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Background: In the last years some of us developed methods for preparing, through simple synthesis
protocols, gold nanoparticles supported on silica surfaces: in that cases, bottom-up approaches has been
adopted (i.e. starting from HAuCl, precursor) and high surface area silica (Aerosil 300) was chosen as
support (together with controlled pH conditions), to facilitate Au dispersion. The obtained substrates showed
the ability to enhance Raman signals of dosed molecules pyridine and bi-pyridine and/or of silanols species
populating the silica surface. Following this idea, in this paper we will present results concerning surface-
enhanced Raman spectroscopy (SERS) activity of substrates obtained by a top-down technique (i.e. gold
sputtering) which allowed depositing gold nanoparticles at surfaces of silica nanoparticles. Pyridine
molecule has been then used as a probe molecule to estimate the SERS activity of the obtained substrates.
Objectives: The purpose of the work was to study the SERS activity of the prepared substrates through
the estimation of limit of detection (LoD) of pyridine molecule dosed from solutions (benzene was used
as solvent) with decreasing pyridine concentration.

Materials and methods: For the preparation of the samples AOX50 silica (Evonik Industries, surface arca
of 50 m%*/g) in form of pressed disk, a gold target and a K575X Turbo Sputter Coater (Quorum
Technologies) were used. Methods applied: UV-Vis-NIR spectroscopy; HR-TEM microscopy; Raman
spectroscopy.

Results: Prepared Au/AOXS50 substrates with nominal Au thickness 10 nm were characterized by the
UV-Vis spectroscopy and HR-TEM microscopy. They showed a relatively complex absorption profile
extending to the NIR region. The substrates contained gold nanoparticles with diameter in the range of
2.0-3.5 nm. By using the 785 nm exciting laser line (suggested by the results coming from UV-Vis
spectroscopy) for recording Raman spectra, it was possible to observe characteristic pyridine Raman
signals by contacting Au/AOXS50 substrates with vapour phase of benzene solutions with pyridine
concentration as low as 107 M comprising LoD. This allowed us to estimate roughly an enhancement
factor of 10%, as compared with 12.4 M pyridine dosed at naked AOX50 silica surface.

Conclusion: Through a top-down technique it was possible to prepare effective SERS substrates
composed by Au nanoparticles dispersed at AOXS50 silica surfaces. LoD for pyridine dosed from the
vapour of its benzene solution appeared to be 107 M and the SERS enhancement factor, using as a
reference Raman spectra of 12.4 M pyridine interacting with naked AOX50 silica, has been estimated to
be approximately 10°,
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E®EKTHUBHA ITOBEPXHA JJI51 SERS, OTPUMAHA HAHECEHHSIM
30JI0TA HA KPEMHE3EM METO/IOM «3BEPXY BHHU3»
A. Jlamin, II. IBanuenko, M. ®aoo6iani, [:x. MapTpa

Daxynomem ximii ma Llenmp nanocmpyxmyposanux inmepeiicie ma nogepxomw,
Yuisepcumem Typuny, eyn. I1. Iicypia, 7, Typun, 10125, Imanis

AxTyaspHicTh. HelonaBHO o11H 3 HAC po3po0KMB METO ] IPUIOTYBAHHS 30JI0TUX HAHOYACTHHOK Ha ITOBEPXHI
KpEeMHE3eMy: B IIbOMY BHIIAKy OyJO 3aCTOCOBAaHO METOJ «3HM3Y JOBEpXy» (a came, IOYMHAIOUHM 13
npekypcopy HAuCly), BHKOPHCTOBYIOYM JIOKCHJ KPEMHIO i3 BHCOKOK IHUTOMOK) IUIOMICIO MOBEPXHI
(Aepocun A300) sik ocHOBY (Ipu KOHTpoiboBaHOMY pH) i mokparmieHHs qucnepcii 3omota. Otpumani
Marepiaii MPOAEMOHCTPYBAJIM 3/aTHICTD ITiICHIIIOBATH PaMaHIBCbKI CHTHAIM aJCcOpPOOBAaHMX MOJIEKY
HipUIUHYy Ta OimipuauHy Ta/ab0 MOBepXHEBUX CrUlaHOMIB. Crimyroum miil imei, mana po0oTa AEMOHCTpYE
pe3yNbTaTH CTOCOBHO AaKTHBHOCTI CyOCTpAaTiB IS IACHICHOI ITOBEPXHEI0 PaMaHIBCHKOI CIIEKTPOCKOIIIT
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(surface-enhanced Raman spectroscopy, SERS), miaroToBieHux METoqOM «3BepXy BHIBY» (3 PO3IMMICHHIM
30J10Ta), SIKUH JO3BOJISIE OCAKYBATH HAHOYACTHHKH 30JI0Ta HA MOBEPXHI HAHOYACTHHOK TIOKCHIY KPEMHIFO.
Mormekynu mipuauHy Oyu BUKOPHCTaHI K 30HAM Ut oniHkH SERS akTHBHOCTI OTprMaHIX CyOCTpaTiB.
Meta po6otu. Metoro ganoi pobotu € BuBueHHA SERS akTHBHOCTI BHTOTOBIIEHHX CyOCTpaTiB MIISIXOM
BHU3HAYECHHS MEXI BUSBJICHHS MOJEKYJ MipHINHY, HAHECEHHWX 13 PO34MHIB (pPO3YMHHHK — O€H301) 3i
3HMKCHHSM KOHIIEHTpALIIT MipUIUHY.

Marepianu i meToau. /[t npurotyBaHHs 3pa3kiB BUKOPUCTOBYBaIH Jiokcu kpemHito AOX50 (Evonik
Industries, muToMa moepxHs 50 M*/r) y (OpMi IPECOBAHMX IHCKIB, 30/I0Ty MillleHb Ta PO3MIIIOBAY
K575X Turbo Sputter Coater (Quorum Technologies). Bukopucrani meromm: Y®- Ta Buanma
cnekrpockonist, HR-TEM mikpockomnisi, PamaHiBcbka CIIEKTpOCKOTIisI.

Pesyabratu. IlpuroroBani cyOcrpatm Au/AOXS50 (HominampHa TOBIIMHA 30j70Ta 10 HM) Oynm
oxapakTepru3oBaHi 3a gomomororo Y®- ta Bumumoi crnekrpockomii Ta HR-TEM wikpockomii. Born
MPOAEMOHCTPYBAIIA BiTHOCHO CKIAJHUN TPOQie MOTIMHAHHA, MO MPOCTATAE€ThCA A0 OmmkHBOrO Y
nmiamasony. CyOcTpaTd CKIamanuch i3 30J0THX HAHOYACTHHOK miameTpoMm Omm3pko 2,0-3,5 HM.
Bukopucranas mns 30ymKeHHA J1a3epy Ha JOBXKUHI XBmiai 785 HM (oOpaHoi Ha ocHOBI nmaHmx Y®-
BHJIMMOT CIIEKTPOCKOITii) Al peecTpanii PamMaH-CIEKTpiB J03BOJWIIO criocTepiraté Paman-curHamm,
XapakTepHi U1 nipuaAnHy, npu KoutakTi Au/AOXS50 cy6crpaTiB 3 mapoBoio $a30r0 po3uUHy MIpHIUHY Y
Gen3omi i KOHUEHTpaliero mipuaunay 10 107 M, 1o ckiajgano Mexy #oro BusiBieHHs. Lle 103BONMIO
npuGmmsHo ouinuTH (axrop mixcuienns (PIT), mo craHoBuTh Ommsbko 10° y mopiBusHH 3 12,4 M
HipUINHY, HAHECEHOTO Ha MoBepxHIo uncroro AOX50.

BucnoBkn. Meron «3BepxXy BHHU3» J03BoiMB mnpuroryBatn edekrtuBHi SERS cybOcerpatn, 1mo
CKJIaZIalOThCs 13 HAHOYACTWHOK 30JI0Ta, JUCIIEProBaHMX Ha ToBepxHI kpemHezeMy AOXS50. Mexa
BUSIBJICHHs TipumuHy BusBuBcs 107 M (pu HaHeceHHI 3 mapu iforo posumny y Gemzoni), Ta ®IT SERS
6yB ouiHennii mpu6au3Ho B 10° (BHKOpHCTOBYIOUM SIK cTaHzapT Paman-cniektp 12,4 M mipuauny B
KOHTAKTi 3 ToBepxHero umncrtoro AOXS50).

KJIFOUYOBI CJIOBA: SERS; 30510Ti HAHOYaCTUHKH; JIOKCUJT KPEMHII0; PO3MUIICHHS.

IOPEKTUBHASA MOAJOXKKA JIJIS SERS, IOJTYUEHHAS HAHECEHHUEM 30JI0TA HA
KPEMHE3EM METOJOM «CBEPXY BHU3»
A. Namumn, I1. UBanuyenko, M. ®adoouanu, J:x. Maptpa
Daxynomem xumuu u Llenmp nanocmpykmypupoganvix unmep@eticos u nogepxuocmeil,
Yuusepcumem Typuna, yn. I1. icypus, 7, Typun, 10125, Umanus

AxTyanbHocTh. HemaBHO oamH m3 Hac pa3paboTaiy METOA NPHUTOTOBICHHUS 30JI0TBIX HAHOYACTHUI[ Ha
MTOBEPXHOCTH KpPEMHE3eMa: B 3TOM CiIydae ObLI MPUMEHEH METOJ| «CHHU3Y BBEpX» (2 MMEHHO, HaUHHAS C
npekypcopa HAuCly), ucnone3yst IMOKCHI, KPEMHHUSI C BBICOKOH yaAenbHOM ruiomansio (Aspocun A300)
KaK OCHOBY (TIpH KOHTpOJMpoBaHHOM pH) /yist yirydieHus: qucrepcuu 30i10ta. [1oaydeHHbIe MaTepHalIbI
MPOJIEMOHCTPUPOBAIN CIIOCOOHOCTh K YCHJIGHHIO PaMaHOBCKHUX CHI'HAJIOB aJCOPOMPOBAHHBIX MOJIEKYII
NUPUIMHA W OWNMPHUIMHA W/WIM TOBEPXHOCTHBIX cuiaHoioB. Ciemys 3Toil mpee, naHHasi pabora
JIEMOHCTPUPYET pe3yNbTaThl KacaTelbHO AaKTUBHOCTH CyOCTpaTtoB il ITOBEPXHOCTHO-YCHJICHHOMN
pamaHOBCKOH criekTpockonuu (surface-enhanced Raman spectroscopy, SERS), mnpurotoBieHHBIX
METOZOM «CBEpXY BHU3» (C PaCHBUICHHEM 30JI0Ta), KOTOPHIA MTO3BOJISIET OCAXKIAaTh HAHOYACTHUIIHI 30JI0Ta
Ha TIOBEPXHOCTH HAHOYACTHI] TUOKCHIA KpeMHHS. MOJIeKyIbl MpUINHA OBUTH UCTIONB30BaHBI KaK 30H/IBI
i oieHkr SERS akTHBHOCTH MOTy4eHHBIX CyOCTpaTOB.

Heas padotel. llenpio manHON paboTel sBisgercss u3ydeHue SERS akTHBHOCTH H3TrOTOBIIEHHBIX
cyOcTpaToB TyTEM OmpeleNeHus Ipeaesia OOHApyKeHHS MOJIEKyNl NHPUANHA, HAHOCHBIINXCS U3
pacTBOpoB (pacTBOPUTENHs — O€H301T) ¢ yOBIBAIOIIEH KOHIIEHTPAIIEeH THPUANHA.

Marepuansl m Meroabl. s mpUroToBiNEHHs 00pa3loOB ObUIM HCIIOJIB30BAHBI: JTUOKCH] KPEMHUS
AOX50 (Evonik Industries, yaemprast mmomans 50 M*/r) B (opMe MPECcCOBAHHBIX HCKOB, 30710TAs
munieHb u pacnbututesib K575X Turbo Sputter Coater (Quorum Technologies). Mcnonb30BaHHbIE
Metonbl: Y ®-suaumas cnekrpockonus, HR-TEM muxpockonusi, PamaHoBckast CieKTpOCKOIHS.
Pesyabtatsl. [Ipurorosiennsie cyocrparsl Au/AOXS0 (HoMuHanbHas TojimuHA 30si0ta 10 HM) ObUIH
oxapaktepu3oBaHbsl ¢ momommplo Y®-sumumoint cnektpockonuun ¥ HR-TEM  wmmukpockormuu. OnHu
MPOAEMOHCTPHUPOBAIA OTHOCUTEIHHO CJIOXKHBIM MPOQMIs IOTJIOMICHNS BIUIOTE 1Mo OmmkHero WK
muamazoHa. CyOcTparbl comepikaid 30J0ThIeé HAHOYACTHIEI C auamerpoM okono 2,0-3,5 um. Ilpm
WCTIOJF30BaHUH TOJOCHI BO30OYXAEHUs ja3epa 785 HM (BBIOpaHHON Ha OCHOBAaHWHU pPe3yibTaToB Y D-
BUIMMOI CIIEKTPOCKONHHU) JJsl 3amucd PaMaHOBCKMX CIIEKTPOB OBUIO BO3MOXKHO HaONIOIATh
paMaHOBCKHE CHUTHANBI, XapakTepHbIe ISl MUPUINHA, TpH KoHTakTe Au/AOXS50 cybcTpaToB ¢ MapoBoit
(asoii pacTBOpa MUPHIMHA B GEH30JIE ¢ KOHLIEHTpALKEH MUPHUINHA BILIOTH 10 107 M, uto cocTaBisio
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Tpejies ero oGHApyKEHHS. DTO MO3BOIMIO MPHOIH3NTENHHO OLEHNTS (pakTop yeuenus (DY), kak 10° B
cpaBHeHUH ¢ 12,4 M nipuanHa HAHECEHHOTO Ha MOBEPXHOCTH yrcToro AOXS50.

BoiBoabl. MeTo/1 «cBepXy BHHU3» MO3BOJIMI NPUroToBUTh dhdekruBHbie SERS cyOctparsl, cocTosiue
W3 HAHOYACTHUI] 30JI0Ta, AWCIEPTHUPOBAHHBIX Ha ToBepXxHOCTH KpemHesema AQOXS50. Tlpenmen
oGHapy KeHHs TMPUIMHA OKa3asics paBHbIM 107 M (IIpy HAHECEHMH 3 TIAPOB €ro PacTBOpPa B GEH30E), 1
®Y SERS 6bun omenen npuGmmsutensHo B 10° (ucmombsyst xak crammapt Paman-crexktp 12,4 M
MUPUINHA B KOHTaKTe ¢ HOBEPXHOCThIO unctoro AOX50).

KJIIOYOBBIE CJIOBA: SERS; 30510Tble HAHOYACTHIIBI; IUOKCHI KPEMHHUS, PACIbIIICHHUE.

Raman spectroscopy is a non-destructive spectroscopic technique finding an application in
a wide variety of fields of investigation (catalysis, clinical and forensic chemistry, cultural
heritage conservation and characterization, material science). Despite its potential great utility,
such technique suffers from an intrinsic low sensitivity due to the physical phenomenon
underlying it. Thus, it is hardly applicable to systems where the investigated species (the active
site of a catalyst or a molecule of particular interest) is in low concentration. To increase
sensitivity of Raman spectroscopy, resonance conditions can be adopted: in this case the use of
an exciting laser line, falling in the electronic absorption of the studied species. This approach
helps in the selective enhancement of signals coming from their vibrational features, making
Raman spectroscopy a site(molecule)-selective technique too.

In the last years another approach strongly bound to nanotechnology knew a wide
diffusion. This is based on the observation, made in the late 70s-80s of the past century, that
when molecules interact with roughened (nanostructured) coinage metal surfaces, and suitable
exciting laser lines are adopted, some of their Raman signals result to be enhanced of several
order of magnitude [1, 2], thus allowing their identification even at very low concentration.
Such a technique, nowadays well known as surface-enhanced Raman spectroscopy (SERS)
can overcome the limitations of Raman spectroscopy, increasing its performance in fields of
investigation heavily dominated by the “low concentration problem”, such as those
concerning bio-sensing [3—6], detection of bacteria [7], food analysis [8] and more in general
analytical chemistry [9, 10] are.

Recently some of us developed methods for preparing, with simple synthesis protocols,
gold nanoparticles supported on silica surfaces: in that cases, bottom-up approaches has been
adopted (i.e. starting from HAuCly) and high surface area silica (Aerosil300) was chosen as
support (together with controlled pH conditions), to facilitate gold dispersion. The obtained
substrates showed the ability to enhance Raman signals of dosed molecules (pyridine and bi-
pyridine) and/or of silanols species populating the silica surface [11]. Following this idea, in
this work we are presenting the results concerning SERS activity of substrates obtained by a
top-down technique (i.e. gold sputtering) that allows depositing gold nanoparticles at silica
surface. Pyridine (hereafter Py) molecule has been used as a probe and the enhancement
ability of such substrates has been evaluated mainly through the evaluation of a limit of
detection (LoD) in respect of the adopted probe molecule. An enhancement factor roughly
estimated by comparing Raman spectra obtained on gold containing substrates with those
recorded on bare silica nanoparticles contacted with Py will be presented too.

MATERIALS AND METHODS

Silica supports: parent silica supports for gold deposition were obtained by pressing
(5 tons of applied pressure) AOX50 powder (Evonik Industries, 0.6 g) in the form of disk of
about 32 mm diameter. AOXS50 system is a well-known type of silica, with Specific Surface
Area (measured by BET method) equal to 50 m”/g and a silanol surface density of
1.4 (SiOH)/nm™.

SERS substrates: substrates for SERS (Au,/AOX50, x is a nominal thickness, in nm, of
sputtered gold) were prepared by sputtering gold on the above described AOX50 supports
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with a K575X Turbo Sputter Coater (Quorum Technologies). Parameters of the
instrumentation were set to achieve a nominal thickness of gold layers x to be equal to 10 nm.

UV-Vis-NIR Diffuse Reflectance (DRUV-Vis-NIR) measurements: collection of DRUV-
Vis-NIR spectra (1200-200 nm range) was performed with a Variant Cary 5000
spectrophotometer, equipped with a R928 PMT UV-Vis detector and a PbS NIR detector.
Teflon pellet was used as reference for 100% of reflectance. Samples were investigated as
such at ambient conditions.

HR-TEM measurements: the morphological characterization of the investigated systems
was carried out with a JEOL JEM-3010-UHR transmission electron microscope (300 kV
accelerating potential) and equipped with a 2k x 2k Gatan US1000 CCD camera. In this case,
samples were re-prepared by grinding the silica supports with subsequent gold sputtering for
reaching the desired gold layer thickness.

Raman measurements: Samples for Raman measurements at ambient conditions were
prepared by cutting small pieces (5-5-1.1 mm) of the investigated supports and placing them
inside a 1 cm path UV cuvette (Helma, QS). Py (Sigma Aldrich, >99.8%) has been dosed
from the vapour phase as such or from benzene (Sigma Aldrich, >99%) solutions at variable
concentrations by evaporating 10 pl of liquid placed inside the UV cuvette before sealing it by
tape. All Raman spectra were collected on the above described systems by employing an
inVia Raman Microscope (Renishaw) and an exciting laser line falling at 785 nm (Renishaw
Diode laser). Laser light was focused at the sample through a 20x ULWD MSPIan objective
(Olympus, N.A. 0.4); back-scattered light (Rayleigh light removed through an edge filter) was
analyzed by a 1200 I/mm grating and then sent to a CCD detector. Just 0.05% of the laser
power reaching the sample (80 mW) was used in order to avoid its damage or/and
modifications. Each presented Raman spectrum is the average of three spectra (collected on
three different points of the investigated sample, the homogeneity of the sample being so
verified) each one resulting as the sum of 20 acquisitions (in the 2350-100 cm’ interval) of
20 s of duration.

RESULTS AND DISCUSSION

The obtained AulOnm/AOX50 substrates were characterized by means of DRUV-Vis-
NIR and HR-TEM techniques (see Fig. 1, panels A and B respectively). As far as DRUV-Vis-
NIR results are concerned, Au;jonm/AOX50 substrates showed a broad absorption in the 500-
900 nm range (see curve b in Figure 1 A), unlike the spectrum of bare AOX50 silica (see
curve a, Fig. 1 A) and of bulk gold (curve c, Fig. 1 A). HR-TEM analysis (see Fig. 1 B for a
representative micrograph of Au;onm/AOX50) suggested that this absorption is mainly
connected to the complex plasmonic features characterizing the observed Au nanoparticles
(average diameters in the 2.0-3.5 nm range) aggregates.

Finally, the strong absorption observed in the Vis-NIR range showed also that the
adoption of an exciting laser line falling at 785 nm (see dotted red line in Fig. 1 A) to record
Raman spectra should be a good choice, in order to obtain a reasonable enhancement towards
the adopted probe molecule.

Raman spectra of Aujgn/AOXS50 contacted with vapour phase of Py/benzene solutions
(with Py varying in the 12.4-1x107 M concentration range) where collected as described in
Raman measurements Section; the results are reported in Fig. 2. Pure Py (12.4 M) dosed in
such conditions, results in two well-resolved signals, located at 1040 and 1015 cm’,
respectively. On the basis of literature data [12], they are can be assigned to vg and vo, which
in pure liquid Py fall respectively at 1031 and 993 cm™ [13]. The observed blue-shift (and the
change in the intensity ratio between the two signals too) with respect to the liquid phase is an
evidence of a direct interaction of Py with Au atoms at the surface of gold nanoparticles [14].
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No liquid or liquid-like Py is detectable in such conditions, neither when pure Py (12.4 M) is
dosed. By following vy along Raman spectra recorded at decreasing Py concentrations (see
solid lines of Fig. 2 A, from top to bottom), it clearly emerges that Py LoD, under such
conditions, can be fixed at a concentration as low as 107 M. Finally, when comparing the
intensity of vo peak taken at 10”7 M with that recorded at the same conditions on bare AOX50
contacted with 12.4 M Py (see black solid line in Fig. 2 B), one can estimate a SERS
analytical enhancement factor [15] of Py at Aujnm/AOX50 substrate of about 10, suggesting
a remarkable SERS activity of substrates obtained with the above described protocol.

% Reflectance

200 400 600 800 1000 1200
Wavenumber (nm)

Fig. 1. A: DRUV-Vis-NIR recorded respectively on a) AOXS50 (black line), b) Au;pn/AOXS50 (blue line), and
¢) bulk Au (grey line). B: HR-TEM image taken on Aug,,/AOX50 substrate.
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Fig. 2. Raman spectra recorded with 785 nm exciting laser line on: A — Auyg,/AOX50 contacted with
solutions at variable Py concentration in the 12.4x10” M range and B — AOX50 contacted with 12.4 M Py.

CONCLUSIONS
Through a top-down technique it was possible to prepare effective SERS substrates
composed by Au nanoparticles dispersed at AOX50 silica surfaces. LoD of pyridine resulted
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to

be 107 M concentration (when dosed from vapour phase of benzene solutions) and the

analytical enhancement factor (using as a reference Raman spectra of 12.4 M pyridine
interacting with bare AOX50 silica) has been estimated to be approximately 10°,
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