energy shoulder that can be
accordingly fitted with two sets of doublets each corresponding to
the S 2§>3 s2and S 2p; /, components with an spin orbit coupling of
1.2 eV.** The low binding energy contribution is centered at 162 €V
and corresponds to thiol chemisorbed onto the gold substrate
(bound thiol),>* whereas the high binding energy contribution is
centered at 163.5 eV and can be attributed to the presence of
disulfide bonds which are not covalently bonded to the gold
substrate (unbound thiols).** This later signal accounts for 15%
of the total S 2p signal and could be due to a very small amount of
porphyrin molecules that are incorporated into the SAM by
lateral interactions with neighboring CuPorSS molecules with
the disulfide bond pointing away from the surface.

The Cu 2p3,, binding energy position reflects the oxidation
state of the Cu ion in the metallo porphyrin. It is well established
that Cu” has a Cu 2ps,, peak at 932.3 eV whereas the peak cor-
responding to Cu®" is shifted more than 1.2 eV toward higher
binding energy and is therefore located at BEs > 933.7 eV.*
Figure 4D shows the Cu 2p3/, spectra corresponding to (i)
CuPorSS thick films evaporated over Au surfaces, (ii) CuPorSS
SAM over Au surfaces, and (iii) CuPorSS SAM after immersion in
a water solution. The spectrum corresponding to the CuPorSS
thick films shows a peak at 934.3 eV corresponding to the presence
of Cu® atoms at the center of the porphyrin ring. This is the
expected oxidation state for Cu metalloporphyrins given that Cu**
is a d” ion with a preference for a square planar geometry and little
tendency to add axial ligands.*> On the other hand, the d'® Cu*
metal ion prefers a tetrahedral geometry,"" a state the rigid
porphyrin ligand can never adapt. Furthermore, the relative good
fit of the Cu*" ion into the porphyrin center also explains the lack
of any Cu" porphyrin complexes. Moreover, it has been reported
that reduction of Cu® in acidic solutions (pH <4) leads to
protonation and demetalation due to the larger radius of Cu".*’

When Cu®" deutero porphyrins with disulfide functionalities
adsorb on Au surfaces forming a self-assembled monolayer, we

observed a 2 eV shift in the position of the Cu 2p; /, XPS peak to
lower binding energies resulting in a peak position of 932.3 eV.
This gives a clear indication that the oxidation state of Cu in the
self-assembled monolayer is reduced probably to the Cu™ oxida-
tion state. Here we should point out that the observed reduction
of the Cu™" ion is not an experimental artifact due to the X-ray
radiation, because the effect is only observed in the SAMs (is not
observed in multilayer films) and because reduction of the metal
ion in Cu®* porphyrins under UHV conditions and irradiation
with 1253.6 eV photons requires the presence of reducing species
like Na.** The XPS observed reduction of the porphyrin Cu®" ion
to Cu" indicates charge transfer from the Au substrate to the
metal ion suggesting a strong interaction between the porphyrin
metal ion and the metal substrate. Reduction of metallo por-
phyrins and phthalocyanines (Pc) due to charge transfer from
metal or semiconductor surfaces has been previously reported.
Co tetraphenylporphyrin (TPP) multilayers have a Co 2p5,,
XPS peak at the typical Co>" position (780 eV) that shifts 1.8 eV
to lower BE in CoTPP monolayers on Ag(111). This finding has
been ascribed to transfer of electron density from the Ag substrate
to the Co ion, in conjunction with the formation of a covalent bond
between metal center and substrate® The same finding was
reported for the adsorption of Co(II) octaethylporphyrin on Ag-
(111) where a 1.9 eV shift to lower BE is observed with respect to
the multilayer film upon adsorption of the monolayer.** Similar
observations have been made for Fe** TPP* and Fe*" Pc on
Ag(111);* where the lower BE shift in the Fe 2p XPS spectra is
again attributed to charge transfer from the metal substrate to the
metal ion. Finally, adsorption of CuPc on Si(111)* and on
Al(100)* results in reduction of the Cu®" metal ion to Cu’. In
line with previous work, we observe reduction of the porphyrin Cu
metal ion after adsorption of CuPoSS molecules on Au surfaces.
Also in line with previous work, we propose that charge transfer
takes place via the overlap of a metal ion 3d orbital and electronic
states of matching energy and symmetry of the Au surface forming
new mixed states that take electrons from the Fermi sea. The
implication is that electrons from the Au surface are transferred to
the Cu ions causing their reduction.

As discussed above Cu” porphyrins are not known given the
larger ionic radius of the Cu” metal ion and its preference to
form complexes with a tetrahedral geometry. Therefore we
propose that adsorption of the Cu** porphyrin from solution
onto the Au surface causes not only reduction of the metal ion
to Cu” but also its removal from the hole of the porphyrin ring
(see Figure S).
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It is well-known that Cu” catalyzes the insertion of metal ions
into porhyrin molecules by sitting on top of the porphyrin plane,
deforming its core and thus favoring metal insertion from the
opposite face of the porhyrin.>” Consequently we propose that
the Cu" metal ion is sitting on top of the porphyrin plane in the
self-assembled monolayer. This would imply that the Cu ion in
the SAM could easily escape the Cu porphyrin monolayer if it
were to come in contact with aqueous solutions. We have
therefore measured the N 1s, S 2p, and Cu 2p;,, XPS spectra
of CuPorSS SAM on Au surfaces after they have been immersed
in water as well as in CH,Cl, solutions (Figure 4B—D, top
curves). Measurements show that the N 1s and S 2p XPS signals
remain unmodified, while the Cu 2p;, signal disappears com-
pletely when the SAM is immersed in aqueous solutions whereas
all signals remain unmodified in the second case. Therefore,
immersion of CuPorSS SAM into aqueous solutions results in
demetalation of the Cu ion, while the porphyrin molecules
remain adsorbed on the Au surface. Further support for our
interpretation of the XPS data is given by the fact that Cu’*
porphyrin molecules are not demetalated in CH,Cl, solutions
with added water (UV—vis spectra shows 2 Q-bands indicating
the presence of the metal ion in the hole of the porphyrin).

B CONCLUSIONS

We have shown that Cu(II) deutero porphyrin molecules with
disulfide moieties can be successfully synthesized and used in the
construction of self-assembled monolayers over Au surfaces. Por-
phyrin molecules adsorb by cleavage of the disulfide bond and
formation of two S—Au bonds per adsorbed molecule as con-
firmed by electrochemical as well as XPS measurements. Further-
more, the integrity of the porphyrin macrocycle upon adsorption
is determined by UV —vis absorption spectra that also help to rule
out molecular aggregation in the monolayer. PMIRRAS mea-
surements indicate that the molecules are adsorbed with the
porphyrin plane tilted 20—40° with respect to the surface
normal. This adsorption geometry is in excellent agreement
with the surface coverage of 1.8 x 10"* molecules cm > estimated
by three independent experimental techniques which indicate
that porphyrin molecules form a pack array in the monolayer.
Therefore the disulfide functional group serves not only as an
excellent binding group that provides two S—Au covalent
bonds but also it helps to direct the porphyrin ring in a direction
close to perpendicular to the surface which could be very
important in applications where this orientation would be
useful. Most importantly, adsorption induces reduction of the
Cu”" metal ion to Cu* due to charge transfer from the metal
substrate to the metal ion in complete agreement with previous
work. We propose that this is followed by its consequent
removal from the center of the porphyrin ring. This phenom-
enon results in demetalation of the porphyrin ring when the
SAM is immersed in aqueous solutions. Our results are of prime
importance in the design of molecular architectures based on
self-assembled monolayers of metalloporphyrins, where not only
the possible metal blocking by thiol functionalities should be
considered but also possible adsorption induced demetala-
tion with the subsequent loss in the properties imparted by
the metal ion.
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