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Preliminary Investigation of Iron Protoporphyrin SAMs on Platinum
Electrodes by Surface Enhanced Vibrational Spectroscopies

MA Min, YANG Yao-yue, ZHANG Han-xuan, CAI Wen-bin"
( Department of Chemistry, Fudan University, Shanghai Key Laboratory for Molecular Catalysis and Innovative
Materials, Shanghai 200433, China)

Abstract ;
properties of iron protoporphyrin IX (FePP) self-assembled monolayers (SAMs) on Pt electrodes in 0. 1 mol -
L =" HCIO,. The potential dependent SERS spectra of the FePP SAM on a roughened Pt electrode with the en-

hancement factor of ca. 40 were acquired with the excitation line of 514 nm. Analyses of SERS data over the po-

In situ SERS and ATR-SEIRAS were applied to investigate the electrochemical and structural

tential region from 0.5 to — 0.3 V enabled to obtain potential dependent adsorption isotherms, from which the
formal redox potential could be estimated to be ca. —0.2 V. Up-tilted orientation of FePP SAM on Pt film elec-
trode involving one peripheral propionate group attached to the surface and one propionic acid group hydrogen-
bonded with adjacent FePP, was deduced based on in situ ATR-SEIRAS results, without significant structural
change over the potential region from -0.1t00.9 V.
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Introduction

Surface-enhanced vibrational spectroscopies can
provide valuable structural information of adsorbates
on electrode surfaces. In the past two decades,the in-
strumental advancement of Raman spectrometers, the
improved surface-roughening, and the delicate design
of core-shell nanostructures have enabled to extend
the application of electrochemical surface-enhanced
Raman spectroscopy (SERS) from traditional coinage

11 Mean-

metals to Pt-group and iron-triad metals
while, the new development of facile chemical and
electrochemical depositions of various metallic films
on Si windows has also made it possible to expand the
scope of interfacial phenomena as probed by in situ
surface-enhanced IR absorption

(SEIRAS) .

Irreversibly adsorbed layers, mostly alkanethiol

spectroscopy

Received: 20100702, Revised; 2010-07-23

SERS; SEIRAS; iron protoporphyrin IX; SAM; Pt electrodes
Document Code: A

self-assembled monolayers (SAMs) on gold and silver
surfaces have been intensively studied by surface-en-
hanced vibrational spectroscopies . Recently, new
focus of study has been directed on these SAMs on Pt-
group and Fe triad metal surfaces due to their poten-
tial applications in manipulating corrosive and catalyt-
ic properties of the underlying metals'**'. Metallopor-
phyrin molecules can also form SAMs on metals, a-
mong them, iron protoporphyrin IX ( simplified as
FePP hereafter) has attracted an intensive interest
due to its important role in biologically mimetic and
electrocatalytic reactions. In fact, SERS'™®' and ATR-
SEIRAS""®) have been used to investigate the redox
behavior of FePP SAMs on Ag'”®  as well as the ad-
ducting of CO and NO ligands to FePP SAMs on
Au"®. While SERS is suitable for detecting the
skeletal vibrations of FePP SAMs, SEIRAS is useful
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for detecting polar ligands and peripheral groups of
FePP SAMs.

In order to further extend these two vibrational
spectroscopies to non-traditional SAMs-modified elec-
trodes ,in the present work ,we preliminarily report the
electrochemical and structural information for FePP
SAMs on Pt electrodes as revealed with in situ SERS
and ATR-SEIRAS.

1 Experimental

SERS-activation of a Pt electrode was realized
with the so-called square-wave oxidation reduction cy-
cles in 0.5 mol « L' H,S0, according to a previous
report' "), The self-assembly of iron (III) protopor-
phyrin IX (Fe"PP) ( Aldrich Chemical Co. ) adlay-
ers was achieved by immersing the SERS-active
roughened Pt electrode in 50 pmol + L.~" Fe''PP-con-
taining 0. 1 mol - L™' borax solution overnight. Ra-
man spectra were taken on a confocal Raman micro-
probe system (LabRam IT, HORIBA Jobin Yvon) e-
quipped with a 514 nm Ar® laser and an air-cooled
CCD detector. The microscope attachment was based
on an Olympus BX40 system with a long working-dis-
tance (8 mm) lens (50 x ) objective. The laser beam
impinged on the surface at an incident angle of ca.
90° and the scattered light was collected by the mi-
croscope in the 180° backscattering geometry. A
1800-grooves/ mm grating, a slit width of 200 wm and
a pinhole of 600 wm were selected, yielding a spectral
band pass of approximately 2 ~4 c¢m ™. The radiation
power on the electrode surface was about 1.5 mW,
and the total acquisition time for each spectrum was
300 s.

The SEIRA-active Pt electrode was prepared ac-
cording to the so-called two-step wet process in which
a 60-nm-thick Au underfilm was first chemically de-
posited on the reflecting plane of a hemicylindrical Si
prism followed by an electrodeposition of a pinhole-
free 6-nm-thick Pt overfilm'>'. In situ ATR-SEIRA
spectra were obtained by using Magna-IR E. S. P.
System 760 FT-IR ( Nicolet) with an unpolarized in-
frared radiation at an incidence angle of 65° with a

spectral resolution of 4 ¢cm™'. All the spectra were

shown in the absorbance unit defined as - log ( 1/
I°) ,where I and I’ represent the sample (with FePP
SAMs) and reference (without FePP SAMs) single-
beam spectra at the corresponding potentials, respec-
tively. Spectral analysis was carried out with the
Grams 32 software package (Galactic,Inc).

Potential control was achieved with a ZF-3 po-
tentiostat ( Fangzheng Instruments, Shanghai) or a
CHI660B electrochemistry workstation ( CH Instru-
ments, Shanghai ). A platinum sheet and a saturated
calomel electrode ( SCE) were used as the counter
and the reference electrodes, respectively. All the
measurements were run at room temperature. The po-

tentials reported here are quoted with respect to SCE.

2 Results and Discussion

Fig. 1 shows the cyclic voltammograms of a
roughened Pt electrode before (solid line) and after
(dotted line) FePP SAMs modification in 0.1 mol -
L~" HCIO, within the hydrogen adsorption and de-
sorption potential window. It could be seen that the

presence of Fe™ PP SAMs decreased the surface Pt

sites available for H electrosorption.
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Fig. 1 Cyclic voltammograms for a Pt electrode before

(solid line) and after (dotted line) being modi-
fied with FePP SAMs in 0.1 mol - L' HCIO, at
100 mV - s~

Fig.2 shows series of potential dependent SERS
spectra for FePP SAMs on Pt electrode in 0.1 mol -
L~" HCIO,, collected stepwisely from 0.5 to - 0.3
V, the corresponding band assignments are listed in

Tab. 1. The bands at 1566 (v,) ,1487 (v,) and 1624
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Fig.2 Potential dependent SERS spectra of FePP SAMs on

Pt electrode in 0.1 mol + L™" HCIO, with 514 nm

excitation line , acquisition time ;300 s

em ' (v,,) at 0.5 V are characteristic of u-oxo form
of Fe™ PP''. During the negative going potential
movement to —0.3 V  the v, ,v, and v, bands shifted
to 1562,1504 and 1638 cm ™', respectively, indicative
of a decrease in the core size of the porphyrin skeletal
ring, probably due to the potential induced transfor-
mation of the high-spin five-coordinated Fe(III) state
(1D)

state'”'. Tt was reported that lowering solution pH to 3

to the intermediate-spin four-coordinated Fe

caused the collapse of dimeric w-oxo Fe" PP to mono-
meric Fe"' PP on Au and Ag electrodes'”’ , however,
here the dimeric p-oxo Fe' PP appeared rather stable
on the Pt electrode even at pH 1 at relative positive
potentials. Specifically, the 1487 cm ™' feature kept
largely unchanged from 0.5 V to 0.05 V,whereas the
monomeric Fe" PP feature, i.e. , the band at 1504
em ™' showed up only at potentials more negative than
0.05 V.

Unlike on carbon electrode , no clearly discern-
able voltammetric features associated with changes in
redox state could be observed for FePP SAMs on Pt
electrode. The central metal oxidation-state marker,
i.e.,the v, band at 1504 cm™' for the reduced
state ( Fe"PP) was taken to estimate the formal po-
tential of the FePP on Ag at pH 3'"' | yielding a val-
ue of — 0.23 V. In addition, the band around
1311 em ™' could be used to normalize the intensity
variation due to the inhomogeneous SERS effect
across the Pt surfaces. From the peak position of the

derivative curve of the isotherm (approximately

Tab.1 Peak frequencies (em™") and assignments for selected vibrations of iron protoporphyrins on Ag,Pt and in solution
b CSERS Ag SERS Pt
&u-oxo- w-0x0- pH 3 pH 1
modes Hemin Hemin
pH 9.8 CH, Cl, Fe(III) Fe(II) Fe(III) Fe(II)
vy By, (cocm) 1616 1622 1628 1640 1624 1638
vy Eiuccvon 1585 1586 1587 undetected 1586
v, Al cenen 1560 1568 1570 1565 1566 1562
Vs AL o) 1480 1489 undetected 1504 1487 1504
Vs A,
129 Byycany 1407 1410 1404
v, Aycan) 1363 1371 1372 1372 1370 1371
vy Ajsem) 1300 1311 1311 1313 1311
U3 A chca) 1158 1167 1168 1163 1156 1160
Ve + Vg A, 1118 1128 1127 1123 1123

a. Data obtained in our laboratory for 50 wmol + L™" FePP dissolved in 0.1 mol - L™ borax solution. Excitation line 514 nm.
b. Data from Refs. [ Sanchez et al. J. Phys. Chem. 89, 763, (1985)].
c. Data from Refs. [ Cai et al. J. Electroanal. Chem. 524-525, 36, (2002) ].
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represented by the percentage plot of the Fe"PP spec-
tral contribution as a function of potential ) as shown
in Figure 3, the formal potential was roughly deter-
—-0.20 V for FePP SAMs on Pt elec-
trode in 0.1 mol + L ™" HCIO,.

mined to be ca.
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Fig.3  Plots of the percentage of the spectral contribution
of the 1504 ¢cm ™" band from Fe"PP as a function of
potential

the peak-shaped curve represents the derivative of
the adsorption isotherm ( solid line) obtained from

best fits to the experimental data( dashed line)

The surface enhancement factor is an important

parameter for this type of functional electrode, which

can be evaluated according to the formula below! > .

Cm heN ol 21eN,ol,,

surf — ( 1 )
R]bulk Rlbulk

where ¢ is the bulk concentration of the analyte

FePP in solution; N, is the Avogadro’s constant; o is
the surface area occupied by a unit of y-oxo Fe"' PP
(ca. 1.04 nm*) "™ h is the height of waist of a fo-
cus laser beam in the bulk solution,which is about 21
pm for a pinhole size of 600 wm;R is the roughness
factor of the Pt surface; [, and [, is the integrated
intensity of one vibrational band of FePP on Pt and in
bulk solution, respectively. From Fig. 4, the ratio of
the v, band intensity for Fe"'PP on Pt and in solution
can be obtained , thus the surface enhancement factor
of Fe"'PP on Pt was estimated to be about 40. This
low value seemed insufficient to yield good-quality
surface Raman spectra, therefore, surface roughness
factor and weak resonant Raman effect for FePP with
the 514 nm excitation line should contribute to the

much larger overall enhancement.
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Fig.4 Raman spectrum of 50 wmol + L™ FePP in 0. 1 mol
- L™" borax (a) and SERS of FePP on Pt in 0. 1
mol -+ L™" HCIO, (b) with an acquisition time of
300 s

In order to provide complementary structural in-
formation for FePP SAMs on Pt electrode , SEIRAS
was also applied to determine the orientation of FePP
SAMs on Pt electrode. Fig. 5 shows series of poten-
tial dependent SEIRAS of the FePP/Pt in 0.1 mol -
L' HCIO, , collected stepwisely from 0.1 to 0.9 V
with the reference spectra taken for the bare Pt elec-
trode under otherwise same conditions. The peaks at
1716,1388,1438 and 1639 c¢m ™' can be attributed to
the C=0 stretching vibration mode of hydrogen-
bonded—COOH, the symmetric stretching mode of
—COO ™ ,the C—H deformation of short alkyl chains
and the scissoring vibration mode of interfacial
H,0'"*", respectively. The two peaks around 2900
em ' are due to the CH, stretching modes. However,
the antisymmetric stretching mode of the carboxylate
group gave no resolved band that usually appeared in
the 1500 ~ 1600 c¢m ™' region , suggesting that the car-
boxylate group is bound to the Pt electrode in a sym-
metric geometry.

Different from FePP SAMs on Au electrode ™"’ |
the frequencies and intensities for the 8¢, and v,
bands were largely unchanged with the potential. The
hydrogen-bonded —COOH of FePP may explain the
rather stable adsorption over the potential range from
0.1 to 0.9 V. According to surface selection rule,the
short CH, chain is tilted with respect to the metal sur-

face, as evidenced by the appearance of CH stretch



553 3]

L A5 B AR b ALK ST A2 B R TR SR R 3 D 1 74 - 277 -

bands in the 3000 ~ 2800 c¢m ™' region. Therefore, it
may be proposed that the porphyrin plane is tilted to a
local Pt surface with its peripheral propionate group
attached to the surface through the bridge configura-
tion, with its peripheral propionic acid group interac-

ted with neighboring molecules through hydrogen

bondingL14J
2 o )
=8 g3
21l & 8 = 0.90V
< | g ) 0.80V
S 0.70V
- 050V
[ S 045V
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— 030V
P — 030y
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L 1 JE L 1 1 1 o
3000 2900 1800 1700 1600 1500 1400 1300
Wavenumbers/ cm™!
Fig. 5  Potential dependent ATR-SEIRA spectra for a

FePP/Pt electrode in 0. 1 mol + L™" HCIO, ( ref-
erence spectra and sample spectra were taken be-
fore and after FePP adsorption)

3 Conclusions

Electrochemical and structural properties of

FePP SAMs on Pt electrodes in 0. 1 mol + L.”' HCIO,
have been initially investigated with in situ SERS and
ATR-SEIRAS. Analyses of SERS spectral data, specif-
ically , the potential dependent intensity variation of an
oxidation state marker,or the v, band ,enabled the for-
mal redox potential of FePP SAMs to be estimated to
—0.2 V. Up-tilted orientation of FePP on Pt
electrode was assumed based on in situ ATR-SEIRAS

data with a nearly unchanged configuration, involving

be ca.

one peripheral propionate group attached to the sur-
face, and one propionic acid group hydrogen-bonded

with other molecules.
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