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Abstract

Surface enhanced Raman spectroscopy is applied to study single molecule iron-protoporphyrin IX, adsorbed on silver colloidal
surfaces. If on one hand, drastic, random intensity and frequency fluctuations are observed in the Raman lines, on the other, a time
dependent switching between Fe®* and Fe®* states is evidenced. Such a charge transfer, due to ballistic electrons oscillating across
the molecule and the metal surface, could provide some insight on both the surface enhanced Raman mechanisms and the interfacial

electron transfer in hybrid systems.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Spectroscopic signals from single molecules reveal
drastic fluctuations whose analysis may provide infor-
mation usually obscured in bulk measurements due to
ensemble averaging [1-3]. The optical properties of sin-
gle molecules, depending very sensitively on their inter-
action with the surrounding environment, might be
used to locally monitor specific processes at molecular
level [4]. Among other techniques, surface enhanced
Raman spectroscopy (SERS) allows one to reach single
molecule detection [5,6]. A drastic increase, up to 10'%,
of the Raman cross section can be achieved by adsorb-
ing molecules onto nanometer-sized metallic particles
[7,8]. SERS signals from single molecules exhibit abrupt
intensity and frequency changes, or deep spectral jumps,
whose presence, still unclarified, cannot be simply attrib-
uted to a deviation from the ensemble average [9-14].
The investigation of the phenomena occurring under
laser illumination could, moreover, help to understand
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the electron transfer at the interface between molecules
and electrodes in hybrid nano-devices [4].

SERS is assumed to originate from two cooperating
mechanisms: the electromagnetic enhancement (EM) ef-
fect associated with an enhanced local field caused by
surface plasmon resonance, and the so-called chemical
enhancement involving a bonding interaction between
the molecule and the metal surface [7,8]. The EM effect
depends on the microscopic shape of the metallic surface
and has been shown to decrease progressively with the
distance from the surface [7]. The chemical, or charge
transfer (CT) mechanism, generally provides a smaller
contribution to the total enhancement and is currently
attributed to photon-driven CT between the molecular
electronic states and the metal surface [8].

Iron-Protoporphyrin IX (FePP) constitutes the pros-
thetic group of several metallo-proteins, such as hemo-
globin, myoglobin and cytochromes, in which it plays
a key role, being also involved in electron transfer proc-
esses. FePP has been proposed also to be a suitable, ro-
bust element for assembling bioelectronic and photonic
nano-devices [15-17]. Spectroscopic detection down to
the level of single molecule of FePP and FePP-contain-
ing proteins has been successfully achieved by exploiting
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the SERS effect [9-14]. In the case of single FePP mole-
cules, the peculiar fluctuations in their SERS spectra
have been interestingly put into relationship either to a
positional entanglement of the molecule or to a tempo-
ral gating of particular vibrational modes [10].

Here, we revisit the spectral jumps in the SERS spec-
tra of single FePP molecule in the attempt to single out a
vibrational fingerprint of an electron transfer occurring
between the molecule and the metal surface.

2. Materials and methods

Solutions of colloidal silver particles have been pre-
pared by standard citrate reduction of AgNOj; (Sigma)
by following the procedure of Lee and Meisel [18] and
a concentration of silver particles of about 10~'! M, cor-
responding to about 7 x 10'? particles per liter has been
estimated. As activation agent, NaCl has been added to
reach the final concentration of 0.25 mM (for more de-
tails see [9,10]).

Fe-protoporphyrin IX (Sigma) has been dissolved
into a KOH solution 0.5 M at pH 12 at a concentration
of 107* M. An aliquot of successive dilutions of this
solution has been incubated with silver colloidal suspen-
sion for 5 h at room temperature to obtain a final con-
centration of 10~'" M with an approximate 1:1 ratio
between molecules and colloidal particles.

A droplet (about 10 pl) of this solutions has been
deposited onto a glass slide, of area 15 x 15 mm?, coated
with polymerized 3-aminopropyltriethoxysilane (APES,
Sigma) (see also [10]).

SERS spectra from FePP have been collected with a
confocal Jobin—-Yvon Labram equipment using the
514.5 nm radiation line of an Argon laser. The illumina-
tion and back-scattering collection system consists of a
confocal microscope coupled to a single grating spec-
trometer (300 mm focal length spectrograph with a
1800 grooves/mm grating) and a liquid nitrogen cooled
CCD detector. The CCD detector has, at the wavelength
of 514.5 nm, a quantum efficiency of about 0.92 and it
produces one count per two collected photons. The
microscope objective is 100x with NA = 0.9, producing
a laser spot size of about 1 um in diameter. The spectral
resolution is lower than 5 cm™'. The laser power has
been varied from 0.1 to 8 mW, resulting in to a range
of 0.01-0.8 mW for the power impinging on the colloi-
dal sample.

The scanning area containing immobilized Ag col-
loids incubated with FePP at 10~'" M alternatively re-
veals sites where only noise, at the CCD detector level
is registered, and a few spots characterized by brightly
emitting particles. SERS spectra arising from sites con-
taining possible contaminations were discarded by pre-
liminarly analyzing their spectral features. The number
of discarded sites has been observed to decrease with

the power; such a behaviour finding a correspondence
with that recently found for rhodamine [19].

3. Results and discussion

Fig. 1 shows a sequence of SERS spectra, recorded
with 1 s of integration time and excited at a wavelength
of 514.5 nm, from a typical bright site of immobilized
Ag colloids incubated with FePP at 10 ~'' M. The spec-
tra exhibit, similarly to what previously observed with a
less sensitive CCD [10], a great spectral and intensity
fluctuations. Lines appear and disappear suddenly and
the relative peak intensity, as well as the frequency of
the lines, drastically change in time; such a behaviour
generally representing a hallmark for single molecule
detection [9-14].

We have performed a detailed statistical analysis of
both the intensity and frequency of the vibrational
modes appearing in the spectra series.

Histogram in Fig. 2a shows the occurrence of
the vibrational modes sampled in a sequence of 600
SERS spectra; each one recorded with 1 s of integration
time. The resulting distribution reveals different
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Fig. 1. Selected SERS spectra as obtained with 1 s of integration time,
from a bright site of immobilized silver colloidal solution incubated
with FePP at a concentration of 107!, The laser exciting wavelength is
514.5 nm. The microscope objective is a 100x with NA = 0.9 producing
a laser spot size of about 1 um in diameter.
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Fig. 2. (a) Statistical analysis of the peaks appearance on 600 SERS
spectra in sequence from a bright site of a dry sample constituted by
silver colloidal solution, incubated with FePP at a concentration of
107'"" M (FePP to Ag particle ratio of 1:1); each spectrum was
obtained with 1 s of integration time and separated 1.4 s from the
previous and successive ones. (b) Collection of all the 600 SERS
spectra. (c) Raman spectrum from a dry drop of FePP (107* M in
alkaline aqueous medium) recorded with an integration time of 30 s.
The marker is located at v4 = 1363 cm™ .

accumulations and, in addition, the peak positions ap-
pear be substantially coincident with those found when
several single molecule spectra are summed up (see
Fig. 2b).

Furthermore, the overall spectral features emerging
in Figs. 2a and b are closely reminiscent of those ob-
served from a droplet of FePP solution (10~* M) dried
on the measurement glass (see Fig. 2¢). The Raman
spectrum of FePP, as excited at 514.5 nm arises from
vibrational modes strongly coupled to the tetrapyrrole
n—mn* optical transition in the pre-resonant Q band
(see [20] for a complete attribution of the bands). The
finding that the spectral features obtained by summing
several 1s spectra or, equivalently, from a SERS spec-
trum with a long integration time, were similar to the
features of a great ensemble of FePP molecule, is indic-
ative of a substantial ergodicity of the system. On the
other hand, the recovering of the FePP spectral features
in the SERS spectrum of Fig. 2b provides a confirma-
tion for the fact that no degradation has taken place
in our sample during the measurements.

We have restricted our attention to the spectral re-
gion of the v4 band, corresponding to the pyrrole half-
ring vibration: this band is located at 1363 cm ™' for bulk
FePP (see Fig. 2¢), and marks a ferrous state for iron,
while such a band is expected at a higher shift (1375
ecm™ ") for a ferric state. This band appears somewhat
broadened, toward slightly higher frequency modes, in
spectrum of Fig. 2b which was derived by summing all
the spectra in the sequence; such a finding suggesting a
contribution from molecules in different oxidation

states. To investigate changes in the oxidation state of
FePP iron, the behaviour of lines at 1363 cm ™! (indica-
tive of a ferrous state) and 1375 cm™! (indicative of a
ferric state) has been followed in the spectra sequence.

Fig. 3 shows the occurrence of the lines 1363 cm™
(squares) and 1375 cm ™! (circles) according to the spec-
trum number. Notably, the two peaks are alternatively
observed in the sequence number for the largest part
of the spectra; a few cases showing a simultaneous
detection of both lines being also detected (triangles in
Fig. 3).

These results indicate that changes in the oxidation
state of iron occur during the 1 s measurements. This
is consistent with the hypothesis that light excitation
should involve a non-radiative CT mechanism between
FePP single molecule and the silver surface. Actually,
ballistic electrons from the silver surface have been sug-
gested to jump non-radiatively towards the FePP mole-
cule and backwards [21].

To get further information, an analysis of the inten-
sity trend of the 1363 and 1375 cm ™, lines has been per-
formed as function of the spectrum number. Moreover,
to get rid of the noise into the fluctuations we have also
analyzed the intensity trend at 1800 cm ~1. where no
Raman signal is observed (see Fig. 4). The intensity at
the latter frequency is taken, therefore, as an estimation
of the continuum signal underlying the SERS response;
the background signal as due to fluorescence, commonly
affecting Raman spectra, is expected to be quenched in
the proximity of a metal surface [21].

We would like to remark that a high Raman inten-
sity, at a given frequency in a spectrum, does not neces-
sarily imply the occurrence of a peak at that frequency.
Actually, a variety of factors may independently affect
the intensity and the peak appearance. The intensity is
mainly related to the enhancement factor, while the
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Fig. 3. Appearance of Raman peaks, over the background, as a
function of the spectrum number, on 600 SERS spectra in sequence
from silver colloids incubated with FePP 10~'' M, at 1363 cm™!
(squares), at 1375 cm™! (circles) and at both 1363 and 1375 em™!
(triangles).
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Fig. 4. Raman intensity, as a function of the spectrum number, from
the top to the bottom at 1363, 1375, and 1800 cm”! for a sequence of
600 SERS spectra, with 1 s of integration time, and lasting 1.4 s
between two successive spectra, from silver colloids incubated with
FePP 10~!' M. The two p values indicate the correlation, at 0 time
delay, of the Raman intensity, at the analyzed two frequency, with that
of the underlying continuum (see Eq. (1)).

appearance of a peak, at a given frequency, directly
reflect the dynamical response of the molecule, likely
dependent on the external environment.

As expected, from being in the single molecule re-
gime, drastic fluctuations in the intensity are revealed
in all the cases. It is worth of note that the spectrum
numbers at which both the 1363 and 1375 cm ™' peaks
are detected, correspond in most cases to those spectra
characterized by a high background intensity (see mark-
ers in Fig. 4).

At visual inspection, the intensity trend of the lines at
1363 and 1375 cm ™! appears very similar; in addition,
such a trend is closely correlated to that of the underly-
ing continuum. Such an aspect has been quantitatively
addressed by evaluating the cross-correlation p between
the Raman intensities at 1363 and 1375 cm ' and that of
the continuum intensity [9,10]; p being expressed by

p= Zi[li(v) - I(V)] [Ii(vbackground) - I(Vbackground)]
{Zi[li(v) - 7(\))]21 [Ii(vbackgrouud) - j(vbackground)]}

1727

(1)
where [j(v) is the Raman intensities, detected at the
wavelength v for the spectrum i; fi(Vbackground) 1S the

Raman intensity, detected at the 1800 cm” L
I(v) and I(Vpackerouna) being the intensities averaged over
the spectra series at the frequency v and 1800 cm ™',
respectively.

Correlation values higher than 0.87 (see Fig. 4) indi-
cate that a relevant contribution to the intensity fluctu-
ations of the 1363 and 1375 cm ™' lines comes from the
continuum underneath the SERS lines in agreement
with what previously observed [9,10]. Such a result is
consistent with the hypothesis that the fluctuating
broad band continuum arises from a byproduct of the
non-radiative CT process between the metal surface
and the molecule [14]. Indeed, the higher is the non-
radiative CT transfer, the stronger is the background
intensity, and then the Raman enhancement. Accord-
ingly, a higher probability to have changes in the oxida-
tion state of the FePP molecule is expected. On such a
ground, by considering that 200-800 photons are col-
lected in our single molecule experiments [9,10], it can
be conceived that, sometimes, both the oxidation states
could be detected during the collection time of one
second.

Even if the possibility to reveal more than one mole-
cule with different oxidation states in the measurements
cannot be ruled out, from a quantitative point of view,
our data appear to be more consistent with the presence
of a single molecule in the scattering area.

The detected changes in the iron oxidation state of
FePP are the result of a visible light-induced process. In-
deed, a more efficient non-radiative CT transfer would
be coupled to a higher background intensity and then
to a more efficient Raman enhancement.

In general, the photochemical event involves photon
driven transfer of an electron from a metal state to an
unoccupied molecular orbital of the adsorbate. Actu-
ally, in a molecule-metal system, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the adsorbed molecule
are expected to be symmetrically located in energy with
respect to the Fermi level of the metal which acts as an
initial or final state in the resonance Raman process
[8,21,22]. The HOMO and LUMO levels of FePP have
been evaluated to be located at —0.48 and 0.40 eV,
respectively [23]; while the energy Fermi level for silver
is 5.49 eV. Therefore, the related positions among the
HOMO, LUMO Ilevels and the Fermi energy of the
FePP-silver system do not properly match the above
mentioned conditions for the CT mechanism to occur;
a shift of some or all these levels being then required
to match the CT conditions. We mention that a change
in the Fermi energy level may occur as induced by dop-
ing a metal surface with very small amount of either
electropositive or electronegative elements [§]. On the
other hand, a shift of HOMO and LUMO levels, as well
a variation in the HOME-LUMO gap, can be induced
when a molecule is adsorbed on to silver metal [24,25].
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Finally, it should be mentioned that molecular oxy-
gen might play some role in the CT mechanism acting
as an intermediate state in the transfer process between
the molecule and the metal surface, as recently suggested
[25].

4. Conclusions

Consecutive Raman SERS spectra, at level of single
FePP molecule adsorbed on silver colloids, indicate
light-induced changes in the oxidation state of iron.
Such a phenomenon, reflecting an electron transfer
taking place between the molecule and the metal surface,
could provide some insight on both the understanding
of the SERS mechanism and the interfacial electron
transfer process occurring in hybrid systems as driven
by visible photons.

Acknowledgements

This work was partially supported by the EC Project
SAMBA (V Frame FET) and the ‘Molecular Nanode-
vices’ FIRB.

References

[1] T. Basche’, W.E. Moerner, M. Orritt, U.P. Wild (Eds.), Single-
Molecule Optical Detection, Imaging and Spectroscopy, VCH,
Germany, 1997.

[2] A.M. Kelley, M. Michalet, S. Weiss, Science 292 (2001) 1671.

[3] N.F. van Hulst, J.A. Veerman, M.F. Garcia-Parajo, L. Kuipers,
J. Chem. Phys. 112 (2000) 7799.

[4] M.W. Holman, R. Liu, D.M. Adams, J. Am. Chem. Soc. 125
(2003) 12649.

[5] K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R.R.
Dasari, M. Feld, Phys. Rev. Lett. 78 (1997) 1667.

[6] S. Nie, S.R. Emory, Science 275 (1997) 1102.

[7]1 M. Moskovits, Rev. Mod. Phys. 57 (1985) 783.

[8] A. Campion, P. Kambhampati, Chem. Soc. Rev. 27 (1998) 241.

[9] A.R. Bizzarri, S. Cannistraro, Appl. Spectr. 56 (2002) 1531.

[10] A.R. Bizzarri, S. Cannistraro, Chem. Phys. 290 (2003) 297.

[11] H. Xu, E.J. Bjerneld, M. Kaell, L. Boerjesson, Phys. Rev. Lett. 83
(1999) 4357.

[12] E.J. Bjerneld, Z. Foeldes-Papp, M. Kaell, R. Rigler, J. Phys.
Chem. B 106 (2002) 1213.

[13] A.M. Michaels, M. Nirmal, L. Brus, J. Am. Chem. Soc. 104
(1999) 9939.

[14] A. Weiss, G. Haran, J. Phys. Chem. B 105 (2001) 12348.

[15] F. Moresco, G. Meyer, K.H. Rieder, H. Tang, A. Gourdon, C.
Joachim, Phys. Rev. Lett. 86 (2001) 672.

[16] Y. He, T. He, E. Borguet, J. Am. Chem. Soc. 124 (2002)
11964.

[17] K.M. Roth, A.A. Yesseri, K.H. Schweikart, L. Yu, H. Tiznado,
F. Zaera, J.S. Lindsey, W.G. Kuhr, D.F. Bocian, J. Am. Chem.
Soc. 125 (2003) 505.

[18] P. Lee, C. Meisel, J. Phys. Chem. 86 (1982) 3391.

[19] Y.D. Suh, G.K. Schenter, L. Zhu, H.P. Lu, Ultramicroscopy 97
(2003) 89.

[20] P. Hildebrandt, P. Stockburger, Vib. Spectra. Struct. 17 (1986)
443,

[21] B.N. Persson, Chem. Phys. Lett. 82 (1981) 561.

[22] E.J. Bjerneld, P. Johansson, M. Kaell, Single Mol. 1 (2000)
239.

[23] N.J. Tao, Phys. Rev. Lett. 76 (1996) 4066.

[24] W. Han, E.N. Durantini, T.A. Moore, A.L. Moore, D. Gust, P.
Rez, G. Leatherman, G.R. Seely, N. Tao, S.M. Lindsay, J. Phys.
Chem. B 101 (1997) 10719.

[25] E.J. Bjerneld, F. Svedberg, P. Johanssonm, M. Kaell, J. Phys.
Chem. A 108 (2004) 4187.



	Evidence of electron-transfer in the SERS spectra of a single iron-protoporphyrin IX molecule
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


