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Abstrakt

Byly pripraveny dimery, malé agregaty a kompaktni agregegynan@astic (NP), navazané
chemicky na povrch pevnych podlozekinito podlozkami byly bd Cu ¢i Au TEM sitky s vrstvou
SiO, nebo skiéka, oboji s povrchem funkcionalizovanym 3-aminogtopmethoxysilanem (APTMS).
Kompaktni agregaty Ag NP obsahujici protoporfyiih(PPIX) byly gripraveny gisobenim chlorid
na Ag sol v pitomnosti PPIX. Dimery a malé agregaty Ag NP by$paadany s vyuzitim vybranych
molekularnich spojek: 4,4‘- diaminoazobenzen (DAAB)Y'-diaminoterfenyl (DATP) a 5,10,15,20-
tetrakis(4-aminofenyl)porfin (TAPP). Jako né&jin¢jSi postup jejich fipravy se ukazalaistupiova
procedura sestavajici z (i) navazani izolovanychNRy na povrch podlozky prdastdnictvim NH
skupin APTMS, (ii) adsorpce molekularni spojkiep jednu z jejich N skupin a (iii) gipojeni
dalSich Ag NP ke zbyvajici volné NIskupire. Fi této procedie byla vyuzita funkcionalizace Ag NP
citratovymi anionty ke kontrole kolmé adsonp geometrie molekularnich spojek.iiq@mz
adsorbované citratové ionty fungovaly jakainina preorienténi matrice. Vzdalenosti mezi
jednotlivymi dimery¢i malymi agregaty byly weny dostaténou vzdalenosti mezi izolovanymi Ag
NP v prvnim kroku vySe zméné tistupiové procedury. Byla také vyvinuta strategie préreni
SERS signalu molekularni spojky z vybraného jedwétlo dimeruc¢i malého agregatu, jehoz
struktura byla zobrazena pomoci TEM. Jednoéméakorespondence mezi TEM snimkem daného
dimeru ¢i malého agregatu) a zienym SERS signalem bylo dosaZzeno pouzitim Cu nebo A
vyhledavacich TEM sk s vrstvou SiQ, které pomoci polohovych stadnic umoznily nalezeni téhoz
nanoobjektu jak v TEM, tak v Ramanownikrospektrometru. SERS signal molekularnich dpoje
vytvarejicich dimery a malé agregaty z Ag NP vykazigsove fluktuace spojené s dosazenim Gfovn
detekce jednotlivych molekul. Stabilita molekul&@mispojek v silnych optickych polich souvisi s
jejich kolmou orientaci k povrchu Ag NP a je naz&visla jak na konkrétni molekularni struidutak
na morfologii daného plazmonického nanoobjektu. &ynAg NP vazanych jedinou molekulou
piedstavuji optimalni systém pro studium dynamikynptivych molekul sledovanintasového
vyvoje SERS signélu dané molekularni spojky. Ngsau téngi dokonalou realizaci teoretického
modelu, ktery pedpovida pitomnost jediného hot spotu v mézemezi obma Ag NP, takze
molekularni spojka se nachazepré v mist s nejvyssim zesilenim SERS pomoci EM mechanismu.
Oproti tomu SERS signal z malych agrégatiZze byt superpozici signabdrazejicich molekula#é

dynamické udalosti probihajici s@msré v nékolika riznych hot spotech.



Abstract

Dimers and small aggregates as well as compacteggtps of Ag nanoparticles (NPs) were
assembled and chemically anchored to supportiniges. The supporting surfaces were either glass
slides or SiQ — coated Cu or Au grids for TEM, both chemicallynétionalized by
3-aminopropyltrimethoxysilane (APTMS). Compact aggates of Ag NPs incorporating
protoporphyrin IX (PPIX) molecules were prepared ddsorption of chlorides in the presence of
PPIX. Dimers and small aggregates of Ag NPs wererabled by selected molecular linkers:
4,4'-diaminoazobenzene (DAAB), 4,4-diaminoterphenyDATP) and 5,10,15,20-tetrakis
(4-aminophenyl)porphine (TAPP). The most efficiesttategy of dimers and small aggregates
preparatiorhas been their assembling by a three — step proe@wolving (i) attachment of isolated
Ag NPs to the Nkl groups of APTMS functionalized TEM grid, (i) attanent of molecular linker
(with two functional NH groups in para position) to Ag NPs by a one teainiH, group, and (iii)
attachment of Ag NPs to the second, free termirtd} Nroup of the linker. In this procedure, the
control over the perpendicular orientation of tlfeifictional linker and its attachment by one terahin
group to Ag NP surface has been accomplished bgtiuralization of Ag NPs by adsorbed citrate
which acted as the adsorbate pre — orienting malfire control over the resulting dimer (small
aggregate) separation from other dimers and srggtegates has been achieved by a sufficiently wide
spacing of Ag NPs in the first step (i) of the #re step procedure. Furthermore, the strategy for
obtaining SERS signal of molecular linker from artjgalar, selected single dimer and/or small
aggregate of Ag NPs visualized by TEM has beenldped. An unequivocal correspondence between
the TEM — imaged dimer (and/or small aggregate) #nedSERS signal obtained from it has been
accomplished by employment of SiCoated Au finder grids for TEM. An accurate estdivhent of
the positional coordinates of the nanoobject (dioreaggregate) with respect to the marks (letter or
number) on the finder grid enabled to find the saaeoobject both in TEM (for its visualisation) and
in the optical microscope which focused excitingelabeam onto it and enabled to obtain SERS signal
of the molecular linker from it. The SERS signalmblecular linkers exhibits temporal fluctuations
associated with achievement of a single molecwlel lef detection. Stability of the molecular linker
in strong optical fields appears to be conditiohgdthe perpendicular orintation of the linker with
respect to Ag NP surface, and is further affectgdhle actual structure of the linker as well asthey
nanoobject morphology. Finally, the single moledyla bridged Ag NP dimer was found to represent
an optimal system in which the single molecule dyita can be followed via time — evolution of the
SERS signal of the molecular linker obtained fronThe advantage of a dimer over a small aggregate
is, that the SERS signal of the dimer originatesnfra single hot spot, while, in case of a small
aggregate, the SERS signal is a superposition déécular dynamic events occurring in several hot
spots. Furthermore, the molecularly — bridged AgdiRer is an exact experimental realization of a
model system of Ag NP dimer with a single moledoleated in a single hot spot at the interconnect
between the two NPs. According to the theoreticatleh calculations, a dimer of Ag NPs with the
molecule located between them is the most efficlgiit amplification system providing largest
enhancement of SERS by the EM mechanism of SERS.



1. Uvod

1.1 Mechanismy povrchem zesileného Ramanova rozptylu ERSu)

(Resonatini) Ramaiiv rozptyl swtla moleculy na Ag nebo Au

nanaastici

VARV

Obr. 1.1.: Schématické znazeémi povrchem zesileného Ramanova rozptylu.

Resonatni Mieav rozptyl sw¥tla Ag nebo Au
nand@astici

Podstata povrchem zesileného Ramanova rozptykiveépe interakci optické odezvy plazmonickych
kovovych (netastji Ag nebo Au) nanostruktur s odezvami molekul lig@vanych na (nebo
v blizkosti) jejich povrchu (Obr. 1.1). V takovémtéragujicim systému je jak intenzita budiciho
z&eni, tak intenzita zéni neelasticky rozptyleného adsorbovanymi molekulesilena rezoné&nim
Mieovym rozptylem z#&ni na plazmonické kovové nanostriktu Tento mechanismus byva
ozn&ovan jako elektromagneticky mechanismus (EM). Tenezhanismus je Kiovy a nezavisi na
povaze adsorbovanych molekul. Vydeni podstaty SERS pomoci zesilenétiv plazmonickymi
nanostrukturami bylo publikovano [1] pouhy rok peh¢ objevu [2]. V fipadt, Ze vinova délka
budiciho z#eni sphuje zarové EM i molekularni rezonami podminku, fispiva molekularni
resonance k celkovému zesileni Ramanova rozptyiRES). Mechanismus a aplikace SERS jsou
predmétemiady gehledovychilanka[3 — 13].

1.1.SERS jediné molekuly

Spektroskopie povrchem zesileného Ramanova rozpgdiné molekuly (SM-SERS) ma jiz
patndctiletou historii [14, 15]. Seasny vzfist z4jmu o SM-SERS [9, 11, 16 — 20] je &sti oZiveni
zajmu o SERS obeénza nimz stoji zejména jeditre fyzikalre-chemické vlastnosti nanosystém
[21] a vyvoj v oboru plasmoniky [22]. Prvni zpraaumeieni SM-SERS publikovala Kneipp et al.
[14]. V jejich mikrospektroskopickém usfgmani byly ndfeny velmi malé objemy velmirednych
malych Ag nandésticovych agregét obsahujicich kresylovou vialeo koncentraci 1¢* M, takze

v méieném objemu se vi@méru nachazelo 0,6 molekuly. Intenzita SERS signalkchato systém,
méfena v 1 s intervalech, vykazovala fluktuacéase. Histogramy intenzit ziskanych takto pro dany
Ramariv pas ndly Poissonovsky profil, namisto Gaussovského, kteyy pozorovan u vysSich



koncentraci. Poissonovska distribuce intenzit Ipfigazena signalu z 0, 1, 2 nebo 3 molekul. Tyto
vysledky okamZit vyvolaly otazku, zda je mozné SM-SER(R)S wivkombinaci EM mechanismu
a molekularni rezonance. Odgdvposkytly zejména vypiy Kalla a spolupracovnik[23 — 25], které
ukazaly, Ze faktor zesfleni EM mechanismem mohaélisout az 1Npskupin 1-16' pro molekulu v
,hot spot“ mezi déma Ag nangasticemi a excitovanou &em polarizovanym paraleins osou
dimeru. V kombinaci se zesilenim molekularni renmhaak nize celkovy faktor zesileni byt az
1x10", jak bylo experimentathpozorovano [11]. Navic, pozorovasgsové fluktuace intenzity SERS
signalu byly interpretovany jako projev dynamickémvani jedné nebaskolika malo molekul [12,
14, 20, 26, 27].

2. Cile prace

1. Experimentalni realizace, tj. desighippava a charakterizace soub@dg nan@astic, pro které byla
raznymi modely teoretickyigdpovzena existence ,hot spots” (tj. silnych optickyaiipvybuzenych
vhodnym z&enim).

2. Navrh a testovaniristupir k umisténi molekul do ,hot spots” a &eni jejich SERS nebo SERRS
spekter a pokud mozno pak i jejicasovy vyvoj.

3. Interpretace SERS a/nebo SERRS spekter a jéfisbvého vyvoje v souvislosti s dynamikou
molekul zabudovanych do konkrétnich Ag né&msiicovych soubdr s cilem piblizit se na Urovie
detekce jediné molekuly a nasleédrsledovat dynamiku jediné molekuly uvnidaného Ag
nana@éasticového souboru.

4. Fesné weni faktofi dalezitych pro uUspdSné umistni molekul do ,hot spots“tznych Ag
nana@asticovych uskupeni a faktgrkteré ovliviuji stabilitu testovacich molekul v silnych opticky
polich.

3. Material a metodika

3.1 Pristrojova technika

Elektronova absorgni spektrabyla metena pomoci UV-Vis spektrometru Perkin Elmer Lambda
12.

Snimky z transmisni elektronové mikroskopiE@EM) byly ziskany pomoci transmisniho
elektronového mikroskopu JEOL JEM 200 CV. Pouzit@&tseni se pohybovala od 20 000x to
150 000x.



Snimky z rastrovaci elektronové mikroskop(8&8EM) vzorki nanesenych na mikroskopicka
sklicka byly ziskany pomoci FESEM mikroskopu (Quanta BBG, FEI).

SERRS mikro-Ramanova spektraybranych agregatAg nan@astic chemicky navazanych na
derivatizované TEM sky nebo mikroskopicka skika byla métena pomoci konfokalniho optického
mikroskopu kombinovaného s Ramanovym spektrometreabram-HR (Jobin-Yvon/Horiba)
pracujicim ve spektralnim nebo mapovacim rezimeieli bylo provagno Ar' laserem s excitai
délkou 514.5 nm s vykonem dopadajiciho svazku 10 en\&/péimérem stopy ca. 0,7 um. Doba
snimani spekter byla 2 s.

3.2 Pripravy Ag soli a aktivnich systéni

Ag hydrosol H I byl pripraven redukci AgN@pomoci NaBH ve vodném progtdi, upravenym
postupem [28] popsanym v publikaci [29].

Ag hydrosol H 1l byl pripraven redukci AgN@pomoci NaCeHs072H,0O ve vodném prostdi,
postupenpopsanym Lee a Meiselem [30].

Organosol pentylaminem stabilizovanych Agano¢astic byly pripraveny redukci dusnhanu
sttibrného tetrahydridoboritanem sodnym ve dvoufazog§stému voda/chloroform zaifmnosti
octaethylamoniumbromidu.

Priprava chemicky modifikovanych povré@whodnych pro TEM a mikro-Ramanova é#eni: na
meédéné stky pro TEM mikroskopii potazené vrstvou Siformvaru byla nejprve na zadni stranu
napaena tenka uhlikova vrstvardelini strana s SiOvrstvou byla derivatizovana kondenzaci par
3-aminopropyltrimethoxysilanu (APTMS) ve vakuu.

Priprava systému Ag hydrosol/NaCl/PPIX obsahujici psporphyrin IX (PPIX) inkorporovany
v kompaktnich Ag agregatechuzorky byly gipraveny modifikaci Ag nan@stic gidanim NaCl do
Ag hydrosolu, nasledrpak byl gidan vodny roztok PPIX.

Priprava vzorkk PPIX inkorporovaného v kompaktnich Ag agregatechiopTEM a micro-
Ramanova ndieni: derivatizovana ska byla na 3 hodiny polozena na hladinu systému Ag
hydrosol/NaCl/PPIX. Pomoci amino skupin na povrdiM sitky byly zachyceny kompaktni Ag
agregaty Ag nan@stic.

Priprava vzorlé obsahujicich dimery a malé agregatyipravené ve vodném pra®di pomoci
rizznych molekularnich spojekpro meéfeni Ramanovych spekter a zobrazeni TEM téhoz vzoyku
dimery a malé agregaty zakotveny na chemicky mkaianych SiOx/formvarem pokrytych
meédénych zngenych stkach pro TEM pomoci nasleduji¢idtupiové procedury zahrnuijici:

(1) navazani Ag narastic na sku prostednictvim APTMS v pibéhu plovéni siky na hladig Ag
koloidu

(2) adsorpce molekularni spojky na navazané Ag ¢&siice ponienim sfky do roztoku molekularni
spojky

(3) optovné vystaveni sky Ag koloidu, kdy dochazi k navazani dalSich Agnai@stic
prostednictvim vvolnych aminoskupin molekularni spojkfhodné vzdalenosti agregdfumoziujici
vybér individualnich nanoobjelfj bylo dosaZzeno optimalizaci doby jednotlivych krgkipravy.

Vzorky dimeti a malych agregat Ag nanafastic spojenych 5, 10, 15, 20 - tetrakis
(4-aminofenyl)porfin (TAPP) pipravenych v organickém prog&tdi: vzorky byly pipraveny
smichanim chloroformového roztoku TAPP s organasolédg nand@astic stabilizovanych
pentylaminem. Podlozni skka byla pélivé omyta a derivatizovana pofemim na 3 hodiny do
APTMS. Po oplachnuti etanolem byla gkh pondena na 3 hodiny do systému Ag organosol/TAPP.

Vzorky dimefi a malych agregdi Ag nanafastic spojenych TAPP ifipravenych ve vodném
prostedi: derivatizovana ska byla na 3 hodiny poloZena na hladinu Ag hydnes®lomoci amino
skupin na povrchu TEM &ty byly zachyceny Ag namdstice. Naslednbyla stka pondena do
etanolového roztoku TAPP. Nakonec bylékaiogEt poloZzena na hladinu Ag hydrosolu.



Priprava vzorlé systéni Ag nana’astice / 4,4’-diaminoterfenyl (DATP) a Ag naiastice / 4,4
diaminoazobenzen (DAAB)Xerivatizovana ska byla na 3 hodiny poloZena na hladinu Ag hydnasol
Pomoci amino skupin na povrchu TEMIsi byly zachyceny Ag nardstice. Nasledhbyla stka
pondena do etanolového roztoku DATP nebo DAAB. Nakobgla st’ka ogt poloZena na hladinu
Ag hydrosolu.

4. Vysledky a diskuse

4.1 Kompaktni agregaty Ag nanaastic s molekulami PPIX

TEM snimky i SERRS mikro-Ramanova
spektra jednotlivych kompaktnich agreigat
chloridy modifikovanych Ag nan@stic byly
ziskany z téhoz vzorku agregatavazanych na
3 povrchu TEM gsiky pokryté vrstvou SiQ a
derivatizované APTMS. SERRS spektra
8 z rekolika jednotlivych agregét byla méfena
| pii excitaci 514.5 nm. SERRS signal vykazoval
jak zn&né casové fluktuace, tak rozdily mezi
jednotlivymi  agregéaty.  Fluktuujici  signal
nicmere obsahoval Ramanovy pasy
1 charakteristické pro PPIX. fiRlad takového

400 600 800 1000 1_2|00 '7114|00 " 1600 1800 2000 spektra je na Obrazku 4.1. d&b molekul PPIX
Remen shifem piipadajicich za podminek experimentu na
Obrazek 4.1: SERRS spektrum PPIX z jediného jeden kompaktni agregat byl odhadnut na cca
kompaktniho agregatu chloridy modifikovanych Ag 40 (nebo méy). Casové fluktuace signalu,
NP které jsou obvykle spojovany s detekci na
arovni jediné molekuly, nazkgji, Ze Kk
pozorovanému signalurippiva z celkového mnoZzstviipadajiciho na jeden agregat pouzdabik
malo molekul.
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4.2 Ag nancfasticoveé dimery a malé agregaty spojené TAPP

Dimery a malé agregaty Ag natéstic spojené TAPP bylyipraveny jak v prosedi organického
- rozpoustdla (pentylaminem
- stabilizované Ag nariastice),
' tak ve vodném pro&di
. (citratem  stabilizované Ag
< nanadstice). Nasledn byly
L4 deponovany na  skléné
S podloZky, resp. TEM sky.
- SEM  snimek vzorku
piipraveného z pentylaminem
o~ stabilizovanych Ag nari@stic

200 nm
= je na Obrazku 4.2 A. TEM
Obrazek 4.2: A) SEM snimek agregéatpentylaminem stabilizovanych Ag NP snimek vzorku  z citratem

spojenych TAPP, B) TEM snimek vzorku vyteaého z citratem stabilizovanych stabilizovanych Ag narigstic
Ag NP a TAPP i
pak na Obrazku 4.2 B.




V SERS spektrech ziskanych ze vZorgiipravenych v organickém rozposdle dominuji pasy
grafitického uhliku a pozorovany signal vykazujeomnni fluktuace \ase (Obrazek 4.3). Pouze
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Obrazek 4.3: Casovy vyvoj SERS spekter ze vzorka Obrazek 4.4: Casovy vyvoj SERS spekter ze vzorka
Obrazku 4.2 A Obrazku 4.2 B

v nekterych spektrech se objevujetkolik Uzkych paé prifaditelnych TAPP. Oproti tomu ve
fluktuujicim SERS signélu ze vzdrlpripravenych ve vodném prdetli z citratem stabilizovanych Ag
nana@astic lze jasé rozpoznat charakteristické spektralni pasy TAPBré@ek 4.4). SERS signal
z obou vzork ukazuje, Ze laserové ighi o vinové délce 514.5 nmigwbuje rozklad ristkujicich
molekul TAPP. Zatimco vijjpact dimeii a agregdt z pentylaminem stabilizovanych nadastic je
tento rozklad velmi rychly a v podstarabrauje meieni SERS spekter TAPP, vipad citratem
stabilizovanych nani@stic je tento proces podstatpomalejSi a tak lze Z¢hto dimefi a agregadit
ziskat SERS spektra tstkujiciho porfyrinu. Jedno z moznych vyHeni tohoto rozdilu spdva
v nizké usptadanosti pentylaminové stabilizujici vrstvy. Taize dovolit reorientaci molekul
porfyrinu a vystavit jejich makrocyklustipmému kontaktu s povrchemiidtra a v dsledku toho tak
urychlit jejich fotorozklad.

4.3 Ag nanctasticoveé dimery a malé agregaty spojené DATP

Ag NP dimery a malé agregaty vytemé pomoci rigidni
aromatické molekularni spojky 4,4'-diaminoterfen{iATP) byly
zakotveny na vyhledavacich TEM tlkdch s SiQ vrstvou
derivatizovanou pomoci APTMS.

Zamerem cileného wr¥eni SERS signalu z vybraného
jednotlivého dimeru nebo malého agregatu bylo ziska
jednoznénou korespondenci mezi timto signalem a morfologii
daného agregatu. Toho bylo docilenaemim polohy agregatu
pomoci zn&ek na vyhledavaci TEM &ie. Tato pesna poloha byla

- lokalizovana jak na optickém snimkied neéfenim SERS, tak na

1 TEM snimku pro detailni deni morfologie (Obrazek 4.5).
LR Casovy vyvoj SERS spekter &enych z tohoto agregatu
(Obrazek 4.6) ukazuje fluktuace SERS signatukierych se gtda
signél odpovidajici DATP se signdlem grafitickélindiku se de¢ma
charakteristickymi Sirokymi pasy. Moznym scé&ra vys¥tlujicim
toto chovani je rozklad @stkujicich molekul DATP nejménv jednom z gkolika hot spots uvnit
agregatu na grafiticky uhlik. ProtoZze vSak pozonmyvaignal pravépodobré pochazi z vice nez

Obrazek 4.5: TEM snimek Ag NP
spojeného DATP



Intensity

1000 jednoho hot spotu, neie byt pozorovanyasovy
2000 vyvoj interpretovan ve smyslu dynamiky
roe jednotlivych molekul. Nicméh neni pochyb o
2000 tom, Ze DATP podléha v silnych optickych polich
S 2000 rozkladu na grafiticky uhlik.
| 2 Ziskané vysledky tak poskytuiji
experimentalni @kaz teoreticky pedpo¥zené
piitomnosti velmi silnych optickych poli v malych
agegatech Ag nasdastic vytvdenych pomoci
Raman shft e’ molekularnich  spojek a u#laz p@itomnosti
Obrazek 4.6: Casovy vyvoj SERS signalu z Ag NP molekularnich spojek &thto hot spots.
agregétu spojeného DATP.

4.4 Ag nanofasticové dimery a malé agregaty spojované DAAB

o Ag NP byly uspsadany do dimeér a malych agregéat pomoci
- d bifunkéni aminoskupinami zak@éené molekularni spojky DAAB. Tyto
k s, dimerya malé agregaty byly navazany na vyhledaha€EM stkach s
s SiOy vrstvou derivatizovanou APTMS.
. TEM snimek na Obrazku 4.7 ukazuje, Ze dimery a rmgiégaty jsou
® orientovany paraleth s funkcionalizovanym povrchem TEM tky.
< Zjevrg, po vytvdeni prostednictvim molekularni spojky, dochazi k
reorientaci dimeru nebo malého agregatu tak, ZzehvBeAg nandastice
jsou vazany k chemicky modifikovanému povrchu TErkg.
& 200mm Cilem nefeni SERS signalu z vybraného jednotlivého dimero kiskat
Obrazek 4.7- TEM jednozné&nou korespondenci mezi timto signalem a morfoldgiho bylo
snimek Ag NP agregat  docileno u¢enim polohy agregatu pomoci ze& na vyhledavaci TEM
; R sitce. Tato pesna poloha byla lokalizovana jak na optickém snipied
meéienim SERS, tak na TEM snimku pro detailnéemi morfologie
(Obrazek 4.8).
‘ Casovy vyvoj SERS spekter &enych z tohoto konkrétniho dimeru
(Obréazek 4.9) vykazuje fluktuace s charakteremdign” a signal “off”.
Stav signal “in” v tomto
konkrétnim casovém vyvoji
odpovida 8. a 14. spektru,
ik —— 100 nm  ktera obsahuji
Obrazek 4.8 TEM snimek charakteristické  spektralni
vybraného Ag NP dimeru Pasy DAAB, zatimco ve
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Intensity

spojovaného DAAB stavu signal  “off” je 00
pozorovano Siroké pozadi | T o

(Obrazek 4.9, v detailu na Obrazku 4.10). Srovnar| st T o &

spekter obou signél “in“ stévodhaluje, Ze &Sina (9 ze ¥ 50

12) charakteristickych pasDAAB z 8. spektra se ™ “amansntiontt

objevuje znovu ve 14. spektru (Obrazek 4.10, spektt Obrazek 4.9: Casovy vyvoj SERS signalu
C). V Sirokém pozadi z obdobi signal “off’ na Olkkdz z dimeru na Obrazku 4.8

4.10, spektrum B Ize rozpoznat naznaky TUpé.-

grafitického uhliku.
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Intensity a.u.

Je vSeobeen uznavano, Ze fluktuace spekter odrazeji
dynamiku jediné nebo ¢kolika malo molekul. V tomto
konkrétnim pipact se nabizi jednoducha hypotéza
konzistentni s pozorovanym chovanim. Okamziky, kdy
signal “in”, mohou byt fitazeny Ag NP dimeru spojeném
molekulou DAAB (Obrazek 4.11 A), zatimco periodgrsil
“off” odpovidaji datasné ztrat signalu DAAB zpisobené
pieruSenim jedné z vazeb Ag - N tedy rozpojeni dimeru
(Obrazek 4.11 B). Rozpojené naastice pravépodobrd
zastavaji stéle zakotveny ktse pomoci APTMS, jejich

=1423

©
® ~
P )
N =

" §§ o vzdalenost se vsSak e znénit. Jelikoz vinova délka pro
59 1 3 rezonadni excitaci
1 3 ‘ i silného  optického
End - .
i pole v Ag NP dimeru oy

je silt zavisla na | [Eale®el /
jejich  vzdalenosti \\/ v

[23], excitani
T T T T T T T T T T T T T T VInOVé. délka 514,5
400 600 800 1000 1200 1400 1600 1800 nm J|2 nebUde v B
B -1
Raman shift [em "] rezonanci pokud ARy

Obrazek 4.10: Detail spekter z periody dojde ke zwtSeni “ f*{‘lﬁ;ﬂ
signal “in": 8. spektrum (A) a 14. vzdalenosti mezi “ / * |
spektrum (C), a spektrum z periody oo . v \/
signal “off’ (B) ze série SERS spekter z ngn@astlceml . .
Obrézku 4.16 (Obrazek 4.11 A). < >

To maze byt Obrazek 4.11: Dimer Ag NP

divodem vymizeni SERS pas DAAB ze spektra. 5 Spojeni molekulou DAAB (signal “in")
Znovuvytvaeni vazby Ag-NH a potazmo dimeru pakibe B, Rozpojeny stav (signal “off’)
veést k obnoveni spektralniho signalu DAAB.

4.5 Faktory ovliviiujici stabilitu adsorbatd a molekularnich spojek
v silnych optickych polich

SERS a SERRS signal z jediného kompaktniho agrem@ahujiciho molekuly PPIX je tien
rychle se sidajicimi spektry porfyrinu a grafitického uhlikBpektrum porfyrinu je superpozici free-
base a gtbrem metalované formy a indikuje takitpmnost molekul EPPIX | AgPPIX v agregatu. V
diive publikované préaci [31], ktera se zabyva tepelrstabilitou jiného free-base porfyrinu -
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-portin (TMPyP) v silnych optickych polich, bylo
ukazano Ze adsorbované molekuly AgTMPyP vznikléataet HTMPyYP na povrchu Ag nakéstice
jsou nachylné k rozkladu na grafiticky uhlik, natdzod pivodniho HTMPyP. Moznym vysstlenim
pozorovaného chovani je, Ze grafiticky uhlik obdokmnika rozkladem molekul AgPPIX vzniklych
metalaci HPPIX.

SERRS spektra naffena z ®kolika dimei a malych agregéatvytvoienych pomoci molekul
TAPP jsou diametrathodliSna pro agregaty z citratem stabilizovanych Wen@astic ve vodném
prostedi a pro agregaty z Ag naf@stic stabilizovanych pentylaminem v organickémsiieali.
Obzvlas¢ v prvnim gipadt byl pozorovan fluktuujici SERRS signal molekul TRAPMolekuly
porfyrinu jsou zachovany ve free-base féranjsou s nejtSi pravépodobnosti koordinovany jednou
nebo d¢ma aminoskupinami kolmo k povrchu Ag NP, coZz umgé jejich funkci molekularni
spojky. Oproti tomu v druhémiipack je pozorovan pouze velmi silny, fluktuujici sigmmhfitického
uhliku. Mozné vysstleni tohoto jevu vychazi z rozdiln&€idnosti preorientujici matrice tvené
stabilizujicimi  molekulami: citrdtem nebo pentylamm. Citrat, bidentath vazany déma
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karboxylovymi skupinami k povrchu Ag NP, vyt¥&elmi (¢innou preorientujici matrici (jak bylo téz
ukazano v [32]), ktera vede k adsorpci porfyrinarientaci kolmé k povrchu Ag NP (“standing up”).
Neuspdadané alifatickéet¢zce molekul pentylaminu vSak dovoluji porfyrinu reatovat se paraletn

s povrchem Ag NP a tudiz umojgi jeho metalaci a ndsledny rozklad na grafitickyik. Koneng, je
tieba zdraznit, Ze bylo prokdzanoupobeni citratu jako dinné preorientujici matrice i pro dalSi
molekularni spojky DATP a DAAB.

Casovy vyvoj SERS signalu z dimeru vyfeaého z Ag NP pomoci DAAB vykazujetisiani
period "signal in" a "signal off". Tento signal feoren SERS spektralnimi pasy DAAB a jeho vyvoj
nazng&uje, Zze se molekuly DAAB nerozkladaji v silnych iocgych polich. Na druhou stranu, v
casovem vyvoji SERS signalu z malych agrégéttvorenych pomoci DATP setédaji spektra DATP
a grafitického uhliku. # vyhodnocovani rozdil mezi €mito vyvoji SERS signdl je treba vzit v
Gvahu skuteénost, Ze v prvnim fijpact pochazi signal z jediného hot spotu mezémda Ag NP,
zatimco v druhém ffpadt jde o superpozici z &kolika hot spoi. Nicmérg pozorované pasy
grafitického uhliku dokazuji, Ze dochazi k rozkladalekul DATP nejmé#tiv jednom z #kolika hot
spoti. Jak molekularni struktura spojek DAAB a DATP, &d&ualni struktura utvarz Ag NP (dimer
nebo agregat) mohoutigpivat k rozdilné nachylnosti k rozkladu molekM.ptipact dimer
propojenych pomoci DAAB ii¥e stabilitu molekul fiznivé ovlivnit trans-cis izomerizace, diky niz
muze dochazet k dasnému oddaleni NP v dimeru a tim k ,vypnuti“ dioéptického pole. To se
vSak nevztahuje na malé agregaty vygr@ pomoci DATP, jelikoz (i) DATP je rigidni moldi&mi
spojka a (ii) i v pipact docasného feruSeni vazby mezi Ag NP a DATPstavaji v agregatu
piitomny dalSi hot spots.

5. Zavéry

l. Byla vyvinuta metodika uspadani kompaktnich agregadimeii a malych agregatAg NP a
jejich navazani na pevné povrchyniito povrchy byly bd’ sklicka nebo zlaté ci &éné TEM sfky
pokryté vrstvou Si@ oboji derivatizované pomoci APTMS. Kompaktni agity Ag NP obsahujici
PPIX byly vytvaeny v hydrosolu a nasleglichemicky navazany prdasdnictvim NH skupin na Cu
TEM sitky derivatizované APTMS. Byla tak vyvinuta zaklade¢hnika pipravy vzorku umotgujici
pomoci Ramanova mikrospektrometruéiin SERRS spektra adsorbatu (PPIX) z jediného
kompaktniho agregatu poté, co byl zobrazen v TEMroskopu. Podobna strategie byla
vypracovana pro navazani Ag NP difhex malych agregatuspdadanych pomoci molekularni
spojky TAPP v hydrosolu na chemicky funkcionalizogal EM sfky pokryté SiQ. Ag NP dimery a
malé agregaty vytwené pomoci TAPP z pentylaminem stabilizovaného A dganosolu byly
uchyceny na skitkach derivatizovanych APTMS a k jejich zobrazeni ipyuzit SEM. Hlave byla
podstatg vylepSena strategie proébeni SERS signalu z konkrétniho vybraného jedinélgoN#®
dimeru nebo malého agregatu, zobrazeného v TEMnut& a odzkouSena wgrchozich studiich.
Kli¢ové body tohoto vylepSeni jsou nasledujici:

1) Vytvoieni dimeti nebo malych agregatiistupiovou procedurou zahrnujici

i) navazani izolovanych Ag NP préstinictvim NH skupin na vyhledavaci Au TEMt&ly

derivatizované APTMS

i) adsorpce molekuléarni spojky na zakotvené Ag NPgadnjejich NH skupin

iii) navazani dalSi Ag NP pomoci volné Nékupiny adsorbované molekularni spojky
2) Funkce molekularni spojky vyZaduje, aby byla adeweéima na Ag NP v kolmé orientaci k
jejimu povrchu. To zaji&lji adsorbované citratove iontyi{fmmné jiz z pipravy Ag NP hydrosolu
redukci AgNQ pomoci NaCsHsO,2H,0), které fisobi jako dinna preorienténi matrice. Tento
jev byl jiz demonstrovanip studiu dimeét a malych agregatvytvorenych pomoci TAPP, kde
citratove ionty vykazovaly mnohem vySsi preorieitiujcinek nez pentylamin.
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3) Kontrola nad vyslednou vzdalenosti diindmalych agreg@) od okolnich dimar ¢i malych
agregai byla docilena diky dostateé vzdalenosti zachycenych Ag NP v prvnim kroku (i)
tiistupiové procedury, dosaZzerédinim a dostatn¢ kratkou dobou expozice derivatizovaného
povrchu Ag NP solu.

4) Jednoznéna korespondence mezi TEM zobrazenim dimeru (malétpegatu) a z &
ziskanym SERS signalem byla docilena pouZzitim ddlacich Au TEM sék pokrytych SiQ.
Presné uteni polohovych sdadnic nanoobjektu pomoci zZmek na vyhledavacich t#ach
umoznilo zobrazit konkrétni dimer (maly agregat)f&M a zneiit z né§j SERS signal pomoci
fokusovaného excitaiho laseru v optickém mikroskopu.

Ag NP dimery spojené jedinou molekulouiedstavuji idealni systém pro studium
jednomolekulové dynamiky jedné molekuly pomoci elgthi ¢asového vyvoje jeho SERS signalu.
Vyhodou dimeru oproti malym agredét je, Ze jeho SERS signél pochazi z jediného hotusp
kdeZto u malych agregase miZze jednat o superpozici molekularnich udalostékolika hot spai.

Ag NP dimer s molekularni spojkou je naviegnou experimentalni realizaci teoretického modelu.
Podle teoretickych vypiti se mezi nant@asticemi nachazi hot spot, tedy misto s &8jmn SERS
zesilenim EM mechanismem. Je pozoruhodné,&savého vyvoje SERS signalu z Ag NP dimeru
vytvoieného pomoci DAAB vyplyva, Ze molekularni spojka AB\ “piezivd” v takto extrémn
silném optickém poli bez znamek rozkladu.
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1. Introduction

1.1 Mechanisms of Surface - enhanced Raman scatterin§ERS)

SERS originates from coupled optical responses laénponic metal (such as Ag and Au)
nanostructures (nanoparticles, nanowires etc.)oamablecules located on (or in a close proximity of
their surfaces (Fig.1.1). In such coupled systeoth lihe incident light and the light inelastically
(Raman) scattered by adsorbed molecules are erthdnyceesonance Mie scattering of light by the

(Resonance) Raman Scattering of light by a molemulag or Au
nanoparticle

A

Resonance Mie Scattering of light by Ag or Au
nanoparticle

Fig. 1.1.: Schematic depiction of surface-enharRachan scattering.

plasmonic metal nanostructures. This, in a nutsiethe electromagnetic (EM) mechanism of SERS.
The EM mechanism of SERS is the principal mecharwSi®ERS and operates independently on the
nature of the target molecular species. Explanatiothe phenomenon of SERS on the basis of the
light amplification by free-electron-like (plasmahimetal nanostructures has been published [1] just
one year after its discovery [2]. Provided that weevelength of incident light obeys simultaneously

with the EM resonance condition also a moleculssomance condition, molecular resonances
contribute to the overall enhancement of Ramartiesirag). The mechanisms and applications of SERS
have been the subject of several seminal revieweatdre articles [3 -13]

1.2.Single molecule SERS

Single molecule surface-enhanced Raman spectros(®lySERS) has been reported about
fifteen years agfl4, 15], The growing interest in SM-SERS [9, 16,-120]is part of a resurgence of
interest in SERS generally which has emerged freneml contributing causes, among them the
unique physical and chemical properties of nanosires [21] and the development of the field of
plasmonics [22].
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SM-SERS has been reported for the first time byipmet al. [14]. In their Raman microspectroscopic
measurements of very small volumes of a highlytdduhydrosol of small Ag nanoparticle aggregates
containing cresyl violet in 1xI¥} M concentration, there was on average 0.6 molsdunl¢he probed
volume. SERS signal obtained from this system is ihtervals showed temporal fluctuations. A
histogram of signal intensities for a particularniken band showed, instead of a Gaussian profile
obtained for more concentrated systems, a Poissstnbdtion of signal intensities, which was
attributed to acquisition of the signal from 0219r 3 molecules. Kneipp’s results immediately exabk

a question whether single molecule SERS and SER&8xglicable by a combination of the EM and
molecular resonance mechanisms. The answer waglpdoehiefly through calculations of Kall and
coworkers [23 — 25], which have shown that, indéeda molecule located in a hot spot between two
Ag nanoparticles and excited by light polarized aiar to the dimer axis, the EM mechanism
enhancement can be of 1%10and when combined with another three orders afnitade provided

by a molecular resonance, it can achieve the fxdthancement [11dbserved experimentally. In
addition to that, observation of temporal fluctoas of the SERS signal (so called “blinking”) has
been interpreted as manifestation of a dynamic\nehaf a single, or of very few molecules [12, 14,
20, 26, 27]

2. Aims of the study

1. Experimental realization, i.e. design, preparaand characterization of Ag nanoparticle asserabli
for which the presence of hot spots (i.e. stronticapfields after an appropriate optical excitajidas
been predicted theoretically in accurate or simgaiinodels previously published.

2. Designing and testing approaches to localizabiomolecules into the hot spots and obtaining of
SERS or SERRS signal of these molecules, and, whepessible, also its time-evolution.

3. Interpretation of the SERS and/or SERRS speatr@ their temporal evolutions in terms of
dynamics of molecules incorporated into a particdg nanoparticle assembly, with an ultimate goal
to approach single molecule level of detection,,atmhsequently a possibility to follow single
molecule dynamics within a particular Ag nanopéetessembly

4. Pinpointing of the factors which are importaot & successful localization of molecules into hot
spots in various Ag nanoparticle assemblies anthiefactors which affect the stability of the testi
molecules in strong optical fields.

3. Material and methods

3.1. Instrumentation

Electronic absorption spectrawere measured with a Perkin Elmer Lambda 12 UV-Vis
spectrometer.

Transmission electron microscopy (TEMJnages of the samples were obtained with a JEOL
JEM 200 CV transmission electron microscope. Tls&rimental magnification varied from 20 000 to
150 000.

Scanning electron microscopy (SEMnages of samples deposited on glass slides wéamed
with a FESEM microscope (Quana 200 FEG, FEI).
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SERS micro-Raman spectraf selected Ag nanoparticle aggregates attachedh@mically
derivatized TEM grids or glass slides were collddterough a confocal optical microscope using a
micro-Raman Labram-HR spectrometer (Jobin-Yvon/beyrioperating in either the spectral or the
imaging mode. Measurements were performed with5hé.5 nm Af laser excitation line with
incident laser power of 10 mW and a laser spotaiz&a. 0,7 um. Spectral acquisition time was 2 s.

3.2 Preparation procedures

Ag hydrosol H | was prepared by reduction of Aghl®y NaBH, in aqueous ambient, in
particular by a modification [28] of the procedwargginally reported in [29].

Ag hydrosol H 1l was prepared by reduction of silver nitrate (AgIN®y sodium citrate
(NasCsHs072H,0) in aqueous ambient according to the procedurecieyand Meisel [30].

Pentylamine stabilized Ag nanoparticle organosshs prepared by a reduction of silver nitrate
with sodium borohydride in water/chloroform two pgka system in the presence of
octaethylammoniumbromide.

Preparation of chemically modified supporting sudas for TEM and micro-Raman
measurementsSiOJformvar coated copper grids for TEM microscopy éAdcientific, Ltd.) were
pre-treated by vapor-deposition of a thin carbgedan their reverse sides. The outer.$ager of the
grids was derivatized by 3-aminopropyltrimethoxgsg (APTMS) through condensation of the
reagent vapor onto the grids and removal of thegxceagent in vacuo.

Preparation of samples of protoporphyrin IX (PPIX) Ag nanoparticle systemsAg
hydrosol/NaCIl/PPIX systems containing PPIX incogted in compact Ag nhanoparticle aggregates
Samples were prepared by modification of Ag nantogas by addition of NaCl to Ag hydrosol,
followed by addition of aqueous solution of PPIX.

Preparation of samples of PPIX incorporated in coagd Ag nanoparticle aggregates for TEM
and micro-Raman measurement3he derivatized grids were allowed to float on sweface of Ag
hydrosol/NaCI/PPIX system for 3 h to enable theadiment of compact aggregates of Ag
nanoparticles to the amine-groups on the surfatleeoflerivatized grids.

Preparation of samples of dimers and small aggregmtin aqueous ambient by selected
molecular linker: To enable for Raman spectral probing and TEM imggf the same sample, the
dimers and small aggregates were assembled on cdlgmierivatized SiOx/formvar coated copper
finder grids for TEM microscopy by a three-stepgadure involving:

(1) tethering the Ag nanopatrticles to the gridshwitPTMS during floating of the grids on Ag

colloid surface

(2) attaching the linker molecules to the tethehgdnanoparticles during immersion of the grids

into solution of molecular linker

(3) exposing the grids to Ag nanoparticle hydrofewol a second time, during which additional

nanoparticles linked to the particles already tetti¢o the grid surface through the free amine
groups of the linker molecules. The appropriateigerspacing of aggregates (allowing for a
single nano-object selection) was accomplished fymalization of the preparation steps

duration.

Preparation of samples of 5, 10,15, 20 — tetrakdsafminophenyl) porphine (TAPP)-bridged Ag
nanoparticle dimers and small aggregates originairfrom the organic ambient:Samples were
prepared by mixing of chloroform solutions of TARRh the organosol of pentylamine-capped Ag
nanoparticles under constant stirring. Glass slidese throroughly cleaned and derivatized by
immersion into neat APTMS for 3h. After rinsing Wwiethanol, the slides were immersed into the Ag
organosol-TAPP system for 3 h.

Preparation of samples of TAPP-bridged Ag nanopak dimers and small aggregates
originating from the aqueous ambientThe derivatized TEM grids were allowed to float the
surface of a Ag nanoparticle hydrosol to allow Aanaparticles to bond to the amine-groups on the
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surface of the derivatized grids. Subsequently, ghds were immersed in a solution of TAPP in
ethanol. Finally, the grids were allowed to flogaen on the surface of Ag nanoparticle hydrosol.
Preparation of samples of Ag nanopatrticle / 4, 4’diaminoterphenyl (DATP) systems and Ag
nanoparticle /4, 4’ - diaminoazobenzene (DAAB) ssis: The derivatized TEM grids were allowed
to float on the surface of Ag nanoparticle hydrosalibsequently, the grids were immersed in a
solution of DATP or DAAB in ethanol. Finally, theids were allowed to float again on the surface of

Ag nanoparticle hydrosol.

4. Results and discussion

4.1 Compact Ag nanoparticle aggregates incorporating PPX molecules

TEM images as well as SERRS-micro-Raman spectraingfle compact aggregates of chloride-
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Figure 4.1: SERRS spectrum of PPIX obtained from a
single aggregate of chloride-modified Ag nanopetic
incorporating PPIX molecules

modified Ag nanoparticles incorporating
PPIX molecules were acquired from the same
sample of the aggregates attached to the
surface of APTMS derivatized, SiCoated
TEM grid. SERRS spectra from several
single compact aggregates were acquired
using 514.5 nm excitation. The SERRS signal
showed large temporal fluctuations as well as
variations from one aggregate to another.
Nevertheless, within the signal fluctuations,
SERRS spectra showing the characteristic
bands of PPIX were obtained in Figure 4.1.
The number of PPIX molecules per a single
compact aggregate was estimated to be ca 40
(or less) under the conditions of our
experiment. Temporal fluctuations of the
signal which are usually associated with a
single molecule level of detection indicated,
that only a few of the overall amount of
molecules per aggregate actually contribute to
the detected signal.

4.2 TAPP-bridged Ag nanopatrticle dimers and small aggrgates

j 200 NM

Figure 4.2: A) SEM image of a sample of TAPP — bridged,
pentylamine-capped Ag nanoparticles, B) TEM imaf@ sample

of TAPP — citrate-capped Ag NPs
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Dimers and small aggregates
of Ag nanoparticles bridged
(linked) by TAPP were prepared
both in organic (pentylamine-
derivatized Ag nanoparticles) and
in the aqueous ambient (citrate-
derivatized Ag nanoparticles) and
assembled on glass slides and on
*® ... TEM grids, respectively.

SEM image of a sample of
TAPP-bridged, pentylamine



capped Ag nanopatrticles and TEM image of that oPPAridged, citrate capped Ag NPs are shown
in Figure 4.2 A and B, respectively. SERS spectotaioed from the sample of TAPP-bridged,
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Figure 4.3: Time-evolution of SERS spectra Figure 4.4: Time-evolution of SERS spectra obtained
obtained from the samples shown in Fig. 4.2 A from the samples shown in Fig. 4.2 B

pentylamine capped Ag NPs are governed by the Is@fngraphitic carbon, which shows enormous
temporal fluctuations of the signal intensity (Figu4.3), and, in some of these spectra, a few warro
bands attributable to TAPP. By contrast, SERS spaaiitained from the sample of TAPP bridged,
citrate capped Ag NPs show temporal fluctuationghef signal in which the characteristic spectral
bands of the bridging TAPP molecules can clearlydstinguished (Figure 4.4). SERS signals
collected from both samples indicate that bridgi#d®P molecules undergo photodecomposition. For
pentylamine capped dimers and small aggregatesgédtomposition is very fast and actually prevents
detection of a meaningful porphyrin signal, for&ié capped dimers and aggregates, the process is
much slower and allows for TAPP detection. Onenhefpiossible explanations of this difference can be
related to a low ordering of the capping pentylaanimonolayer which might be responsible for re-
orientation of porphyrin molecules and for a direahtact between the porphyrin macrocycle and Ag
NP surface, which in turn, may promote photodecasitjpm of TAPP molecules.

4.3 DATP-bridged Ag nanoparticle dimers and small aggrgates

Ag NPs were assembled into dimers and small agtgsedy a
bifunctional, amine-terminated rigid aromatic limke
4,4'-diaminoterphenyl (DATP). The aggregates wesgembled on
s the surfaces of SiOx-coated TEM finder grids fumatlized by

- APTMS.
: The intention in carrying out the SERS spectral sneaments
- from a selected
| single dimer
and/or aggregate
was to obtain an
unequivocal

correspondence
Figure 4.5: TEM image between the
morphology of the
aggregate and the SERS signal obtained from it.|,
This was accomplished by determination of the

200 400 600 800 1000 1200 1400 1600 1800

aggregate position with help of the markers on a Raman shift fcm”]

finder grid. This exact aggregate position We riguyre 4.6: Time-evolution of SERS signal of a
selected DATP-bridged Ag nanoparticle aggregate.

Intensity
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located on both the optical image of the samplerpiw the SERS measurement, and on the TEM
image, which revealed the aggregate morphologetaild(Figure 4.5).

Time-evolution of SERS spectra measured from thisiqular aggregate (Figure 4.6) shows that
the SERS signal fluctuates in time. In particutbge signal of DATP alternates with that of graphiti
carbon, represented by two distinct, rather braaadb. A possible scenario explaining the observed
blinking pattern is decomposition of the bridgind\TP molecule in at least one of the several hot
spots within the aggregate into graphitic carboowklver, since the observed signal likely originates
from more than one hot spot, the observed timeutool cannot be interpreted in terms of a single
molecular dynamics event. Nevertheless, the obdemesults indicate that DATP molecules
decompose in strong optical fields into graphiacbon.

Our results thus provide experimental evidencetligr presence of the theoretically predicted
strong optical fields in small, molecularly-bridgéd) NP aggregates and for the localization of the
bifunctional linking molecules in these hot spots.

4.4 DAAB-bridged Ag nanoparticle dimers and small aggrgates

o Ag NPs were assembled into dimers and small agtgegay a
< . bifunctional, amine-terminated linker DAAB. The dns and small
k s, aggregates were assembled on the surfaces of Si@get TEM finder
s grids functionalized by APTMS.
. The TEM image in Figure 4.7 shows that the dimers @iented
® parallel to the surface of the functionalized TENtgIt appears that after
4 formation of the dimer, i.e. after the attachmeind second Ag NP to the
second (i.e. still free) amine-group of the DAABKer, the dimer re-
orients with respect to the surface in such a vay both Ag NPs in the
& 200mm dimer are attached to the APTMS-functionalized T surface.
Figure 4.7: TEM image In SERS spect(al mgasurements from a selectedesidigher and/or
of DAAB-inked Ag @dgregate, our intension was to obtain an uneqalvoorrespondence
nanoparticle aggregates between the morphology of the selected Ag nanapartimer and the
SERS signal obtained from it. This was accomplishgdletermination
of the dimer position with respect to the markemsaofinder grid. This
exact position of the dimer with respect to the kees was located on
both the optical image of the sample prior to tBERS measurement, and
‘ on the TEM image, which revealed the details ofitgphology (Figure
4.8).
Time-evolution of SERS
spectra measured from this
articular dimer (Figure
ganm 2.9) shows that thé gERS
Figure 4.8: TEM image of a  signal fluctuates, giving rise
selected_ DAAB—Iinked Ad to an “n" and “off” signal
nanoparticle dimer pattern. The “in” signal
observed in this particular
time-evolution in the 8 and 14' spectrum of the series
contains characteristic marker bands of DAAB, wiiile L
“off” signal consists of a broad background (Figu4r8, w000 w0 000 a0 g0 1600 1000
details in Figure 4.10). Comparison of the two ‘it gigyre 4.9: Time-evolution of SERS signal
spectra reveals that 9 of the 12 characteristiadd®af obtained from the dimer shown in Figure 4.8
DAAB observed in the ® spectrum (Figure 4.10
spectrum A) were detected also in thd" ectrum (Figure 4.10, spectrum C). We can thuslade
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that the majority of SERS spectral bands of DAABreve
recovered in the second signal “in” spectrum. Theab
background in Figure 4.10, spectrum B shows traukes
graphitic carbon spectral bands.

It is generally agreed that blinking reflects thaamics of a
single, or very few molecules. A simple hypothesisich
appears to be pertinent to the signal fluctuatipastern
observed in our particular case is thus proposée “n”
signals are assigned to Ag nanoparticle dimer kddby
DAAB (Figure 4.11 A), while the “off” signal periedare
attributed to a temporally limited loss of the DAAdgnal
caused by breaking of one of the Ag-Nbbnds which leads
to disconnection of the DAAB bridge (Figure 4.18Bhe
disconnected nanoparticles are supposed to reratdieréd
to the grid by APTMS chains, however, the distanesveen
them increases.
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Figure 4.10: The “signal in” spectra, strong optical \/ \/
namely the 8 (A) and the 1% (C) field in a Ag
spectrum, and the signal “off” spectrum .
(B) within the SERS spectral set depicted nan(_)partlcle B t
in Figure 4.9 dimer is strongly
dependent on MY
interparticle distance [23], it is probable tha¢ $14.5 nm | mfff

excitation wavelength suitable for excitation ofs@ong U \\/’
optical field in the bridged dimer (Figure 4.11 &) no

longer “in resonance” with the disconnected (andcke < >
elongated) dimer which is the reason why no SERBasi Figure 4.11:Ag NP dimer

of DAAB is observed. After remaking of this Ag-NH Ay pridged by DAAB (signal “in”)

bond, the bridging of two Ag nanoparticles by DAAB g gisconection of the DAAB bridge (signal “off")
resumed, and the SERS signal of DAAB is recovered.

4.5. Factors affecting stability of adsorbates and linkrs in strong optical
fields

SERS and SERRS signal from a single compact aggreégeorporating PPIX molecules shows
rapid alternations of the porphyrin and of the fiap C signal. The porphyrin signal is a
superposition of the free-base and of the Ag matadl porphyrin spectral features, and indicates the
presence of both ##PIX and Ag PPIX molecules in the aggregate. Irrevipusly published study
[31] dealing  with the  thermal stability of  another free-base porphyrin,
5,10,15,20-tetrakis(N-methylpyridinium-4-yl) porplei (TMPyP), in strong optical fields, it has been
demonstrated that Ag TMPyP surface species formgdAd metallation of HTMPyP on Ag
nanoparticle surface is prone to decompositionréplgtic C, in contrast to the native FMPyP. On
the basis of this result, we propose tentativebt the graphitic C signal probably originates from
decomposition of Ag PPIX molecules formed ByPIRIX metallation.

SERRS spectra obtained from several dimers and sxggtegates bridged by TAPP molecules
are markedly different for aggregates assembleu fitee citrate-capped Ag NPs in aqueous ambient
and from the penthylamine-capped Ag NPs in orgamdient. In particular, in the former case,
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fluctuating SERRS signal of TAPP molecules has bdetected. The porphyrin molecules are
preserved in the free-base form, and they are prosably attached to Ag NP surface by one or two
amine groups of the peripheral aminophenyl sulesiisj adopting a perpendicular orientation to Ag
NP surface and acting as molecular linkers of Ag.NPn the other hand, in the latter case, only very
strong, fluctuating signal of graphitic C is obssdv A possible explanation stems from the diffeeenc
in the quality of the pre-orienting matrices formég the capping molecules: citrate and/or
penthylamine. Citrate, bidentatelly coordinatedtly carboxylate groups to Ag NP surface, forms a
very efficient pre-orienting matrix (as demonstdagdso in [32]) ensuring adsorption of the porphyri
in the perpendicular orientation with respect to N§ surface ('standing up"). By contrast, the
aliphatic chains of pentylamine molecules are nmsbably twisted and randomly oriented, thus
allowing for re-orientation of porphyrin moleculedo a paralel orientation with Ag NPs surfaceiithe
metallation and decomposition to graphitic C. Hyalt should be emphasized that citrate has been
shown to act as an efficient pre-orienting mataxdther linkers, namely DATP and DAAB.

Time-evolution of SERS signal obtained from the DBMAridged Ag NP dimer shows alternation
of "signal in" and "signal off" periods. The SERgmal is constituted by SERS spectral bands of
DAAB, and its evolution indicates that DAAB moleesldo not decompose in strong optical fields.
On the other hand, time-evolution of SERS signaimfrDATP-bridged small aggregate shows
alternations of DATP and of the graphitic C signmabnsidering the differences between the time-
evolutions of SERS signal from the DAAB-bridged AP dimer and from DATP-bridged Ag NP
aggregate, we have to take into account that, enfdlbmer case, the SERS signal originates from a
single hot spot between the two Ag NPs, while, he tatter case, the SERS signal represents a
superposition of signals obtained from severaldpatts. Nevertheless, observation of strong graphiti
carbon signal indicates decomposition of DATP male@) in at least one of the several hot spots.
Both the molecular structure of DAAB and DATP linkeand the actual structure of Ag NP assembly
(dimer or aggregate) can contribute to their déferpropensity towards decomposition. In the cdse o
the DAAB-bridged dimer, a trans-cis izomerizatidrD®AAB could possibly play a positive role in the
Ag NP-DAAB bond breaking which leads to increasestasthcing of the NPs in the dimer and to a
temporal "switch off" of the strong field which, tarn, can be responsible for DAAB molecule(s)
preservation. By contrast, none of these possédslapplies to the case of DATP-bridged small Ag NP
aggregate, since (i) the DATP linker molecule ggdriand (ii) even in the case of a temporal sige
NP-DATP bond breaking, the remaining hot spoth@adggregate will remain preserved.

5. Conclusions

I.  Methodologies of assembling compact aggregatesrdiand small aggregates of Ag NPs and of
their anchoring to supporting surfaces have be&eldped. The supporting surfaces were either
glass slides or SiO— coated Cu or Au grids for TEM, both chemicallynétionalized by
APTMS. Compact aggregates of Ag NPs were assenainlédP1X molecules were incorporated
into them in a hydrosol system and subsequentgy, tere chemically attached to Nkrminal
groups of APTMS - functionalized Cu grids for TEWhe basic methodology for preparation of
a sample from which SERRS spectra of an adsorbi2@eX) could be obtained by Raman
microspectroscopy from a single compact aggredtte \@sualization of the sample by TEM has
thus been developed. A similar strategy has besroedted for attachment of Ag NP dimers and
small aggregates assembled by a TAPP linker indaolspl system to chemically functionalized,
SiO, coated TEM grids. Ag NP dimers and small aggregatalged by TAPP and assembled
and in a pentylamine — stabilized Ag NP organosetenattached to APTMS — functionalized
glass slides and SEM has been employed for theuralization Finally, the strategy for obtaining
SERS signal of molecular linker from a particulse|ected single dimer and/or small aggregate
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of Ag NPs visualized by TEM has been developed Unyhér substantial refinement of the

procedures elaborated and tested in the previadgest The key points of this refinement were:
1) assembling of dimers and small aggregates by a thetep procedure involving

i) attachment of isolated Ag NPs to the Ngroups of the APTMS functionalized Au finder

TEM grid
i) attachment of molecular linker (with two functiordH, groups in para position) to Ag NPs
by a one terminal Nkgroup

iii) attachment of Ag NPs to the second, free termirdy §roup of the linker
2) Control over the perpendicular orientation of thirctional linker and its attachment by one
terminal group to Ag NP surface has been accongdishy functionalization of Ag NPs by
adsorbed citrate (in the course of the Ag NP hyargeeparation by reduction AgNOby
NasCeHsO7[2H,0O) which acted as the adsorbate pre — orientingixnathe evidence for the
importance of the pre — orienting matrix for a sssgful function of a linker has been provided
already in the study of TAPP bridged dimers andeggies assembled in the sol systems, in which
adsorbed citrate manifested itself to be a sulbsthntbetter pre — orienting matrix than
pentylamine..
3) Control over the resulting dimer (small aggregaeparation from other dimers and small
aggregates by a sufficiently wide spacing of Ag NRshe first step (i) of the three — step
procedure, achieved by dilution and by very sharetof exposure of the derivatized surface to Ag
sol.
4) An unequivocal correspondence between the TEM -ga@maimer (and/or small aggregate)
and the SERS signal obtained from it has been goiisimed by employment of Sproated Au
finder grids for TEM. An accurate establishmentifiasal coordinates of the nanoobject (dimer or
aggregate) with respect to the marks (letter orlnnon the finder grid enabled to find the same
nanoobject both in TEM (for its visualisation) andhe optical microscope which focused exciting
laser beam onto it and enabled to obtain SERS Isigtiae molecular linker from it.

The single molecularly — bridged Ag NP dimer représ an optimal system in which the
single molecule dynamics can be followed via timevelution of the SERS signal of the molecule
linker obtained from it. The advantage of a dimeeroa small aggregate is, that the SERS signal of
the dimer originates from a single hot spot, whitecase of a small aggregate, the SERS signal is a
superposition of molecular dynamic events occurringseveral hot spots. Furthermore, the
molecularly — bridged Ag NP dimer is an exact expental realization of a model system of Ag NP
dimer with a single molecule located in a singlé $pot at the interconnect between the two NPs.
According to the theoretical model calculationsdimmer of Ag NPs with the molecule located
between them is also the most efficient light afigaltion system providing largest enhancement of
SERS by the EM mechanism. Importantly, evaluatibthe temporal fluctuation of SERS signal of
DAAB linker obtained from the DAAB — bridged Ag N&mer shows, that the DAAB linker
“survives” in such extreme by strong optical fi@dhout decomposition.
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