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Abstract

Surface-enhanced (resonance) Raman scatteringR)BE(- excitation profile (dependence
of SE(R)RS intensity on excitation wavelength) iskay point for optimizing of
electromagnetic enhancement of particular SE(R)iR®em. In this paper, we measured
SE(R)RS excitation profile of free-base 5,10,15&@akis(1-methyl-4-pyridyl) porphyrin
(TMPyP) on immobilized Au nanoparticles using ca@oRaman microspectrometer with
six excitation wavelengths (457.9, 488.0, 514.5).83568.2 and 647.1 nm). Au colloidal
nanoparticles were immobilized to a glass slidéasavia a self-assembled monolayer of 3-
aminopropyltrimethoxysilane. SE(R)RS excitation fpeo is correlated with the
corresponding surface plasmon extinction (SPE)tsp@cof immobilized Au nanoparticles
although the maximum of SE(R)RS intensity is sliglshifted from maximum of SPE. In
our case of resonant molecule, SE(R)RS enhancementipled with molecular resonance
enhancement and SE(R)RS excitation profile foripaler vibrational mode depends on its
TMPyP molecular resonance contribution. SE(R)RStatxan profile shows that maximal
SE(R)RS intensity is obtained for 568.2 nm exaitathat provides limit of detection (LOD)
of TMPyP 2x1GM in soaking solution.
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1. I ntroduction

Surface-enhanced Raman scattering (SERS) spegtyossoan extremely sensitive
analytical technique providing a giant signal emteament (up to 1%fold) of Raman
scattering (RS) for molecules adsorbed onto a ldeitaanostructured metal surface [1].
Principal SERS enhancement mechanism (known asa@igagnetic) is related to excitation
of localized surface plasmon resonance (LSPR) enntietal nanostructures [2]. The most
commonly used SERS-active metals are silver andl lggtause both have LSPR frequencies
in the visible region. The largest SERS enhancernsepkpected when the wavelength of
excitation laser and/or of Stokes-shifted Ramahtlig close to the resonance wavelength
[2]. Resonance wavelength can be extracted fronfaseirplasmon extinction (SPE)
spectrum of the employed SERS-active metal sulesiratsome cases. The connection
between SPE and the electromagnetic SERS enhanc&néowever, indirect in general.
For example, in the case of the highly aggregattbidal solutions when SERS signal
comes from a small number of highly enhanced gitesspots), the largest SERS efficiency
is out of SPE maximum. This is due to the differepttial localization of collective
resonances and their different spatial averagirgpenties [2, 3]. Moreover, isolated Ag
nanoarrays show red and blue shift of the maximuRS signal with respect to the
maximum of LSPR of bare and adsorbate-covered memgaespectively [4]. Thus, SERS



excitation profile (dependence of SERS intensityeraitation wavelength) is in many cases
a key point for optimizing of experimental conditgoof particular SERS measurement.

SERS as an extremely sensitive detection techriguemall quantities of molecules
(even for single molecule detection) provides mabipanalytical and biomedical
applications [5]. Porphyrins and their derivatiege a good example of highly SERS-active
biomolecules [6-13]. Biological importance of thes®lecules includes applications in
photodynamic therapy of cancer, antiviral treatragntolecular biology, specific sensing of
DNA sequences, selective cleavage of nucleic aadstransport of oligonucleotides into
the cells [14]. Molecular resonance of porphyrinsvisible region causes an efficient
fluorescence, process competitive to resonance Ragwttering (RRS), which complicates
Raman measurement. SERS spectroscopy providesqaeupossibility how to measure
Raman spectra of highly fluorescent porphyrins guefficient fluorescence quenching. In
the case when excitation wavelength falls simulbasty close to molecular resonance of
porphyrin as well as to LSPR of SERS-active substi8ERS intensity is also affected by
molecular resonance enhancement and this phenomenocalled surface-enhanced
resonance Raman scattering (SERRS).

In this paper, we measured SE(R)RS excitation lproéif free-base 5,10,15,20-
tetrakis(1-methyl-4-pyridyl) porphyrin (TMPyP, sebemical structure in Fig. 1) adsorbed
on immobilized Au nanoparticles using confocal Ramaicrospectrometer with six
excitation wavelengths (457.9, 488, 514.5, 530.88.%5 and 647.1 nm). Au colloidal
nanoparticles were immobilized to a glass slidéasavia a self-assembled monolayer of 3-
aminopropyltrimethoxysilane (APTMS) [15-17]. The imadvantage of this method is that
Au nanopatrticles are not strongly aggregated andukface is stable and gives reproducible
SERS signal [17]. Moreover, free-base porphyrin eooles are not metalated [11, 12]
(process known for free-base porphyrins adsorbesboa Ag colloidal nanoparticles [8-10])
by Au atoms from the substrate and thus we canirol8&(R)RS excitation profile from
free-base unperturbed porphyrin species. We diselsson between SE(R)RS intensity and
SPE spectrum of the system and compare it with §R)ffile of the porphyrin.

2. Experimental

Deionized water of a specific resistance of 18dvh was used for all preparations.
H.SO, (98%), HO, (30%), HCI (36%) and HNO(69%) were obtained from PENTA.
HAuUCI,;, sodium citrate, methanol (99.8%), 3-aminoprojyiéthoxysilane (APTMS, 97%)
and 5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyr(TMPyP) were purchased from
Sigma-—Aldrich. All glassware was cleaned usingdpira” solution (4 parts 230, 1 part
H,0,) to remove organics and then aqua regia (3 patis Hpart HNQ) for removal of
metals.

Au colloidal nanoparticles were prepared by reductf HAuCl, by sodium citrate: 250
ml of 1 mM solution of HAuCJ was brought to a boil and then 25 ml of 38.8 mNuison of
sodium citrate was added. Boiling continued fomiiButes and then the solution was left to
cool.

Clean glass slides (1 cm2 cm strips) were derivatized in 10% of APTMS iethanol for

30 min. After the silanization, substrates wereeh several times with methanol and then
with water to remove any physisorbed organosilameich could cause aggregation of
colloidal particles in suspension during next steach silanized glass plate was dipped in
vertical position (metal surface is thus formedbmth sides of the glass slide) into colloidal
suspension for 3—4 h. Then the plates were ringéd water. Substrates were after left to
dry at 100 °C for 10 min. Preparation of Au surface described in detail in our previous
paper [17].

TMPyP was dissolved in water. Dependences of thgRFES spectra on the soaking
time were measured as follows: Au substrate waseglfor an appropriate period in contact
with the porphyrin solution and then was rinseddejonized water and SE(R)RS spectrum
was measured. The substrate was then placed agdhmeisame porphyrin solution for
additional time, rinsed by deionized water, and $iR)RS spectrum then was measured.



The soaking—rinsing—measuring cycles were repegtadually and the total time of soaking
was counted. The concentration dependence of tiR)BE spectra was measured in the
same way, but the soaking time was fixed and theyoin concentration was gradually
increased. For SE(R)RS excitation profile measurgsmeAu substrate was placed into the
porphyrin solution for definite time, then it waisiged by deionized water and SE(R)RS
spectra were measured.

(R)RS and SE(R)RS spectra were recorded at roompet@ture with a confocal micro-
Raman spectrometer (Horiba-Jobin Yvon, T64000) acklscattering geometry using Six
lines (457.9, 488.0, 514.5, 530.9, 568.2 and 64inM of an Af/Kr* mixed gas laser
(Spectra Physics 2060) with the power of 0.06, 0.2, 0.2, 0.07 and 0.2 mW at the sample
for particular line, respectively. Excitation lightas collected by a long-working-distance
lens (Olympus, 90x, NA: 0.75) to achieve aboytrt diameter of the spot at the surface.
Scattered radiation was detected with a liquideigién-cooled charge-couple device (CCD)
detector (Horiba-Jobin Yvon, Symphony, 1024 x 25%elg) coupled to a Horiba-Jobin
Yvon T64000 spectrograph with a 600 grooves/mmiggaAccumulation time was 815 s
and spectra were normalized to Raman signal afosili Surface plasmon extinction (SPE)
spectra of Au substrates were recorded on a Hitde##@00 ultraviolet-visible absorption
spectrometer. Scanning electron microscopy (SEMp#s were obtained by using a Hitachi
S5000 device. Atomic force microscopy (AFM) imagesre obtained by using a Sl
Nanotech SPA400.

3. Results and Discussion

3.1. Characterization of Au surfaces

Prepared Au surfaces were characterized from th pbview of their optical response
and surface morphology. Typical SPE spectra of gheent Au colloidal solution and
immobilized Au colloidal nanoparticles on glass shewn in Fig. 2. Au substrates are grey-
violet with a broad SPE band between 500 and 60Qcurve B) close to this of parent
colloid (see curve A) and thus corresponding ttatea and/or only slightly interacting gold
nanoparticles. AFM and SEM images of Au substrgfeg. 3) demonstrate a compact
coverage of glass by Au nanoparticles of diametarging from ~ 30 to 100 nm and by
small aggregates. Scanning of the whole surfacecamparing several substrates indicate
that our Au substrates are uniform and the prejoaré highly reproducible.

3.2. Optimization of conditions for SERS measurésneiiT MPyP

First Raman experiments were focused on obtainfrgptimal conditions, i.e. optimal
adsorption (soaking) time and TMPyP concentratiorAa substrates using common 514.5
nm excitation wavelength. SE(R)RS intensity wa®iheined by an integral intensity of the
strongest TMPyP band at ~ 1550 tand normalized (maximal intensity = 1) for all eas
Time evolution of the TMPyP adsorption was monitbvéa SERRS spectra measured for
different soaking times (from 1 to 60 min) when Ty#fPsoaking concentration was fixed
(Fig. 4, left). In the case of the lowest TMPymeentration (¥10°M) the SERRS signal
significantly increases with soaking time. For t@gleoncentrations, the soaking time of 25—
30 min seems to be optimal showing clear saturatf BERRS signal for longer times.

Dependences of the SERRS spectra on TMPyP contientreere measured irx10” -
3x10° M range for 15, 20, 25 and 30 min soaking times).(8 right). In all cases, the
SERRS signal increases rapidly up tox1@°>M concentration and then is saturated. This
level should correspond to a covering limit of f@phyrin molecules on the Au surface.
Thus, optimal conditions for SE(R)RS study of TMRy® our Au substrates are 1L
TMPyP soaking concentration and 30 min soaking.time

3.3. (R)R&nd SE(R)RS excitation profiles of TMPyP
(R)RS excitation profile was measured from a drbpMPyP of 1x10° M concentration
dried on a pure glass. Spectra obtained for yelad red excitation line show fluorescence



background which is stronger for higher wavelengthd makes obtaining of RRS spectrum
of TMPyP difficult. In the case of 647.1 nm exdibat line we were not able to extract RRS
spectrum of TMPyP from fluorescence background. RJES excitation profile was
measured under optimized conditions (1XM TMPyP soaking concentration and 30 min
soaking time) and six excitation wavelengths.

Baseline-corrected (R)RS and SE(R)RS spectra of yPMReasured using particular
excitation wavelength are compared in Fig. 5. A(R)RS spectra contain typical bands of
free-base TMPyP at ~ 331, 1334+1358, 1552 {8 proving that TMPyP is not metalated
by Au after adsorption on Au substrate [11, 12]s@bed (R)RS and SE(R)RS bands are
listed in Table 1 together with their tentative igesment taken from references 18-22.
Comparing SE(R)RS and (R)RS spectra measured fticydar excitation, slight intensity
changes caused by adsorption of TMPyP on Au sudanebe seen. The 1634, 1292, 1245,
1215 and 402 cthbands seem to be more enhanced than the otherrafiesting mostly
flat orientation of the porphyrin core on the sugfaas well as some tilt of the external N-
methylpyridyl groups interacting with Au surfac0[ 22]. Moderate enhancement of 1332
and 1552 crh bands as well as appearance of new bands at t981% crit in SE(R)RS
spectra correspond to deformation of the porphynecrocycle during adsorption. Both
(R)RS and SE(R)RS spectra show also significanttsgdechanges as a function of
excitation wavelength (will be discussed below).

(R)RS excitation profile of TMPyP is plotted in theft part of Fig. 6 together with
electronic absorption spectrum of TMPyP solutioRESspectrum of Au substrate/TMPyP
and corresponding SE(R)RS excitation profile of HARare shown in Fig. 6, right. In this
case, (R)RS and/or SE(R)RS intensities were detednis integral intensity of whole
spectra in 300-1700 chmegion. (R)RS excitation profile shows that thehigist intensity is
obtained for 457.9 nm excitation (falling into thbsorption Soret band of TMPyP at 424
nm) while substantially lower intensity is observied other excitations (falling into the
absorption Q-bands of TMPyP). It is in agreemerihwie fact that RRS of porphyrins is
intense when excited in the Soret band and thattispavithin the Q-bands are normally
weaker [20, 22].

SE(R)RS excitation profile is correlated with th@responding SPE extinction spectrum
(LSPR): the highest SE(R)RS intensity is obtaireedb68.2 nm excitation line. On the other
hand, the maximum of SE(R)RS intensity (~570 nmglightly shifted from maximum of
SPE (~545 nm). SE(R)RS excitation profile of TMHgPparticular spectral bands is shown
in Fig. 7 (normalized to maximal intensity). Thexee three groups of spectral bands with
different excitation profile: (i) 331, 1245, 1332552 cni with excitation profile correlated
with SPE, maximum at ~ 570 nm (red shift) (i) 100®15, 1635 cih with excitation
profile correlated with SPE, maximum at ~ 530 nriug¢bshift) and (i) 965 cm with
excitation profile correlated with (R)RS excitatigmmofile of TMPyP. On the basis of
vibrational assignment (see Table 1) one can saethlk spectral bands of particular group
with the same behavior (i-iii) include the sameratibnal modes: (i) stretching and bending
deformations of porphyrin core, all very sensitteemetalation and/or stacking [8, 9], (ii)
stretching and bending deformations of N-methylylrigroup. The 965 cthband (i) is
assigned to stretching deformation of-G or G-C, . We suggest that differences in
SE(R)RS excitation profiles for three groups ofratibnal modes is caused by different
contribution of molecular resonance of particuldrational mode of TMPyP for particular
excitation wavelength.

3.4. SE(R)RS detection limit of TMPyP

SE(R)RS excitation profile shows that the best SERf$ancement is obtained for 568.2
nm excitation. Thus, we used this excitation tcedaine the limit of detection (LOD) of
TMPyP on our Au substrates. SERS spectra of TMHysbaking concentrations between
1x10° M and ~5x16¢ M are shown in Fig. 8. The LOD was determined Xiyagolation to
the concentration for which the SERS intensity exisethe triple of the blank signal
standard deviation [12, 23]. The LOD of TMPyP omr éw substrates determined in this
way is 2x1F M soaking solution for 568.2 nm excitation.



4, Conclusions

Au colloidal nanoparticles have been immobilized ghass via a self-assembled
monolayer of 3-aminopropyltrimethoxysilane (APTM3he main advantage of this method
is that such Au substrates are stable and giveodepible SERS signal. 5,10,15,20-
tetrakis(1-methyl-4-pyridyl) porphyrin (TMPyP) hasen adsorbed on the Au substrates and
experimental conditions for SE(R)RS have been ap&ich The optimal conditions for
SE(R)RS study of TMPyP are 1x104 TMPyP soaking concentration and 30 min soaking
time. SE(R)RS excitation profile of TMPyP has beeeasured under these optimized
conditions and six excitation wavelengths (45788,4614.5, 530.9, 568.2 and 647.1 nm).
The free-base porphyrin molecules are not metalayedu atoms from the substrate and
thus we obtained SE(R)RS excitation profile fromefibase unperturbed porphyrin species.
SE(R)RS excitation profile is correlated with theface plasmon extinction (SPE) spectrum
of immobilized Au nanoparticles but SE(R)RS enhamest is coupled with molecular
resonance enhancement of TMPyP. SE(R)RS excitptiofile peak position for particular
vibrational mode is slightly shifted from SPE mayim position depending of its molecular
resonance contribution (red or blue shift). Vibwatil mode at 965 cirfits (R)RS excitation
profile of TMPyYP but not SPE spectrum of Au surfaB&(R)RS excitation profile shows
that the best SERS enhancement is obtained foR 568. excitation that provides limit of
detection (LOD) of TMPyP 2x1%M in soaking solution.
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Table 1. Observed (R)RS and SE(R)RS bands of TMPyP amddn¢ative assignments.

(RRS(cm™)  SE(R)RS(cm™)

exc. 457.9nm___exc. 568.2 nm band assgnment
1635 (m) 1635 (w) 3(pyr) 2197122
1552 (s) 1552 (s) V(G- Cp) 18,19,21,22
1498 (w) v(Cs-Cp) ¥
V(Cqa-C)+ V(Co-Cp) ***°
1448 (w) 1451 (s) or pyr, v(C-C) %
1357 (w)  1332+1358 (m) V(C,-N) 18192122
1292 (m) 1290 (w) 3(pyr) B2
1245 (m) 1245 (s) &(Crrpyr) 1122422
1215 (m) 1214 (w) S(pyr) 1022
1138 (w) V(Cy- Cp) %
1098 (w) 1100 (w) 3(Ca-H) 21,22
1000 (s) 1000 (w) v(pyr) B2
965 (m) 965 (w) V(Cy-Cp) " 0rv(Cy-Cr)
793 (w) 805 (w)  pyr,v(C-C)+V(N*-CH,) ***
712 (w) 715 (w) d(pyr) %
665 (W) 666 (W)  &(pyr)+3(C-N'-CHy) 2
403 (w) 402 (w) y(por) ¥
331 (m) 331 (W) 3(por) 22

Abbreviations: s - strong, m - medium, w- weak, pporphyrin core, pyr - N-methylpyridyl
group,Vv - stretching deformatiord - bending deformatiory, - out-of-plane folding. Vibrational
assignments taken from ref. 18, 19, 21, 22.
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Figure 1. Chemical structure of 5,10,15,20-tetrakis(1-me#vgyridyl) porphyrin (TMPyP).
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Figure 2. Typical SPE spectra of the parent Au colloid (A)l&u substrate (B).
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Figure 3. Typical AFM (left) and SEM (right) images of Au stlates.
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