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Adsorption of O-[6-(methylselanyl)hexanoyl]glycerol (SeOG) on the gold surface was inves-
tigated by cyclic voltammetry, phase-sensitive AC voltammetry, electrochemical impedance
spectroscopy and piezoelectric microgravimetry. SeOG adsorption results in a stable and
compact surface layer with the coverage degree close to unity for an adsorption time of 30
to 80 min and 4.6 mm SeOG acetonitrile solution. Such a layer displays minute defects (pin-
holes) with the radius of ca. 1-3 pm, separated by 6-50 um intervals (depending on the ad-
sorption time). The adsorbed compound undergoes anodic desorption in the gold oxide re-
gion and also undergoes a cathodic process leading to the removal of the surface layer. Both
these processes are similar to those demonstrated by short-chain alkanethiols and have been
interpreted as a indication for the conversion of the selena to selenol function as a result of
a dissociative adsorption process. Apparently, the main component of the surface layer is
0'-(6-selanylhexanoyl)glycerol that results by the cleavage of the C6-Se bond in SeOG. The
two free hydroxy groups in SeOG allow to use it as a bridge for binding other compounds to
the gold surface. This possibility was illustrated by building up surface layers of a carotenoid
derivative (0!-(8'-apo-B-apo-caroten-8-oyl)-0%-[6-(methylselanyl)hexanoyl]glycerol, 11) or
carotenoid- and phosphocholine-derivatized $eOG (O-(8'-apo-B-caroten-8'-oyl)-02-
[6-(methylselanyl)hexanoyl]-O3-{[2-(trimethylammonio)ethoxy]phosphoryl}glycerol, I11). The
compound Il generates a less densely packed layer due to the constraints induced by the
phosphocholine substituent. Each of these compounds undergoes anodic reactions that are
typical of carotenoids in the adsorbed state. However, the polar and hydrophilic phospho-
choline residue in 111 shifts the anodic peak to a less pozitive potential. SeOG allows there-
fore to tune the molecular environment of a surface attached compound by means of a suit-
able co-substituent.
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Self-assembly of organic compounds at solid surfaces is a convenient
method for preparing surfaces with well defined characteristics®™*. A
straightforward method for preparing self-assembled monolayer (SAM) con-
sists of chemisorption of thiols or disulfides to metals like gold or silver.
Disulfide adsorption results in S-S bond cleavage and the ensuing SAM is
identical to that generated by the relevant thiol, with the sulfur head
strongly attached to the metal surface. The high degree of organization is
the result of two combined effects. First, the metal lattice may provide a
suitable template. Second, intramolecular interactions within the surface
layer stimulate the formation of an orderly network.

The SAM research represents a very active field with promising applica-
tions in various areas such as sensor technology®~’, electroanalytical chem-
istry®° and microfabrication®. In addition to physical methods of surface
investigation, electrochemistry provides techniques for exploring properties
of SAMs on metal surface, as demonstrates the comprehensive review by
Finkleall.

Although the investigation of organosulfur self-assembled monolayers
has been the subject of many publications, selenium derivatives attracted a
limited attention. The interest in organoselenium SAMs was initially stimu-
lated by attempts to overcome problems with sulfur as a functional
headgroup!2. Subsequently, the selenium headgroup became attractive
from the viewpoint of the conductance of molecular wires, because it en-
ables higher electronic coupling efficiency compared with sulfur®-15. This
is in accord with the theoretically derived rule stating that the conductance
close to the quantum unit can be obtained with a given molecular structure
by increasing the atomic number of the anchoring group®®.

Detailed studies on SAM formation at metal surface by alkaneselen-
ols!217.18 “aromatic selenols'®-?!, aromatic diselenides?>-2* and monoselen-
ides?>-?7 are available. Due to the relatively weak interaction between gold
and selenium, alkaneselenols form incommensurate structures at the gold
surface!?, in contrast to alkanethiols which give rise to commensurate sur-
face structures.

Scanning tunneling microscopy (STM) proved that benzeneselenol forms
ordered structure upon chemisorption at a gold surface'®. In contrast,
benzenethiolate cannot form organized structures under similar conditions.
This behavior was interpreted as a proof for a stronger Au-Se interaction®,
in accord with further investigations by surface-enhanced Raman spectrom-
etry?® (SERS).
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Diselenides undergo Se-Se bond cleavage during adsorption and the re-
sulting SAM is similar to that generated by analogous selenols in accord
with the behavior of disulfides?2-24,

In the case of monoselenide adsorption on the gold surface, the state of
the adsorbate seems to depend strongly on the structure of the precursor
and the SAM preparation procedure. Thus, selenophene undergoes non-
dissociative chemisorption under atmospheric vapor deposition, whereas
the dissociative mechanism takes place upon ultrahigh vacuum deposi-
tion2%. As a rule, the interaction between chalcogenophene analogues and
the gold surface is stronger when the atomic number of chalcogen is
higher?®.

On the other hand, the aromatic benzyl phenyl selenide is adsorbed in
intact form, as proved by SERS investigations?’. No relevant data in this re-
spect are yet available for dialkyl selenides, but an STM examination dem-
onstrated that dibutyl selenide forms ordered structures at the gold sur-
face?>.

For comparison, it is interesting to note that organic sulfides preserve the
structure when adsorbing on the gold surface?8-36, Some exceptions are still
possible®0. Thus, an X-ray photoelectron spectrometry (XPS) investigation
demonstrates that dioctadecyl sulfide is physically adsorbed from a 1 mm
CH,CI, solution, with no C-S bond cleavage3®@. However, the C-S bond
cleavage seems to occur when a monosulfide SAM was formed during long
time immersion at high temperature, or using CHCI; as a solvent302,

We report here the results of an investigation by electrochemical meth-
ods and piezoelectric microgravimetry of the adsorption of O!-[6-(methyl-
selanyl)hexanoyl]glycerol (SeOG; Table I, formula I) on the polycrystalline
gold surface. SeOG is a suitable anchor for binding other molecules to the
surface via the free hydroxy groups in the glycerol residue. As an example,
the binding of a carotenoid (O'-(8'-apo-B-apo-caroten-8'-oyl)-0?-[6-(methyl-
selanyl)hexanoyl]glycerol; Table I, formula Il) and both a carotenoid and a
phosphocholine fragment (O-(8'-apo-B-caroten-8'-oyl)-02-[6-(methyl-
selanyl)hexanoyl]-03-{[2-(trimethylammonio)ethoxy]phosphoryl}glycerol;
Table I, formula I11) is presented. Carotenoids are of outstanding biological
importance, playing a key role in photosynthesis®”. On the other hand,
synthetic supramolecular systems including carotenoids are actively investi-
gated for the purpose of mimicking photosynthetic solar energy conver-
sion®8. Another stimulus to the study of carotenoids assemblies emerges
from the field of molecular electronics, particularly after an evidence of
good conductivity of an individual carotenoid molecules has been pub-
lished®®. In this context, immobilization of carotenoids to metal surfaces is
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an important issue. The thione*®43, selena*?#4, or thiol function3%4° has
been used to attach carotenoids to the gold surface.

Investigation of SeOG adsorption is an important step before proceeding
to the study of the surface behavior of some complex assemblies including
SeOG as a bridge. In addition, this investigation allows to acquire more in-
sight into adsorption of organic selenides on the gold surface.

TaBLE |
Chemical compounds used as electrode surface modifiers
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EXPERIMENTAL

SeOG has been synthesized and purified according to the published procedures*®4’. Com-
pound Il was synthesized and purified according to the published procedures48, and 111 was
synthesized by an original method*®. The three compounds have been prepared by specific
synthesis, avoiding isomerisation, and have been characterized by common spectroscopic
methods (mass spectrometry, nuclear magnetic resonance spectrometry, absorption spec-
trometry in the visible range). The given structures in Table | are consistent with the spec-
tral data.

Electrolyte solutions were prepared with fresh ultra-pure water (Millipore, resistivity
18 MQ cm). All the reagents were of analytical grade, except the organic solvents that were
of HPLC grade.

A polycrystalline gold disk electrode was prepared from a gold wire (Aldrich 99.99%,
1 mm diameter) sealed by epoxy resin in a glass tube (electrode No. 1). Alternatively,
a Metrohm gold disk electrode of 2 mm diameter (electrode No. 2) was used in some experi-
ments. The electrode surface was conditioned by mechanical polishing followed by pro-
longed cyclic voltammetry scanning in 0.01 m HCIO, in the potential region from 0.00 to
1.45 V. An Ag|AgCI (1 m KCI) reference electrode was connected with the test solution using
an 1 m KNO; electrolyte bridge; the auxiliary electrode consisted of a platinum plate. Other
details are available in*®.
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The SeOG adsorption was achieved by immersing the gold substrate in a 4.6 mm SeOG so-
lution in acetonitrile in the dark, at room temperature (20 £ 1 °C), under nitrogen atmo-
sphere. The same procedure was followed with compounds Il and 111, except for the compo-
sition of the adsorbate solution (4 mm solution of Il in acetonitrile and 3.9 mwm solution of
111 in methanol). After a suitable time period, the electrode was rinsed with the pure solvent
and pure water. The modified electrode was then transferred to an aqueous solution con-
taining an appropriate electrolyte, for performing electrochemical investigations.

Staircase cyclic voltammetry (CV), phase-sensitive alternating current voltammetry (ACV)
and electrochemical impedance spectroscopy (EIS) experiments have been performed at
room temperature (20 = 1 °C) with Autolab PGSTAT 30 (Eco Chemie). Whenever the electri-
cal charge had to be assessed, CV was run in the “integration” mode, i.e. the output was re-
corded as the average current over each potential step. Dissolved oxygen was removed from
the test solution by bubbling with pure nitrogen. During experiments, nitrogen stream was
directed above the solution. The EIS measurements have been performed in 0.1 M KNO4
containing 5 mm [Fe(CN)B]S‘ and [Fe(CN)6]4‘ at the equilibrium potential (determined by
potentiometry under open circuit conditions) and with a superimposed sine wave voltage
of 10 mV.

Fitting and simulation of the electrochemical data was done with Autolab GPES 4.8 and
FRA 4.8 software. Additional data reduction operations have been carried out with OriginJ
6.1 software (OriginLab Corporation).

An electrochemical quartz crystal microbalance (EQCM) model 5510 (Institute of Physical
Chemistry, Warsaw, Poland)®® was connected to the auxiliary analog input of the PGSTAT 30
instrument to record simultaneously the electrolytic current and the EQCM frequency.
A 10 MHz piezoelectric crystal with Ti-backed gold electrodes (5.0 mm diameter) has been
mounted in vertical position. The Ti underlayer was selected to prevent problems at extreme
anodic potentials®’. The piezoelectrode had an electrochemically active area of 23.6 mm?
and a roughness factor of 1.54 (determined according to®?%). The calibration of the EQCM
was performed with the anodic stripping peak of silver®®. Prior to SeOG adsorption, the
piezoelectrode surface was conditioned by three CV scans under the same conditions as with
the polycrystalline gold electrodes.

RESULTS AND DISCUSSION

Anodic Behavior of Adsorbed SeOG Layer

An evidence of SeOG adsorption is provided by the anodic behavior of the
modified electrode (Fig. 1a). The first scan (curve T in Fig. 1a) displays the
anodic peak A, which is lower in the second scan (curve 2). The 3rd and 4th
scans are identical and differ very few from the second one. It is clear that a
steady state was already attained during the 3rd scan. The above finding
demonstrates that SeOG adsorbs irreversibly during the electrode contact
with the SeOG solution in acetonitrile. The peak A, which is similar to that
induced by a short-chain alkanethiol SAM %, can be assigned to the oxida-
tive desorption of the organic surface layer. The anodic desorption occurs
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almost completely during the first scan, as proved by a comparison of
curves 2 and 4 in Fig. 1a. Simultaneously gold oxidation takes place. Gold
oxide reduction occurs in the region of the cathodic peak B. Peak B current
after desorption (Fig. 1a, curves 2-4) is higher than that recorded with the
clean gold electrode (curve 5). This trend was detected with all gold elec-
trodes used in this work and point to an increase in the real surface by cor-

I, HA

0.8 1.0 12 gy 14

Fic. 1
a Electrochemical behavior of the SeOG-modified gold electrode (No. 1) in the anodic poten-
tial region, 0.01 m HCIO,. Adsorption time 60 min, scan speed 20 mV s, 7 1st scan; 24 sub-
sequent scans; 5 plain gold electrode. Peak A: anodic desorption and gold oxidation; peak B:
gold oxide reduction. Inset: enlarged view of the CV curves in the potential region from 0.0 to
0.9 V. b Background corrected voltammograms showing the anodic desorption current in the
region of peak A. Adsorption time (in min): 7 1; 2 6; 3 60. For other conditions see Fig. 1la
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rosion during the formation of the adsorbed layer. Such a process was in-
vestigated in details in connection to adsorption of alkanethiols®?". As in
that case, the corrosion degree increases with the adsorption time. Thus,
the peak B current remained almost unchanged after desorption when the
adsorption time was 1 min but increased with this parameter. Moreover,
lit.52® demonstrates that polar solvents like acetonitrile (which has been
used in this work) favor the corrosion. A direct proof for an increase in the
real surface during adsorption was provided by the alternating current (AC)
capacity recorded (i) at pure gold, before performing the adsorption, and
(i) after performing the anodic desorption as in Fig. 1a. The capacity cur-
rent was always higher after desorption than before adsorption. On the
other hand, Fig. 1a demonstrates that the peak B appears to be unchanged
with the advance of the scan sequence. A similar behavior was also noticed
with a gold electrode modified with 4’'-thioxo-B,B-caroten-4-one*3. The mo-
lecular structure of the adsorbate and its hydrophilic character allows water
molecule to approach the metal surface in order to provide the oxygen re-
quired in the anodic reaction. Consequently, maximum coverage by oxy-
gen is already attained during the first scan. This contrasts the behavior of
alkanethiol SAMs. Due to both compact structure and hydrophobic charac-
ter, an alkanethiol layer may prevent efficiently the formation of the gold
oxide layer.

Figure 1b displays several background subtracted voltammograms for the
anodic desorption process. In each case, the background was the gold oxi-
dation current measured on the steady state curve. For six different modifi-
cation times, ranging from 1 to 60 min, the corrected curve has a symmetri-
cal shape with a peak potential of 1.15 + 0.01 V and half-width of 0.132 +
0.006 V. The invariability of the peak parameters proves that the mecha-
nism of the oxidative desorption does not change with the increase in the
surface coverage degree. This behavior may be assumed as an evidence of
the absence of strong intramolecular interaction in the surface layer.

Selenium Transformations in the Anodic Potential Region

Figure la displays the cathodic peak E at 0.25 V on the first reverse scan.
This peak should be due to a reaction product of the processes that occurs
on the previous anodic scan. The anodic counterpart of E forms at 0.75 V
on the next scan (peak F); it is distorted due to the interference of gold ox-
ide formation. An enlarged view of the E/F couple is shown in the inset to
Fig. 1a. The inset demonstrates that this couple vanishes after a few scans.
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Peaks E and F may be related to electrochemical reactions involving sele-
nium, which was initially present in the adsorbed organic layer. In order to
assess their nature, cyclic voltammograms have been recorded for a
selenious acid solution in the same background electrolyte (Fig. 2). The first
anodic scan (from 0.4 to 1.45 V, curve 1 in Fig. 2) displays only the anodic
reaction of gold with minute differences from the curve recorded in the
background electrolyte alone (curve 3). However, the reverse scan displays
the cathodic peak E' at the same potential as the peak E in Fig 1a. On the
subsequent anodic scan (curve 2), the product of peak E' reaction is oxi-
dized in the region of the peak F' which lies at the same potential as the
peak F in Fig. 1a. It is important to note that the peak E' appeared even if
the previous anodic scan was limited to 0.95 V so as to prevent any anodic
reaction.

In agreement with 1it.53%2, the peak E' is ascribed to the reduction of sele-
nite ion adsorptively accumulated at the electrode surface during the previ-
ous anodic scan. Se(0) results and is further reoxidized to SeOz%" in the re-
gion of the peak F'. Peak E' does not form if the first scan starting at 0.4 V
goes in the cathodic direction. In this case, SeO;?~ reduction involves bulk
solution ions and results in a broad peak with the half peak potential at
0.125 V. The tail of this peak is responsible for the asymmetric shape of the
peak E'.

I, HA

Fic. 2
Two cyclic voltammetric scans in the presence of 50 um H,SeO5 in 0.01 m HCIO, (curves T
and 2) and in 0.01 m HCIO, alone (curve 3). Start at 0.40 V in the anodic direction. Scan speed
20 mV s7%; electrode No. 2
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An alternative interpretation®3® assumes that the peak E' is due to the re-
duction of the selenate ion which form by the anodic reaction of selenite.
This point of view is at variance with our data that demonstrate the inde-
pendence of the peak E' on any preliminary anodic process.

SeO42" adsorption in the anodic region is a reversible process. In order to
prove this assertion, Se(0) was deposited and then the electrode was sub-
jected to a series of successive CV scans in the background electrolyte
alone, from 0 to 0.95 V and back. Under these conditions, peak F' is well de-
veloped on the first anodic scan, but E' is disproportionately smaller. Both
peaks vanished after a few scans. It is clear that adsorbed SeO3%~ which
forms under peak F' diffuses away when the electrode is polarized at less an-
odic potentials.

By analogy with the behavior of inorganic selenium, peaks E and F in
Fig. 1la can be interpreted as follows. The first anodic scan (curve 1 in
Fig. 1a) results in the break of the Se-C bond in the adsorbate and Se(-2) is
oxidized to adsorbed SeO4;?~ by the uptake of 6 electrons per molecule.
SeO,? is partially desorbed during the following cathodic scan and the re-
maining adsorbed form is reduced to Se(0) in the region of peak E. Se(0) is
then oxidized to SeO4?~ by the peak F reaction. As long as Se is present in
the SeO4?~ form, it may diffuse away leading to the gradual disappearance
of both peaks E and F.

EQCM Investigation of the Anodic Processes

The anodic desorption process was monitored by EQCM during a multiscan
CV run between 0.375 and 1.450 V (Fig. 3). The cathodic limit was selected
so as to prevent SeO52~ (which form under the first anodic scan) from being
reoxidized to Se(0). Consequently SeO,%>~ may diffuse freely away and does
not affect the mass change on the next scans.

Curve T in Fig. 3a shows the shift in the resonance frequency during the
first scan and displays a positive maximum in the region of peak A. The
maximum is the convolution of two processes: desorption of the adlayer
and gold surface oxidation. The first process results in a positive frequency
shift and the second induces an opposite effect. Curve 2 in Fig. 3a was re-
corded during the 4th scan and is typical of a plain gold electrode. It is al-
most indistinguishable of the 2nd and 3rd scans since the desorption goes
close to completion under the first anodic scan. The frequency shift on
curve 2 results only from gold oxidation and gold oxide reduction. By sub-
tracting curve 2 from curve 1 in Fig. 3a, curve 3 results, which represents
the remaining effect of the desorption process only. It is clear from this
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curve that the negative mass variation is an effect of an irreversible
desorption process that occurs under the direct scan. The horizontal posi-
tion of the reverse branch of curve 3 demonstrates that no readsorption oc-
curs during the reverse potential sweep. The absence of the readsorption
may be due to the oxidative transformation of the Se head into SeO3?"
which at least partially remains in the adsorbed state and may diffuses away
during an anodic scan, in accordance with the conclusion of the previous
section.

The mass change corresponding to the desorption process was 39.6 ng for
a modification time of 17 min (Fig. 3) and of 50.6 ng for a modification
time of 30 min. The electrical charge corresponding to the desorption pro-
cess was of 164 and 188 uC, respectively. Accordingly, 23 and 25.8 g, re-
spectively, correspond to the transfer of 1 mol of electrons.

If we accept that SeO32~ forms, 6 electrons per molecule are expected to
be transferred. A mass-charge correlation leads to 11 electrons per molecule
if SeOG was adsorbed in unaltered form and desorbs in the anodic region. If

40
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Fic. 3
The EQCM (a) and CV data (b) for the anodic desorption at a SeOG-modified gold
piezoelectrode, 0.1 m HCIO,. Adsorption time 17 min, scan speed 50 mV s 7 1st scan; 2 4th
scan; 3 the result of subtracting curve 2 from curve 7 in a
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we infer that SeOG splits under adsorption and the product (O!-(6-selanyl-
hexanoyl)glycerol, SeHG) desorbs, this ratio is 10.4. Both figures are non re-
alistically high. These ones have been calculated under the hypotheses that
selenium also leaves the surface during the anodic process of peak A. On
the contrary, if it is assumed that SeO3?~ remains in the adsorbed state and
only the hydrocarbon fragment is removed, a ratio of about 6 electrons per
molecule results, in accordance with the oxidation of Se(-2) to Se(+4). How-
ever, the irreversible adsorption of SeO;?" is a limiting case, which is at vari-
ance with the results in the previous section.

It is likely that, in addition to removal of organic adlayer, the shift in fre-
quency is partially determined by other factors, like insertion of water into
irregularities of the gold surface. At the same time, SeO;2~ contribution to
the mass shift cannot be assessed because it desorbs partially and diffuses
away gradually during the first potential scan. On the other hand, the re-
distribution of electric charges at the interface after removing the organic
layer may contribute substantially to the overall current, leading to an
overestimation of the charge for the anodic desorption. Data in Fig. 1b also
lead to anomalous charge values (1.04 mC per cm? of geometric area, for
curve 3). In this case, the high rugosity of the mechanically polished elec-
trode may contribute to the high charge value, in addition to the non-
Faradaic process.

It is clear that the complexity of the anodic reaction and the intercourse
of Faradaic and non-Faradaic processes prevent a reliable interpretation of
the EQCM data. Despite these limitations, data in Fig. 3 demonstrate that
the SeOG-generated SAM is relatively stable in the anodic region up to the
onset of gold oxide formation.

Kinetics of SeOG Adsorption

The capacity current recorded by ACV (Fig. 4, curve 1) enabled assessing the
changes in the surface state as a function of SeOG adsorption time. The ca-
pacity current decreases with the increase in the modification time and be-
comes almost independent of the electrode potential. This behavior is simi-
lar to that demonstrated by alkanethiol SAMs . In terms of the Helmholtz
model, this behavior proves that adsorption leads to an increase in thick-
ness of the Helmholtz layer and a decrease in the dielectric constant as a re-
sult of water substitution by the organic absorbate. No indication of multi-
layer formation was noticeable.

The electric charge passed during the anodic desorption allows, in princi-
ple, to calculate the amount of adsorbed compound, provided the stoichio-
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metry of the electrochemical reaction is exactly known. As far as such infor-
mation is not yet available, the charge itself may be used as a variable in
the adsorption kinetic equation instead of the surface concentration of the
adsorbate. This procedure was adopted in this work with some additional
precautions. Thus, in order to make sure that the desorption is completed,
three successive CV scans as in Fig. 1a have been performed in each case.
The total charge (Q,) for the anodic process occurring from 1.00 to 1.45 V
was calculated for each of the three scans. It was assumed that it represents
the sum of three components corresponding to adsorbate anodic desorption
(Qq). gold oxide formation (Q,,) and oxygen evolution (Q,,):

Qti = Qq,i * Qaui + Qoxii - 1)

The subscript i stands for the scan number (i = 1-3). As a rule, the de-
sorption is complete after the second scan and the total charge for the third
scan (Qq3) results from the contribution of the last two terms in Eq. (1).
Therefore, the overall charge for the anodic desorption (Qy = Qg1 + Qq>)
was calculated as follows:

Qu = Q1+ Q2 —2Q¢3, (2)

0.35

isam/iau

0.30

Fic. 4
Effect of the adsorption time on the AC capacity current at 0.00 V (7) and on the normalized
desorption charge for the anodic desorption under the conditions of Fig. la (2). Electrode
No. 1. Curve T conditions: 0.01 m HCIO,, frequency 200 Hz, amplitude 5 mV, phase angle
-90°. To account for the variability in the surface area, the AC for the covered electrode (igay,)
was normalized to the AC measured after performing the anodic desorption (i,,)
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where Q;; and Q; , denote the total charge for the first and second scan, re-
spectively.

In order to remove the effect of random variations in the electrode sur-
face area, Q4 was normalized to the electric charge for peak B (Fig. 1a). This
charge (Qg) was assumed to be proportional to the real electrode area and
was calculated as the average of three succesive scans. Therefore, the nor-
malized desorption charge (Q,) was calculated as follows:

Qn = Qu/Qs - (3)

With the aim of investigating the kinetics of the adsorption, Q, was mea-
sured after performing the modification for various time intervals, t (Fig. 4,
curve 2) and the Q,-t curve was checked by various kinetic models. The
best fit resulted when using the diffusion-controlled Langmuir kinetic
model®45%, formulated as follows:

Qn = Qni[1 —exp (-KpLct2)], 4)

where Q, is the limiting value of the normalized charge and ¢ stands for
the solution concentration of the adsorbing species. The constant K, de-
pends on the adsorbate diffusion coefficient (D) and surface concentration

at equilibrium®* (I",):
2 D /2
KoL = — @“g . %)
I, Um

The effect of the adsorption time on Q,, is shown in Fig. 4, curve 2, which
demonstrates that Q, attains a limiting value for adsorption time over
30 min. The limiting specific charge is of 13.6 mC cm™2, in a reasonable
agreement with data in Fig. 1b, curve 3. The difference is a consequence of
the variability in the electrode real surface. Under the conditions of Fig. 4,
curve 2, the fitting by Eq. (4) results in Ky = 18 | mol* s¥2 and Q,,, =
0.784. The validity of the diffusion-controlled Langmuir model demon-
strates that the adsorption itself is a fast process and the mass transfer of
the adsorbate determines the overall rate. This conclusion remains valid de-
spite the approximated character of Eq. (2) and is in a fair agreement with
curve 1 in Fig. 4.

It is interesting at this point to mention the Kinetic features of dialkyl sul-
fide adsorption on the gold surface33. The adsorption rate for such com-
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pounds is very low and no diffusion control of the rate-determining step
was detected. This behavior strongly contrasts with that of SeOG.

Cathodic Behavior of the SeOG Adsorbed Layer

Cathodic reactions at an organosulfur-SAM-covered electrode allows to dis-
tinguish between the thiol or thioether form of the adsorbate. As pointed
out before, thioether undergoes physical adsorption with no significant
modification in the oxidation state of the gold site. In contrast, thiol ad-
sorption is an oxidative process that was represented as follows?!?:

Au, + HS-R - (Au,_;AU")S-R + 1/2 H, . (6)

Consequently, a reduction reaction occurs when the SAM covered electrode
is polarized to a sufficiently cathodic potential'®:

(Au,_;AU*)S-R + e + H" — Au, + HS-R. (7)

This reaction is accompanied by desorption. In contrast to thiols, thio-
ethers do not develop a cathodic response®*. Moreover, thioether layers are
destroyed by contact with the aqueous alkaline solution that is used as elec-
trolyte in cathodic desorption experiments?®. By analogy, a cathodic re-
sponse of the SeOG-modified electrode may be interpreted as an evidence
of the occurrence of the adsorbate in the selenol form.

Figure 5a displays successive CV scans that have been recorded in the po-
tential region from 0 to -1.5 V with a SeOG-modified electrode (the vertex
point is out of scale). On the first cathodic scan, three successive peaks, la-
beled C1, C2 and C3 appeared. Peak C1 vanished after the first scan,
whereas C2 and C3 diminished gradually and disappeared after the fourth
scan.

The state of the electrode surface after the scans in Fig. 5a was assessed by
recording the AC under the conditions of Fig. 4, curve T and by probing the
anodic behavior under the conditions of Fig. la.

The AC increased by a factor of about 3 after performing the CV scans in
Fig. 5a and reached a value that was close to that measured for the plain
gold electrode. On the other hand, an anodic CV scan following the cath-
odic polarization does not display any evidence of surface coverage (Fig. 5b,
curve 6). It is clear therefore that the peaks C1-C3 in Fig. 5a arise from a
cathodic desorption process similar to that induced by a thiol SAM (reac-
tion (7)). This behavior suggests that the C-Se bonds split by adsorption
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and the actual adsorbate is a product or a mixture of SeOG molecule cleav-
age products (i.e. methaneselenol and SeHG).

The fine structure of the cathodic response may be interpreted on the ba-
sis of the results of the cathodic desorption of alkanethiol SAMs %657, Ac-
cordingly, the fine structure appears due to the desorption of thiolates from
domains with different size and organization degrees. Thus, the wave C1
may be assigned to the desorption of small ordered domains or disorga-
nized domains. A comparison of the capacitive current values in Fig. 5a,
measured on direct scans in the region between 0 and -0.4 V, shows a
marked difference between the first and the second scan, followed by mi-
nor changes on the following scans. This implies that most of the adlayer
was removed in the Cl-wave region, during the first scan. An oxidative
readsorption is hardly visible on the reverse branch of CV curve 1 in Fig. 5a
(at about -0.7 V) and is missing on the next scans. Consequently, it may be
inferred that the surface compound is rapidly lost in the bulk solution, in
accord with the fair solubility of SeOG in water. For this reason, waves C2
and C3 cannot be assigned to capacitive processes due to the rearrangement
of the desorption products inside the double layer region. These waves may
rather be ascribed to the removal of organized domains that require a
higher activation energy for desorption. Data in Fig. 5a suggest that ordered

I, HA

Fic. 5
a Cyclic voltammetry at a SeOG-modified electrode (No. 2) in the cathodic region. 7 1st scan;
2 2nd scan; 3 4th scan; 4 5th scan. Electrolyte 0.5 m KOH; scan speed 100 mV s71, modification
time 30 min. b CV scans in the anodic region under the conditions of Fig. 1a. 5 Plain gold
electrode; 6 the modified electrode, after the experiment in Fig. 5a
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domains might form only a minor part of the adlayer, in accord with the
heterogeneous crystal structure of the gold substrate.

An alternative interpretation of the fine structure in Fig. 5a may rely on
the hypothesis of a mixed adlayer including both methaneselenol and
SeHG. However, this interpretation is at variance with the data in Fig. 1b,
which demonstrate no fine structure for the anodic desorption signal. The
high solubility and mobility of methaneselenol, as well as the competition
by SeHG may prevent it from accumulating at the gold surface.

The cathodic reaction of the SeOG-modified electrode was also investi-
gated by EQCM. The voltammogram recorded at the gold piezoelectrode
(Fig. 6, curve 1) shows the same features as those obtained with the elec-
trode 2 (Fig. 5a), i.e. at least three distinct cathodic peaks. For comparison,
the potentials of C1-C3 (Fig. 5a) have been indicated by vertical dotted
lines in Fig. 6. It is known that electrochemical experiments in alkaline so-
lutions are sensitive to impurities, e.g. oxygen. In order to prove the ab-
sence of such problems, the voltammogram 2 in Fig. 6 was recorded at the
clean gold electrode. It is clear that no spurious electrochemical reactions
occur in the region of peaks C1-C3. Owing to the difference in substrate
crystallinity, the height of cathodic peaks in Fig. 6 differs from that in
Fig. 5a. The dominant peak in Fig. 6 is C2, previously assigned to the de-
sorption of organized domains. Such domains must be more extended at
the surface of an evaporated gold substrate like that used in the EQCM ex-

FiG. 6
EQCM data for the cathodic reactions at a SeOG-modified gold piezoelectrode, 0.5 m KOH.
Scan speed 50 mV s, modification time 17 min. 7 Current-potential curve; 7' EQCM re-
sponse; 2 voltammogram recorded at the clean gold surface
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periment. In accord with the cathodic peak current, a major shift in the res-
onance frequency corresponds to the peak C2 (Fig. 6, curve 2), whereas a
minute frequency change accompanies the slight signal C1. The strong in-
crease in Af at extreme cathodic potentials is probably due to the formation
of hydrogen bubbles®®, which prevent the detection of frequency changes
associated with C3.

EQCM data confirm that the Faradaic cathodic currents at the SeOG-
modified electrode are accompanied by the removal of the adlayer, as it
happens in the case of alkanethiol SAMs %6:57:5% when the degree of organi-
zation for the SeOG-generated surface layer strongly depends on the crystal
structure of the gold substrate. On the other hand, the cathodic behavior of
the SeOG-generated layer is similar to that of a benzeneselenol SAM gener-
ated by adsorption of diphenyl diselenide?*. In order to find the correlation
between the mass change and the electric charge, peak C2 in Fig. 6 was se-
lected. The electric charge calculated after performing polynomial baseline
correction was correlated with the mass change measured by EQCM. The
result (266 g/F) demonstrates that the desorbed species is SeHG (molar
weight 268) and one electron is consumed per each molecule, in accord
with the stoichiometry of alkanethiol desorption (Eq. (7)).

Coverage Degree and Surface Layer Morphology

The state of the adsorbed SeOG layer was assessed by assuming that it fol-
lows the microdisk array model'1:6%61 According to this model, the modi-
fied surface exhibits non-covered metal islets (pinholes) where the direct
contact with the solution phase is possible. Consequently, if a modified
metal surface acts as a working electrode in the presence of an electroactive
compound, the latter may react at pinhole sites only. It was assumed for
simplicity that the pinholes are disk-shaped, have a uniform size (radius r,)
and are separated by constant intervals (2ry).

An analysis of the EIS data for a reversible redox system at an electrode
covered by an inert SAM makes it possible to calculate the coverage degree
(8) as well as the parameterst®6! r, and ry. This approach is valid for 1 - 6 <
0.1, where the following equation holds:

1-6=r>/r}. (8)

Although the geometry of the pinhole array should be more complex,
this model offers an insight into the average pinhole parameters and pro-
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vides a basis for the interpretation of experimental conditions effects on
the coverage degree and the morphology of the adsorbed layer.

Data from EIS for the [Fe(CN)g]3/[Fe(CN)g]*~ couple have been collected
for several modification times (Table Il). Data passed the Kroning—Kramer
test®? and fit well the Randles circuit including a constant phase element
(CPE) instead of a pure capacitor. Here, the impedance of the CPE was de-
fined as follow®32:

Zy =(j0aYy)™, C))

where j = (-1)*/2, w is the angular frequency, and Y, and n are the parame-
ters of the CPE (0 < n < 1). Data in Table Il demonstrate that the charge
transfer resistance (R.;) increases with the modification time, pointing to a
similar variation of the coverage degree. Double-layer capacitance (C)&3P
values are significantly higher for pure gold than for the modified elec-
trode, demonstrating that the hydrophobic polymethylene moiety in SeOG
determines the charge distribution at the modified interface. This interpre-
tation is also supported by variation of the n coefficient, which approaches
the value for an ideal capacitor (n = 1) with increasing modification time.
At the same time, the Warburg impedance slope (0), Eq. 12 is, as expected,
almost insensitive to the surface modification. This proves that the mass
transport is localized in the solution phase only and the partition of the re-
dox probe between the solution phase and the adsorbed layer (as empha-
sized in%%) has no effect in this system. Small fluctuations in the solution re-
sistance (R,) are due to the uncontrolled changes in the position of the elec-
trolyte bridge tip.
TABLE Il

Parameters of the Randles circuit for the SeOG-modified gold electrode with the estimated
percent errors in parentheses. The same experimental conditions as in Fig. 7

Modifica- CPE
tion time S, Ret 2 101,2 N ¢ 2

: cm Qcm Qs cm” Fecm™
min Yo Qs n vl ol em? [

0 5.14(0.41) 2.16(1.93)  554-107(9.8)  0.864(1.72)  1.25:107%(23) 29.1(0.26)  36.8(26.64)
30 2.79(0.85) 42.8(0.46)  3.92.10%(1.23) 0.889(0.36)  3.32.107°(5.57) 29.3(1.15)  14.6(6.04)
80 5.61(0.41) 780.3(0.26) 3.82:1077(1.06) 0.959(0.13)  2.23-107°(2.1) 201(2.37)  18.6(2.17)

The Warburg impedance slope, o, was calculated using the fitting parameter Y, for the War-
burg impedance as 1/(v2-Y,). C was calculated as Yg(wy)" ™" (ref.5%?), were wy, correspond to
the maximum Z" value in the Z'-Z" semicircle.
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Pinhole parameters have been determined by the method of Finklea et
al.®%, which consists of the analysis of the Faradaic impedance (Z;) depend-
ence on the frequency of the superimposed AC voltage, according to the
following relations:

R

w? + +
zi= e 4 9, O A q) qD (10)
1-6 u)“z 1- GD w? +q°

D
and 32
zr = o et +a)” -ap (11)
F (,01/2 1- BD w® +q° E

where Z_ and Z! represent the in-phase and the out-of-phase components
of Z, respectively. The amounts o (Warburg impedance slope), R;; (charge
transfer resistance) and q were defined as follows:

/2
0:%2@‘ RT/F (12)
D FAC
RT/F
= 13
“ FACk® (13)
D
=—— 14
a 0.3617 (14)

where D and c represent the diffusion coefficient and the concentration of
the redox probe components, respectively, whereas k° is the standard rate
constant for the charge transfer reaction.

The Faradaic impedance was calculated by subtracting from the overall
value the contribution of the non-Faradaic components as determined in
the high frequency region. Typical patterns for Z; and Z; dependence on
w2 are presented in Fig. 7. Further, instead of performing a graphical anal-
ysis of each linear portions in the Z. vs w2 plot®°, data have been sub-
jected to a non-linear curve fitting procedure, according to either Eq. (10)
or Eqg. (11). Ry, 0, 6 and q have been the fitting parameters and w2 the in-
dependent variable. Finally, D was calculated from Eq. (12) and introduced
into Eq. (14) to find r,; ry was determined from Eq. (8). Curves calculated by
Egs (10) and (11) using numerical values of the fitting parameters were
plotted in Fig. 7; they matched very well the experimental values.
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Pinhole parameters are summarized in Table Ill, where 6 values satisfy
the condition 1 — 6 < 0.1, in accord with the constraints of this model. At
the same time, the values resulting from the fitting by either Eq. (10) or
Eqg. (11) are in a fair agreement, proving the validity of the model for this
system.

An inspection of the results in Table Ill demonstrates that both r, and ry
increase with increasing modification time, although 6 undergoes very
slight change. This effect may be interpreted as a result of pinhole coales-
cence leading to the formation of larger islets located at a larger distance

TasLE I
Coverage degree and pinhole parameters for the SeOG-modified gold electrode

Mgdlfncat_non Fitting variable  Coverage degree 3 UM fq UM
time, min
30 Z' 0.969 1.02 5.85
Z"c 0.978 1.10 7.41
80 Z': 0.994 3.07 49.16
Z" 0.996 2.88 38.46
"0.1 Hz_g
10 ] -
c
o
o
S
)
NS N
5 71.56 Hz
S
@ 467.78 Hz
=
o * !
0.0 0.5 1.0
W2 paql2 G112
Fic. 7

Faradaic impedances (in-phase Z; ((J) and out-of-phase Z! (A) components) recorded for the
gold electrode (No. 2) modified with SeOG. Adsorption time 30 min. Electrolyte: 0.1 m KNO3,
5 mm K;[Fe(CN)gl, 5 mm K, [Fe(CN)g]. Frequency: from 20 kHz to 0.1 Hz (40 values equally dis-
tributed on a logarithmic scale). Lines represent the fitting curves according to Eqs (10) and
(11)
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from each other. This demonstrates that the adsorbate molecules experi-
ence some mobility, which manifests itself at longer modification times.
The coalescence of pinholes was also noticed previously for the dodecane-
1-selenol'® and benzeneselenol!® surface layers.

The good agreement with the microdisk array model implies that the
SeOG-generated SAM fulfils the restrictions of this model!l, namely rela-
tively uniform pinhole dimensions and spacing.

SeOG as an Anchor for Immobilization of Carotenoids at the Gold Surface

We present in this section two examples of SeOG applications in attaching
carotenoid derivatives (I1 and I11) to the electrode surface. For convenience
of the synthesis, 6-(methylselanyl)hexanoyl grouping in Il and 11l was at-
tached as the R? substituent in glycerol, in contrast to SeOG where it ap-
pears in position 1. Experiments with 02%-[6-(methylselanyl)hexanoyl]glyc-

10 |

5 |

-10 +

FiG. 8
Anodic reactions at the gold electrode No. 2 modified by compounds Il (a) and Il (b). The
same conditions as in Fig. 1la. Adsorption time 30 min. 7 1st scan; 2 2nd scan; 3 steady state
curve

Collect. Czech. Chem. Commun. (Vol. 69) (2004)



1992 Foss, Ion, Partali, Sliwka, Banica:

erol in the adsorbed state at the gold surface showed that this behaves simi-
larly to SeOG. Modification of the gold electrode by compounds Il and I11
was performed by solution phase adsorption, as described in Experimental.
The surface was thereafter checked by CV scans in the anodic potential re-
gion as in Fig. 1a. As follows from Fig. 8, the presence of each compound at
the electrode surface is demonstrated by the anodic desorption peak A,
which is similar to that recorded with the SeOG-modified electrode (Fig. 1).
This proves that Il and 11l have been attached to the gold surface through
the Se function. Both of them desorb during the first anodic scan (curves 1
in Fig. 8), as the second scan (curves 2) displays only the anodic wave for
gold oxide formation. In both cases, the second scan (curves 2) is close to
the steady state curve (3) proving that most of the surface layer was de-
sorbed during the first anodic scan, as it happens with SeOG itself (Fig. 1a).
The fact that peak B shows only a minute increases from the first scan to
the steady state curve points to the same conclusion.

In addition, both Il and 11l induce the anodic peak D, which is missing in
the case of SeOG (Fig. 1a, curve 7). An anodic peak like D was previously de-
tected with 4'-thioxo-f3,B-caroten-4-one chemisorbed on the gold surface
via sulfur4®-43, Consequently, peak D was assigned to the anodic oxidation
of the polyene fragment R3 (Table I, Il and 111), which is a carotenoid resi-
due. In accord with the current view, the first step in such a reaction should
be the formation of a cation-radical®®. In the absence of a nucleophile, this
may be further oxidized to a dication. However, in our experiments, the
electroactive surface layer is in contact with water that may react immedi-
ately with the primary product. Such a process is favored in the case of Ill
whose molecule contains the hydrophilic phosphocholine residue. Under
these circumstances, the inactivation of the primary product proceeds
faster. As a consequence, the peak D for I11 develops at a less positive poten-
tial as compared with I1. At the same time, both peaks A and D are more in-
tensive for Il (Fig. 8a) than for Il (Fig. 8b), proving that the phospho-
choline substituent constrains the compound Il adlayer to adopt a less
densely packed morphology.

The above results demonstrate that SeOG may act as a convenient bridge
for attaching highly-unsaturated compounds like carotenoids to the gold
surface. In addition, binding of a second moiety to glycerol allows prepar-
ing mixed surface layers. Further details will be reported in a forthcoming

paper.
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CONCLUSIONS

SeOG interaction with the gold surface leads to the formation of a rather
stable and compact adsorbed layer, which shows much of the characteris-
tics of a short-chain alkanethiol SAM. Thus, the adsorbate binds irreversibly
to the metal surface and the metal-adsorbate bond has a strongly polar
character, as demonstrated by the charge transfer process that accompanies
the cathodic desorption. Also, the anodic oxidative reaction reminds of the
behavior of adsorbed alkanethiols.

It was demonstrated that SeOG adsorption is accompanied by the cleav-
age of the C-Se bonds and that the adsorbed layer consists mostly of SeHG.
This behavior contrasts with that of dialkyl thioethers, which adsorb in the
intact form. The reason for this difference may be the difference in the
chemical bond strength for C-S and C-Se (714.1 and 590.4 k] mol at 298 K,
respectively), in diatomic molecules®b.

SeOG may act as a convenient bridge for attaching organic compounds to
the gold surface through the ester function as evidenced in this paper for
carotenoid and phosphocholine derivatives. Further applications of SeOG
as an anchor for amine derivatives (including amino acids, peptides and
proteins) may be envisaged. In such case, cyanogen bromide or cyanuric
chloride would be suitable coupling agents®’.

SYMBOLS
A area of the electrode surface
c concentration
C capacitance
D diffusion coefficient
f frequency
F Faraday constant
K standard rate constant for the charge transfer reaction
Ko, constant in the diffusion-controlled Langmuir model (Eq. (5))
n the exponent of the CPE (0 < n<1)
Q. total charge for the peak A on the i-th scan
Qu; charge for the anodic desorption on the i-th scan
Qi charge for gold oxide formation on the i-th scan
Qo charge for oxygen evolution plus contributions by the double layer modifica-
tions on i-th scan
Q, charge for the peak B
Q, total charge for anodic desorption
Q. normalized desorption charge (Eq. (3))
Q. the limiting value of the normalized charge
r, average radius of disk-shaped pinholes
ry average half-distance between pinholes
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—_
=)

—_
—_

12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

gas constant

charge transfer resistance

ohmic resistance of the solution
time

temperature

the ideal capacitance

Faradaic impedance

the in-phase component of Z.

the out-of-phase component of Z,
impedance of the constant phase element
frequency shift

surface concentration at equilibrium
coverage degree

angular frequency

slope of the Warburg impedance
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