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Oswiadczenie autora rozprawy doktorskiej

Ja, nizej podpisany Mateusz Wrdbel (nr indeksu: 1101055), doktorant Wydziatu
Fizyki, Astronomii Informatyki Stosowanej Uniwersytetu Jagiellonskiego oSwiadczam,
ze przeditozona przeze mnie rozprawa doktorska pt. ,Monowarstwy typu SAM dla
elektroniki molekularnej i organicznej: wptyw grupy wiazacej na stabilno$¢ termiczna
i przewodnictwo elektryczne” jest oryginalna i przedstawia wyniki badan wykonanych
przeze mnie osobiscie, pod kierunkiem prof. dra hab. Piotra Cyganika. Prace napisatem

samodzielnie.

Oswiadczam, ze moja rozprawa doktorska zostala opracowana zgodnie
z Ustawa z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (Dz.U. 1994
nr 24 poz. 83 z pézn. zm) oraz z Ustawa z dnia 20 lipca 2018 r. - Prawo o szkolnictwie
wyzszym i nauce (Dz.U. 2018 poz. 1668), ktéra dopuszcza rozprawe doktorska
przygotowang w formie ,zbioru opublikowanych i powigzanych tematycznie

artykutéw naukowych” [art. 187 ust. 3].

Jestem $wiadom, Ze niezgodno$¢ niniejszego oswiadczenia z prawdg ujawniona
w dowolnym czasie, niezaleznie od skutkéw prawnych wynikajacych z ww. ustawy,

moze spowodowac uniewaznienie stopnia nabytego na podstawie tej rozprawy.

Krakéw, 10.05.2023

mgr Mateusz Wrébel



Forma rozprawy doktorskiej

Niniejsza rozprawa doktorska zostata przygotowana w formie przewodnika po
powigzanych tematycznie artykutach naukowych oraz jednym manuskrypcie
(preprincie), ktore sa zwienczeniem badan prowadzonych w trakcie studiow

doktoranckich autora. Na prace doktorska sktadajg sie nastepujace prace:

[A] M. Wradbel, ]. Ossowski, M. Krawiec, K. Koziet, P. Dabczynski, P. Cyganik
Oscillation in the stability of consecutive chemical bonds at the molecule-metal
interface - the case of ionic bonding (communication)

Physical Chemistry Chemical Physics 21 (2019), 13411-13414
https://doi.org/10.1039/c9cp02061f

[B] M. Wrébel, T. Zaba, E. Sauter, M. Krawiec, . Sobczuk, A. Terfort, M. Zharnikov,
P. Cyganik
Thermally Stable and Highly Conductive SAMs on Ag Substrate — The Impact of
the Anchoring Group
Advanced Electronic Materials 7 (2021), 2000947
https://doi.org/10.1002 /aelm.202000947

[C] M. Wrébel, D. M. Cegietka, A. Asyuda, K. Koziet, M. Zharnikov, P. Cyganik
N-Heterocyclic Carbenes - the Design Concept for Densely Packed and Thermally
Ultra-Stable Aromatic Self-Assembled Monolayers
Preprint na platformie ChemRxiv (2023)
10.26434/chemrxiv-2023-xctsg

Przedruki prac zostaty zestawione w Dodatku A.
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Indywidualny wkilad autora w przedstawiane

publikacje i manuskrypt

W pracy [A] autor odpowiedzialny byt za przygotowanie prébek, wykonanie
pomiaréw metodami IR, XPS i S-SIMS oraz peing analize wynikéw uzyskanych ww.
metodami. Doktorant wykonat réwniez wiekszo$¢ grafik zawartych w publikacji oraz
uczestniczyt w procesie tworzenia manuskryptu. Wkiad autora w powstanie tej pracy
zostat oszacowany na 55%. Jest to zatem wktad wiodacy, co znalazto odzwierciedlenie

w umieszczeniu kandydata jako pierwszego autora ww. publikacji.

W pracy [B] doktorant odpowiedzialny byt za przygotowanie probek,
wykonanie pomiaréw metodami XPS, S-SIMS, TP-SIMS oraz WCA. Autor wykonat
réwniez wiekszo$¢ pomiarow przewodnictwa elektrycznego oraz przeanalizowat
wszystkie dane zebrane ww. technikami. Dodatkowo, autor wykonat wiekszo$¢ grafik
zawartych w publikacji oraz uczestniczyt w procesie tworzenia manuskryptu. Wktad
autora w powstanie tej pracy zostat oszacowany na 40%. Jest to zatem wktad wiodacy,
co znalazto odzwierciedlenie w umieszczeniu kandydata jako pierwszego autora ww.

publikaciji.

W manuskrypcie [C] doktorant byt odpowiedzialny za przygotowanie prébek,
wykonanie pomiaréw technika TP-SIMS, kalkulacje energii powierzchniowych
z pomiaréw CA oraz peing analize danych zebranych ww. technikami. Autor wykonat
réwniez wiekszo$¢ grafik zawartych w publikacji oraz uczestniczyt w procesie
tworzenia manuskryptu. Wkiad autora w powstanie tej pracy zostat oszacowany na
40%. Jest to zatem wktad wiodacy, co znalazto odzwierciedlenie w umieszczeniu

doktoranta jako pierwszego autora ww. publikacji.

Szczegdtowy opis wkiadu pozostatych wspétautoréow zostat zawarty

w o$wiadczeniach, ktére zebrane zostaly w Dodatku B.
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Pozostate publikacje doktoranta

W trakcie studiéw doktoranckich autor rozprawy byt rowniez wspétautorem
ponizszej pracy:

[1] A.Krzykawska, M. Wrdbel, K. Koziet, P. Cyganik
N-Heterocyclic Carbenes for the Self-Assembly of Thin and Highly Insulating
Monolayers with High Quality and Stability
ACS Nano 14 (2020), 6043-6057
https://doi.org/10.1021/acsnano.0c01733
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Wystgpienia konferencyjne

Uzyskane przez doktoranta wyniki badan byty prezentowane na nastepujacych

konferencjach naukowych:

Rok Miejsce Nazwa konferencji Tytut i rodzaj wystgpienia
Wystgpienie ustne:
Molecule-substrate interface stability
2020 Kefar Blum, | BINA Annual Internal | probed by SIMS: Relative stability of S(Se)-
Izrael Conference 2020 Au(111) and S(Se)-Ag(111) bonding in
purely aromatic self - assembled
monolayers.
18t [nternational Wystapienie ustne:
9021 Saloniki, Conference on Highly conductive and thermally stable self-
Grecja Nanoscience & assembled monolayers on silver substrate -
Nanotechnologies the impact of the bonding group
Wystgpienie ustne:
22nd Annual Oscillation in stability of consecutive
Herceg . ,
2021 Novi Conference on chemical bonds in self - assembled
Czarno 'c')ra Materials Science monolayers with carboxylic binding group
5 YUCOMAT Nagrodzone jako najlepsza prezentacja
ustna
23rd Annual Wysthpienie ustne: .
Herceg N-heterocyclic carbenes - the design
_ Conference on
2022 Novi, ) ] concept for densely packed and thermally
Czarnogéra Materials Science ultra-stable aromatic self-assembled
& YUCOMAT
monolayers
IEEE 12th International .
Wystapienie ustne:
i Conference on .
Krakéw, i The Impact of the anchoring group on
2022 Nanomaterials: . , ..
Polska . thermal stability and electrical conductivity
Applications &
_ of self-assembled monolayers
Properties
Plakat:
San Diego, 8t Nano Today Design matters - irllﬂuence of the structure
2023 Stany of N-heterocyclic carbene-based self-
) Conference ) _
Zjednoczone assembled monolayers on their packing
density and thermal stability
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finansowane  przez ~ Narodowa Agencje @ Wymiany  Akademickiej
(BPN/BEK/2022/1/00339):
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organicznych do zastosowan w elektronice molekularnej”

e Stypendysta w ramach Interdyscyplinarnych Studiéw Doktoranckich
,Descartes” 2018-2023 (POWR.03.02.00-00-1013/17-00)
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e Kierownik projektéw finansowanych w ramach projektu SciMat w Programie
Strategicznym Inicjatywa Doskonatosci w Uniwersytecie Jagiellonskim (ID.U]J):

o ,Samoorganizujgce sie monowarstwy organiczne oparte na
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molekularnej.” Konkurs MNS 2020-2021

o ,Czy wiecej znaczy lepiej? Samoorganizujgce sie monowarstwy organiczne
z wielokrotnymi grupami wigzgcymi.” Konkurs MNS 2021-2022

o ,Tripodalne samoorganizujgce sie monowarstwy organiczne jako
wszechstronne platformy do funkcjonalizacji powierzchni metalicznych.”
Konkurs Research Support Module 2022-2023



Zrodta finansowania
Badania, bedace przedmiotem niniejszej rozprawy doktorskiej, byty

wspotfinansowane z nastepujacych zrodet:

e Narodowe Centrum Nauki

o SONATABIS 3 (2013/10/E/ST5/00060)
~Wplyw struktury i stabilnoSci samoorganizujgcych sie monowarstw
organicznych na proces ich przewodnictwa elektrycznego w wielko-
powierzchniowym ztqczu molekularnym”

o OPUS10(2015/19/B/ST5/01636)
,Samoorganizujgce sie monowarstwy organiczne z karboksylowq grupq
czotowq - w kierunku nowego standardu SAM”

o OPUS 16 (2018/31/B/ST5/00057)

.Karbeny jako nowa platforma budowy wysoce uporzgdkowanych
monowarstw organicznych”
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Streszczenie

Rozwoj cywilizacji napedzany jest przez postep technologiczny. W obecnych
czasach zaczynajg by¢ osiggane limity, dobrze ugruntowanej w dziedzinie elektroniki,
technologii krzemowej. Zwiekszanie wydajnoSci procesoréw poprzez zmniejszanie

'».n

wymiarow tranzystoréw (opisywane przez tzw. ,prawo Moore’a”), ograniczane jest
przez problemy zwigzane z kwantowg naturg skali nanometrycznej, mianowicie
pojawianie sie pradéw uplywu, ktére znaczaco zmniejszaja wydajno$¢ uktadow.
Potrzebne jest zatem poszukiwanie alternatywnych koncepcji rozwoju. Obiecujaca
dziedzing jest elektronika organiczna/molekularna, gdzie wykorzystywane s3
pojedyncze czasteczki badZz ich ugrupowania, takie jak samoorganizujgce sie
monowarstwy organiczne (ang. self-assembled monolayers, SAMs). Pomimo (jak na
razie) duzo mniejszej wydajnosci uktadéw organicznych, wykorzystanie ich moze
nieS¢ pewne zalety, takie jak chociazby mozliwo$¢ deekscytacji ze stanow
wzbudzonych réwniez na drodze emisji foton6éw, a nie tylko fononéw (jak dla

materiatléw nieorganicznych). Zwiekszenie udziatu pierwszej S$ciezki mogtoby

zniwelowac problemy z przegrzewaniem sie uktadéw podczas ich pracy.

Samoorganizujgce sie monowarstwy organiczne, dzieki tatwosci formowania,
relatywnie niskim kosztom produkcji oraz teoretycznie nieograniczonej dowolnosci
w konstrukcji czasteczek znalazlty niezwykle szerokie pole zastosowan, od
biotechnologii do elektroniki molekularnej. Efektywne wykorzystanie zwigzkéw
organicznych do elektroniki wymaga jednak optymalizacji struktur przez nie
tworzonych oraz ich wtasciwosci, takich jak stabilno$¢ termiczna i przewodnictwo

elektryczne.

W niniejszej rozprawie podjeto sie zbadania, w jaki spos6b grupa wigzaca
wptywa na strukture energetyczng w nanostrukturach typu SAM, ktéra bezposrednio
przektada sie na witasciwosci tych monowarstw. W pierwszym etapie zbadano
zjawisko oscylacji w energii wigzan chemicznych na interfejsie molekuta - metal
i wykazano, ze ma ono charakter ogo6lny, a mierzony efekt pochodzi z monowarstwy
SAM (czasteczek chemisorbowanych) a nie z czasteczek w stanie niezwigzanym.
Wyniki te postuzyty w kolejnym kroku do racjonalizacji silnego wptywu wyboru grupy
wigzacej na stabilno$¢ termiczng monowarstw, ktéra zwigzana jest z tzw. ,najstabszym

ogniwem”, czyli wigzaniem o najnizszej energii. Pozwolilo to rowniez wyttumaczy¢
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niezalezno$¢ przewodnictwa elektrycznego od sposobu wigzania z podiozem na
drodze redystrybucji gestosci elektronowej w czasteczkach. Do badan wykorzystano
réwniez stosunkowo nowa grupe zwigzkoéw, mianowicie N-heterocykliczne karbeny.
Uzyskane wyniki pozwolity obali¢ powszechng hipoteze o niemozliwosci konstrukcji

gesto upakowanych, ,wertykalnych” warstw z wykorzystaniem matych grup bocznych.

Najwazniejszym wynikiem przeprowadzonych badan jest okreslenie dwoch
typoéw monowarstw SAM charakteryzujacych sie wysoka stabilnoscig termiczng
i odpowiednio dopasowanym przewodnictwem elektrycznym, do zastosowan
w elektronice molekularnej/organicznej, a w szczeg6lnosci w organicznych
tranzystorach polowych. Pierwsza z wytypowanych monowarstw SAM zbudowana
z wykorzystaniem czasteczek naftalenotioli, jest szczegdlnie atrakcyjna w kontekscie
funkcjonalizacji elektrod Zrédia badZz drenu ze wzgledu na jej ponadprzecietnie
wysokie przewodnictwo, ktére minimalizuje op6r kontaktowy na styku metal -
potprzewodnik organiczny. Natomiast drugi uktad, oparty na benzoimidazolu
z metylowymi grupami bocznymi, moze by¢ z powodzeniem wykorzystany do pokry¢
elektrod bramki, gdzie jego niezwykle izolujacy charakter oraz potencjalnie wysoka
stata dielektryczna moga zniwelowaé¢ problemy z niechcianym tunelowaniem pradu

oraz zwiekszy¢ wydajnos$¢ urzadzenia.
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Abstract

The development of civilization is driven by technological progress. Nowadays,
however, we are starting to reach the limits of the well-established silicon technology
in the field of electronics. Increasing the performance of processors by reducing the
dimensions of transistors, described by the so-called "Moore's Law" begins to
encounter problems related to the quantum nature of the nanometer scale, namely the
emergence of leakage currents that significantly reduces the efficiency of the systems.
Therefore, there is a need to search for alternative development concepts. A promising
field is organic/molecular electronics, where single molecules or groups of molecules
such as self-assembled monolayers (SAMs) are used. Despite (so far) much lower
efficiency of organic systems, their use may bring some advantages, such as the
possibility of de-excitation from excited states also by emission of photons, and not
only phonons (as for inorganic materials). Increasing the contribution of the first path

could eliminate problems with overheating of the systems during their operation.

Self-assembled monolayers, thanks to the ease of formation, relatively low
production costs and theoretically unlimited flexibility in the design of the molecules,
have found an extremely wide field of application, from biotechnology to molecular
electronics. However, effective utilizing of organic compounds in electronics requires
optimization of the structures they create and their parameters, such as thermal

stability and electrical conductivity.

In this dissertation, it was studied how the binding group affects the energetic
structure in SAM monolayers, which directly translates into the properties of the
system. In the first stage, the phenomenon of oscillation in the strength of chemical
bonds at the molecule - metal interface was investigated and its general nature was
shown together with the conclusion that the measured effect comes from the SAM layer
(chemisorbed molecules) and not from molecules in the unbound state. These results
were used in the next step to rationalize the strong influence of the choice of the
binding group on the thermal stability of the layers, which is associated with the
so-called the "weakest link", i.e. the bond with the lowest energy. It also allowed to
explain the independence of electrical conductivity from the nature of bonding with
the substrate by redistribution of electron density in molecules. A relatively new group

of compounds, namely N-heterocyclic carbenes, was also used in the research. The
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obtained results allowed to contradict the commonly accepted hypothesis about the
impossibility of constructing densely packed, "vertical" layers with the use of small side

groups.

The most important result of the conducted research is the determination of
two types of SAM monolayers characterized by high thermal stability and properly
adjusted electrical conductivity, for applications in molecular/organic electronics, and
in particular, in organic field-effect transistors. The first of the selected SAM
monolayers, built with the use of naphthalenethiol molecules, is particularly attractive
in the context of functionalization of the source or drain electrodes due to its above-
average conductivity, which minimizes the contact resistance at the metal/organic
semiconductor interface. The second system, based on benzimidazole with methyl side
groups, can be successfully used to cover the gate electrodes, where it's extremely
insulating nature and potentially high dielectric constant can eliminate the problems

with unwanted current tunneling and increase the efficiency of the device.
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1. Wprowadzenie

1.1. Tranzystor i uktady scalone

Jednym z wazniejszych kamieni milowych w rozwoju cywilizacji ludzkiej byto
wynalezienie tranzystora. Koncept i zasada dziatania zostaty opisane juz w 1926 roku
przez Juliusa Edgara Lilienfeld’a,! jednak pierwsze dziatajgce urzadzenie powstato
dopiero w 1947 roku.?2 Dokonato tego trzech naukowcow z Bell Labs (USA), mianowicie
John Bardeen, Walter Brattain oraz William Shockley,? za co w 1956 roku dostali
Nagrode Nobla z fizyki.# W 1958 roku Jack Kilby z Texas Instruments (USA) oraz Robert
Noyce z Fairchild Semiconductor niezaleznie przyczynili sie do stworzenia pierwszych
uktadéw scalonych®> (Kilby w 1959 roku opatentowat swo6j wynalazek,® natomiast
w 2000 roku dostat Nagrode Nobla z fizyki za to odkrycie?). Te dwa wynalazki
(tranzystor i uktad scalony) przyczynily sie w znacznym stopniu do rozwoju
technologicznego i umozliwity chociazby ladowanie na Ksiezycu. Tak naprawde ciezko
wyobrazi¢ sobie wspoétczesne zycie bez komputeréw, telefonéw komérkowych oraz
wielu innych uzytecznych urzadzen, ktére nie mogtyby bez nich powstac. Przez te
wszystkie lata, ktére uptynety od ich wynalezienia, tranzystory, a razem z nimi
tworzone przez nie uktady scalone przeszty wielkg ewolucje, lub wrecz rewolucje - od
pierwszych tranzystorow o wielko$ci rzedu centymetréw, do aktualnie
wykorzystywanych, w ktorych szerokosci bramki jest na poziomie kilku nanometréw,
co pozwala upakowa¢ miliardy tych urzadzen w jednym procesorze. Ten ogromny
postep w technologii produkcji opisywany jest przez tzw. ,prawo Moore’a”, ktére
opisuje zalezno$¢ podwajania gestosci upakowania tranzystoré6w na jednostke
powierzchni co okoto dwa lata.8 W $cistym sensie nie jest to ,prawo” a raczej
obserwacja, ktéra dla przemystu pétprzewodnikowego byta inspiracja do ustalania
dtugoterminowych planéw miniaturyzacji, przez co nabrala znamiona
samospelniajgcej sie przepowiedni, a zarazem zaczeta by¢ uwazana jako ,prawo”.
Warto réwniez wspomnie¢ o ,drugim prawie Moore’a”, ktére okresla, ze wraz

z postepujaca miniaturyzacja koszty produkcji wzrastajg ekspotencjalnie.?

Przemyst elektroniczny przez wiele lat byt, i w dalszym ciggu jest, zdominowany
przez materiaty nieorganiczne. We wczesnych latach dominowat german,1011 jednak
ze wzgledu na skomplikowany i kosztowny proces jego oczyszczania oraz ograniczong

stabilno$¢ temperaturowa nalezato znalez¢ zamiennik. Potencjalnym kandydatem byt



krzem, ktory poczatkowo byl mato wydajny, gtéwnie przez limitowane stanami
powierzchniowymi przewodnictwo elektryczne.l? Przelom nastgpit wraz
z mozliwo$cig pasywacji powierzchni krzemu przez jego tlenek (SiOz), co pozwolito na

gigantyczny przeskok technologiczny.!3

1.2.0graniczenia technologiczne

Jak dotad w przemysle wcigz wykorzystywane sg coraz to nowsze i lepsze
materiaty nieorganiczne oraz udoskonalana jest technologia litograficzna niezbedna
do wytwarzania procesordéw tak, aby dalej miniaturyzowac $wiat tranzystoréw.
Miniaturyzacja ta nie moze jednak by¢ kontynuowana w nieskonczonos$¢. W obecnych
czasach zaczynaja by¢ osiggane granice, ktorych przekroczenie wydaje sie by¢ nie do
pokonania. Wkraczajgc do ,nano$wiata”, pojawiajg sie przeszkody immanentnie
zwigzane z samg naturg jego skali, mianowicie efekty kwantowe. Zmniejszanie
rozmiar6w materiatdw zwigzane jest ze zmiang struktury elektronowej, mianowicie
przejSciem ze struktury pasmowej do dyskretnych pozioméw energetycznych.
W zwigzku z tym projektujagc nowe materiaty, nalezy zmierzy¢ sie z ta odmienng natura
,nanoswiata”, co mozna réwniez wykorzysta¢ do stworzenia nowego rodzaju
urzadzen, np. elektromechanicznych tranzystoréw opartych na fulerenach# lub na

transmisji pojedynczych elektronéw tzw. ,single electron transistors” (SET).1>

W tradycyjnej elektronice miniaturyzacja w skali nanometrycznej generuje
jednak kilka istonych probleméw z ktorych gléwnym jest zmniejszanie grubosci
warstwy dielektrycznej separujgcej elektrode bramki od elektrod Zrédta i drenu, co nie
tylko zmniejsza wymiary tranzystora, ale przede wszystkim przyczynia sie do wzrostu
jego wydajnosci poprzez zwiekszanie pojemnosci elektrycznej powstajacego ziacza.
Ponizej pewnej grubosci takiej warstwy pojawia sie efekt kwantowego tunelowania
pradu elektrycznego, ktéry powoduje powstanie tzw. pradu uptywu.? Jezeli natezenie
tego pradu bedzie poréwnywalne z natezeniami pozostatych pradéw ptynacych
w uktadzie, doprowadzi to do powaznych probleméw oraz znaczacego spadku
wydajnosci.? Aby zwiekszy¢ pojemnos¢ przy jednoczesnym zachowaniu ,bezpiecznej”
grubosci (przy ktorej efekt tunelowania tadunku jest znikomy), nalezy zwiekszy¢ statg
dielektryczng uzytego materiatu. W obecnych tranzystorach pierwotnie
wykorzystywana w tym celu warstwa tlenku krzemu zostata wyparta przez tak zwane
materiaty z wysoka stata dielektryczng k16-19 ( ang. high-x materials), takich jak np.
tlenek hafnu, Hf0;2021 Jednak proby dalszego ,upychania” wiekszej liczby
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tranzystorow na jednostke powierzchni i zwiekszania ich wydajno$ci mogg sprawig, ze
zabraknie mozliwych do wykorzystania materiatow (osiggniety zostanie limit statej

dielektrycznej) i tunelowanie pradu bedzie nie do pominiecia.

Drugim powaznym problemem miniaturyzacji uktadéw scalonych jest ciepto.
Praca procesora zwigzana jest ze wzbudzaniem stanéw elektronowych krzemu (lub
jego pochodnych/zamiennikéw), ktére moga relaksowac jedynie poprzez emisje
fononoéw, czyli drgan sieci krystalicznej. Problemy z dyssypacja ciepta prowadza do
rozgrzewania sie materiatu. Uniemozliwia to zwiekszanie wydajnoSci poprzez
zwiekszenie czestotliwos$ci taktowania procesora, gdyz skutkuje to wzmozona emisjg
fononéw, a zarazem wiekszg produkcja ciepta. Generuje to problemy z jego
odprowadzaniem oraz ze stabilnoScig termiczng uzytych materiatéw, zaréwno samag
integralnosciag pojedynczych elementéw, jak i mozliwej dyfuzji materiatow w giab
struktur, prowadzacej do tworzenia zwar¢ i awarii uktadéw. Rozwigzaniem
powyzszych probleméw moze by¢ zaimplementowanie powstatej w latach
siedemdziesigtych XX wieku idei oparcia elektroniki na pojedynczych czasteczkach
chemicznych (badZ na ich konglomeratach) - czyli zastosowanie tzw. elektroniki

molekularne;j.

1.3.Elektronika molekularna i organiczna

Istnieje kilka fundamentalnych zalet wykorzystania wytworéw chemii
organicznej do stworzenia ,organicznych” uktadéw scalonych. Pierwsza z nich jest
rozmiar elementéw budulcowych, ktory dla typowych czasteczek organicznych jest
rzedu nanometra. Przektada sie to w prosty sposob na wzrost gestosSci elementéw na
jednostke powierzchni, czyli dalszg miniaturyzacje uktadéw. Kolejng zaletg, niemniej
wazng, jest posiadanie przez kazda czasteczke najwyzszego obsadzonego orbitalu
molekularnego (HOMO, z ang. Highest Occupied Molecular Orbital) i najnizszego
nieobsadzonego orbitalu molekularnego (LUMO, z ang. Lowest Unoccupied Molecular
Orbital) oraz zwigzanej z nimi przerwy energetycznej. Mozna je przyréwnac¢ do
struktury elektronowej tradycyjnych, nieorganicznych potprzewodnikéw, w ktérych
mamy do czynienia odpowiednio z pasmem walencyjnym, pasmem przewodnictwa
oraz pasmem wzbronionym. Orbitale HOMO i LUMO s3g zatem (a dokladniej ich
potozenie na skali energetycznej) bezposrednio odpowiedzialne za wtasciwosci
transporotowe tadunkoéw elektrycznych w czasteczkach organicznych. Jako ze

struktura elektronowa czasteczek wynika z ich budowy chemicznej, mozemy wiec
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w teoretycznie nieograniczony sposdb modyfikowac¢ jg i wptywa¢ na transport
tadunkéw poprzez modyfikacje szkieletu czasteczek badz tez przez wprowadzenie
odpowiednich podstawnikéw - zaréwno elektronodonorowych (np. grupa aminowa),
jak i elektronoakceptorowych (np. grupa nitrylowa). W kontekscie aplikacyjnym
nieoceniong zaleta staje sie réwniez stosunkowo tatwa synteza wymaganych
zwigzkdéw na skale przemystows, co efektywnie moze w znaczgcy sposéb obnizy¢
koszty produkcji uktadéw scalonych. Ostatnim punktem na liscie zalet jest potencjalne
rozwigzanie probleméw z przegrzewaniem sie uktadéw. Tradycyjne uktady, jak
wspomniano wcze$niej, moga dyssypowac energie jedynie poprzez fonony. Natomiast
molekuty organiczne moga posiada¢ dodatkowy ,kanal” dyssypacji - poprzez
fotony.2223 Jezeli uda sie zmaksymalizowa¢ udziat tej Sciezki deekscytacji, to
urzadzenia oparte na elektronice molekularnej beda posiadaty nieodiaczng praktyczng

zalete w poréwnaniu z ich , krzemowymi” odpowiednikami.?2.24

Poczatek elektroniki molekularnej zazwyczaj przypisuje sie pracy Aviram’a
i Ratner’a z 1974,25 w ktorej zaproponowali teoretyczne modele dwoch czasteczek
wykazujacych rektyfikacje, czyli zachowanie diody jako elementu obwodu
elektrycznego (przewodzenie pradu w jedng strone i znaczacy opor elektryczny przy
odwrotnej polaryzacji). Czasteczki takie moglyby zatem potencjalnie zostac
wykorzystane do konstrukcji uktadu scalonego, w ktérym elementy wykazujace
rektyfikacje sa niezbedne. Pierwsze doniesienia dotyczace przewodnictwa zwigzkow
organicznych powstaty juz w 1971 roku, gdy Hans Kuhn i Bernhard Mann opublikowali
prace26 opisujaca przewodnictwo soli kadmowych wyzszych kwaséw karboksylowych
o roznej dtugosci taficucha alifatycznego. Ich wyniki wykazaty ekspotencjalny spadek
pradu wraz ze wzrastajaca dtugoscig badanych czasteczek, co wskazywato na to, ze
transport tadunkéw w takim uktadzie zachodzi na Sciezce tunelowania. Badania te
zostaly w kolejnych latach rozszerzone przez Polymeropoulos’a i Sagiv’a,?728 ktérzy
jako pierwsi rozwineli strategie tworzenia struktur molekularnych, w ktérych
czasteczki organiczne sa zwigzane z podtozem silnym wigzaniem (poprzez
chemisorpcje), a nie tak jak poprzednio,?® z wykorzystaniem sit dyspersyjnych
(fizysorpcja). W 1984 roku Sagiv jako pierwszy nazwat takie struktury
samoorganizujgcymi sie monowarstwami organicznymi (z ang. self-assembled

monolayers, SAMs).2°



1.4.Samoorganizujace sie monowarstwy organiczne

Zycie, w kazdej z jego form, istnieje dzieki samoorganizacji. DNA (RNA), biatka,
btony komérkowe powstaja w organizmach zywych z prostych elementow
budulcowych, ktére w sposéb spontaniczny zostaja ztozone w skomplikowane
systemy, potrafigce uzyska¢ samoswiadomo$¢. Nie powinno dziwi¢ zatem duze
zainteresowanie $wiata nauki samoorganizacja i proby jej nasladowania. Niestety, sg
to dopiero poczatkowe etapy odkrywania tajemnic powstania Zycia - naukowcy
zajmujg sie tym tematem zaledwie od kilkudziesieciu lat, podczas gdy natura miata na
wytworzenie struktur, tak wspaniatych jak mézg, miliony lat na drodze ewolucji.
Mozemy jednak zaimplementowac¢ ogdlne zasady samoorganizacji do wiasnych celéw
i tworzy¢ uzyteczne uktady. Jednym z takich sg samoorganizujgce sie monowarstwy
organiczne (SAM).30-36 S3 to cienkie warstwy organiczne, o grubosci réwnej doktadnie
pojedynczej warstwie czasteczek organicznych, czyli rzedu 1-3 nm. Czasteczki te sg
trwale zwigzane z podlozem (chemisorbowane) i na drodze spontanicznej
samoorganizacji ~ (minimalizacji  energii = zwigzanej z  oddziatywaniami
miedzyczasteczkowymi) tworza uporzadkowane, semikrystaliczne domeny. Typowo,
w budowie monowarstw typu SAM, wyrdznia sie trzy zasadnicze elementy budulcowe
(Rysunek 1): i) grupe wigzaca (czotowq), ktéra odpowiada za tworzenie wigzania
chemicznego z substratem, ii) kregostup weglowodorowy, ktéry w gtéwnej mierze
odpowiada za oddziatywania miedzymolekularne oraz iii) grupe funkcyjna
(terminalng), ktora definiuje interfejs warstwa - otoczenie, a zarazem jego
wtasciwosci, takie jak np. energia powierzchniowa (zwilzalnos¢).3” Podlozem dla
takich monowarstw moze by¢ wirtualnie kazda powierzchnia - wystarczy znalez¢
grupe czotowg zdolng wytworzy¢ z takim podtozem wigzanie chemiczne. Historycznie
pierwszym wykorzystanym podtozem byto szkto3® i mimo pdZniejszego duzego
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Rysunek 1. Schemat budowy samoorganizujgcych sie monowarstw organicznych.



zainteresowania podtozami z grupy krzemu i jego tlenkdw,3°-42 nie sa one uwazane za
archetypowe w odniesieniu do monowarstw SAM. Za takowe uwazane jest
ztoto,3032333743 ktére w praktyce jest najpopularniejszym typem podioza, razem
z innymi metalami (pét)szlachetnymi, takimi jak srebro,*+-46 miedz,47-4° czy platyna.>0-
52 Warto réwniez zaznaczy¢, ze monowarstwy te moga by¢ rowniez tworzone na
podtozach izolujacych (jak mika®354), a nawet ptynnych (na kroplach rteci>354).
Natomiast, jezeli chodzi o najczesciej wykorzystywang grupe wigzacg, to niezmiennie
od wielu lat jest nig siarka, a zwigzki ja zawierajace nazywamy tiolami®®
(w starszej nomenklaturze klase tych zwigzkow nazywano merkaptanami, od
tacinskiego mercurium captans = wiazacy rtec).>> Mimo ich niezwyktej popularnosci
i posiadania statusu monowarstw modelowych32333637 (w  szczegdlnosci
w odniesieniu do alifatycznych tioli na powierzchni ztota), majg one kilka zasadniczych
wad, takich jak chociazby ich won (najprostszym tiolem jest siarkowoddr) czy tatwe
utlenianie do disiarczkéw. Dlatego tez duzy nacisk w dziedzinie badan nad
monowarstwami SAM kladziony jest na poszukiwanie alternatywnych grup
czotlowych. Obecnie obiecujgcymi kandydatami sg np. selenole,**5657 terminalne

alkyny,58-60 czy tez N-heterocykliczne karbeny.61-63

Spos6b, w jaki monowarstwy SAM s3 przygotowywane, a w zasadzie jego
prostota, to jedna z najwiekszych zalet tych uktadéw. Caty proces wymaga jedynie
zanurzenia wybranego podtoza w roztworze czasteczek z odpowiednig grupa wigzaca
(lub wystawienia podtoza na dziatanie par zwigzku tworzacego monowarstwy
w warunkach prézniowych) i odczekania od kilku minut do kilkunastu godzin. W tym
czasie zachodzi, w spos6b samoistny, chemisorpcja (praktycznie natychmiast) oraz
samoorganizacja czasteczek na powierzchni (w czasie od kilku minut do kilkunastu
godzin), tworzgc wysoce uporzgdkowane cienkie monowarstwy organiczne bez
ingerencji czynnikow zewnetrznych. Sam proces samoorganizacji jest bardzo
skomplikowany, mozna jednak wyszczego6lni¢ najwazniejsze czynniki wptywajace na
niego i determinujace koncowg strukture i sposéb uporzadkowania monowarstwy. Sg
to gléwnie grupa wigzaca, predefiniujgca orientacje czasteczek na powierzchni (kat
wigzania P-X-R, gdzie P-podioze, X-grupa wigzaca oraz R-reszta czasteczki) oraz
oddziatywania pomiedzy poszczegdlnymi czasteczkami (najczeSciej oddziatywania
typu Van der Waalsa), ktérych minimalizacja prowadzi do stabilizacji struktury

i wytworzenia uporzadkowanych domen.



1.5.Zastosowania monowarstw SAM

Mozna wyr6zni¢ trzy wiodgce Kkierunki badan nad zastosowaniami
samoorganizujagcych sie monowarstw, a mianowicie biotechnologie>264-66
(biofunkcjonalizacje = powierzchni),  nanotechnologie3367  (nanostrukturyzacje
powierzchni) oraz elektronike molekularng/organiczna.®®-’% Jednak poza ww.
skomplikowanymi zastosowaniami, istnieje rownieZz jedno, najbardziej elementarne
z nich - poprzez wysokie powinowactwo czasteczek do podloza sg one w stanie
,wyczysci¢” je z adsorbatéw, a nastepnie zabezpieczy¢ przed ponownym osadzaniem
zanieczyszczen, np. poprzez wprowadzenie grup hydrofobowych.”172 Moga one
réwniez zabezpiecza¢ ,wrazliwe” substraty, takie jak np. srebro czy miedz, przed

oksydacja poza bezpiecznym Srodowiskiem (ultra)wysokiej prézni.+”.73

1.5.1.Biotechnologia

Kazdy biomateriat, taki jak np. implant, po umieszczeniu w ciele pacjenta
zaczyna oddziatywac z ptynami ustrojowymi. Rodzaj i charakter tego oddziatywania
w gtéwnej mierze zalezy od wtasciwosci powierzchniowych, nie ,objetosciowych”,
uzytego materiatu,%* gdyz to wiasnie tam zachodzi cata interakcja materii oZywionej
z nieozywiong. Dlatego tez kontrola tego interfejsu jest Kkluczowa podczas
projektowania nowych materiatéw. Jednym z gtéwnych powodéw koniecznosci
modulowania wtasciwosci powierzchniowych jest zapobieganie tzw. niespecyficzne;j
adsorpcji (ang. non-specific adsorption) biomolekul, ktéra moze prowadzi¢ do
zbytniego osadzania sie materiatu (tzw. biofouling), a w konsekwencji prowadzi¢ do
uszkodzenia materiatu (np. korozji).68-70 Ze wzgledu na silne wigzanie z podtozem oraz
tatwo$¢ modyfikacji eksponowanej do otoczenia powierzchni, monowarstwy typu SAM
s3 obiecujacymi kandydatami do stosowania w tego typu materiatach,®* gdzie moga
stuzy¢ zaré6wno do  wybidrczej (kontrolowanej) adhezji  konkretnych
biatek/komorek,’4jaki spetniac¢ role inhibiotoréw.”>76 Zdolno$¢ wybidérczego wigzania
okreslonych rodzajéw biomolekul nakresla réwniez inny obszar zastosowania

monowarstw SAM, mianowicie wykorzystanie ich jako biosensory.”7-81



1.5.2.Nanotechnologia

Sukces monowarstw SAM w duzej mierze opiera sie na mozliwosci
wykorzystania ich do tworzenia micro- oraz nanostruktur, uporzagdkowanych na wielu
poziomach skali rozmiaréw. Z uwagi na niewielkg grubo$¢ i stosunkowo duza
stabilno$¢ chemiczng monowarstwy SAM moga by¢ wykorzystywane jako ultra cienkie
pokrycia rezystywne w litografii elektronowej lub optycznej, zapewniajac
w przypadku pierwszej osiggniecie rozdzielczo$ci na poziomie nanometrycznym.8?
Techniki te sa jednak stosunkowo drogie, dlatego znacznie bardziej przetomowe
okazalo sie wynalezienie nowych technik litograficznych, ktére bazuja na
wykorzystaniu opisywanych nanostruktur organicznych. Przykladem jest tutaj
technika tzw. druku mikrokontaktowego (ang, micro-contact printing) zaproponowana
w latach dziewieédziesigtych XX wieku przez grupe prof. Whitesides’a z Uniwersytetu
Harvarda.83-85 W  technice tej wyKkorzystuje sie pieczatki wykonane
z poli(dimetylosiloksanu) (PDMS), otrzymane poprzez przeniesienie na nie wzoru
wytworzonego w tradycyjnym procesie fotolitograficznym. W celu przeniesienia
wzoru taka pieczatke zanurza sie w roztworze czasteczek zdolnych formowac
monowarstwy SAM, a nastepnie ,odbija” sie wz6r na wybranym podtozu. W trakcie
krétkiego kontaktu stempla z substratem nastepuje transfer czasteczek na
powierzchnie oraz ich chemisorpcja jedynie w miejscu kontaktu. Pozwala to tworzy¢
skomplikowane wzory o wymiarach sub-mikrometrowych w bardzo tani (szczegdélnie
w porownaniu z fotolitografig) i powtarzalny spos6b. Pewng wariacja tej techniki jest
tzw. , dip-pen” nanolitography, w ktorej czasteczki przenoszone s z ostrza mikroskopu
sit atomowych (AFM) na podloze przez menisk rozpuszczalnika,®6-88 co przypomina
rysowanie wzoréw dilugopisem. Warta wspomnienia technikg jest réwniez tzw.
konstruktywna nanolitografia® (ang. constructive nanolithography), ktéra opiera sie
na lokalnej modyfikacji grupy funkcyjnej w monowarstwach SAM za pomoca np. ostrza

AFM, umozliwiajgc adsorpcje kolejnej warstwy jedynie na zmienionych obszarach.

1.5.3.Elektronika molekularna/organiczna

Modelowym uktadem elektroniki opartej na czasteczkach organicznych
(zarowno matych, tworzacych monowarstwy SAM, jak i duzych, polimerach) jest
organiczny tranzystor polowy (ang. organic field-effect transistor, OFET). Gtéwna
roznica w stosunku do nieorganicznego analogu jest zastosowanie organicznego

potprzewodnika, w formie polimeréw,”0-92 krysztatéw acenow?3°# lub opisywanych



monowarstw organicznych (SAMFET),%>2¢ w ktérym zachodzi transport tadunkéw od
elektrody zrodta do drenu. Na prace tego urzadzenia (poza samym wyborem
potprzewodnika organicznego) maja najwiekszy wptyw dwa kontakty: pomiedzy
potprzewodnikiem organicznym a elektrodq bramki (a dokladniej warstwag

dielektryczng na bramce) oraz elektrodami Zrédta/drenu.?7.98

1.5.3.1. Funkcjonalizacja elektrod zrodita/drenu

Jednym z gtéwnych zastosowan monowarstw SAM w elektronice organicznej
jest modyfikacja elektrod Zrdédia oraz drenu. To wtasnie te potaczenia metalowej
elektrody z materiatem organicznym w gtéwnej mierze wptywaja na wydajnos¢ pracy
tranzystora, gdyz odpowiedzialne sg one za wstrzykiwanie/odbieranie tadunkéw
elektrycznych do/z obszaru kanatu.?® Kontakt elektroda/po6tprzewodnik organiczny
mozna opisa¢ jako ztacze Schottky’ego, w ktérym bariera energetyczna wynika
z roznicy pomiedzy praca wyjscia metalu elektrody oraz poziomem HOMO badZ LUMO
poiprzewodnika (w =zaleznosci od typu nosnika tj. odpowiednio dziur badz
elektronow).?® Efektywny transport tadunku zachodzi natomiast dla zlacza typu
omowego,190 dlatego tez w celu maksymalizacji wydajnoSci urzadzenia nalezy
zminimalizowaé bariere energetyczng wynikajaca ze ztacza Schottky’ego.
Wprowadzanie do takiego ztgcza monowarstwy SAM, ktora tworzy na powierzchni
metalu warstwe dipolowg, pozwala (poprzez skok potencjatu w wyniku powstania
warstwy dipolowej) na zmniejszenie wysokosci bariery i w efekcie dopasowanie
poziomu energii Fermiego metalu do poziomé6w HOMO badZ LUMO poétprzewodnika
organicznego.101-104  Polgczenie  teoretycznie  nieograniczonej = dowolnoSci
projektowania struktury czgsteczek oraz szerokiej gamy dostepnych grup funkcyjnych
pozwala na modyfikacje wielkoSci oraz orientacji warstwy dipolowej tworzonej przez
monowarstwy SAM zapewniajagc w ten spos6b optymalne dopasowanie struktury
energetycznej ztacza. Ponadto te same monowarstwy SAM w tym ztaczu pozwalaja
poprawi¢ zwilzalno$¢ elektrod przez materiat organicznego potprzewodnika,
zwiekszajac w ten sposéb zaréwno efektywng powierzchnie kontaktu, jak i stopien
uporzgdkowania struktury potprzewodnika organicznego, a przez to ruchliwos¢

nosnikow.



1.5.3.2. Funkcjonalizacja elektrody bramki

Ladunki elektryczne w kanale pomiedzy Zrédtem a drenem s3 zlokalizowane
w obszarze kilku nanometréw od warstwy dielektrycznej, 105 zatem jej wiasciwosci
maja zasadniczy wplyw na prace catego urzadzenia. Zastosowanie monowarstw SAM
do funkcjonalizacji tej elektrody moze poprawi¢ stopien kontroli interfejsu, a tym
samym zwiekszy¢ nie tylko powtarzalnos$¢ produkcji urzadzen, ale rowniez poprawic
ich parametry. Na powierzchni tlenku krzemu, najcze$ciej wykorzystywanego
dielektryka, pod wptywem wilgoci zachodza reakcje chemiczne, ktére powoduja
spadek wydajnos$ci urzadzenia.l9¢ Wprowadzenie warstwy ochronnej moze ograniczy¢
reaktywno$¢ powierzchni.l%? Morfologia warstwy poétprzewodnika organicznego,
w tym rozmiar krystalitow oraz orientacja czasteczek, zalezy w duzym stopniu od
energii powierzchniowej oraz szorstkosci podtoza, na ktorej nastepuje depozycja. Jako
ze warstwy SAM majq wptyw na oba te parametry, moga z powodzeniem stuzy¢ takze

do funkcjonalizacji interfejsu dielektryk/po6tprzewodnik.108109

1.5.3.3. Monowarstwy SAM w roli dielektryka

Tak jak wspomniano we wstepie, dalsze zwiekszanie mocy obliczeniowych
procesoré6w wymaga stosowania materialéw z wysoka stalg dielektryczng, badz
pomniejszenia grubo$ci tej warstwy. Druga opcja jest problematyczna ze wzgledu na
zwiekszajacy sie prad uptywu. Okazuje sie jednak, ze zastosowanie monowarstw SAM
na bardzo cienkiej, natywnej (~1 nm) warstwie tlenku krzemu (typowego dielektryka)
pozwala znaczaco ograniczy¢ ten negatywny efekt, redukujac go o 4-5 rzedéw
wielkosci (odpowiednik zastosowania tlenku krzemu o grubos$ci bedacej przynajmnie;j
dwukrotnos$cig grubosci monowarstwy SAM).110 To pionierskie podejscie otworzyto
nowg droge w dziedzinie zastosowan monowarstw SAM jako warstw

dielektrycznych.111-115

1.5.3.4. Monowarstwy SAM jako element aktywny

Jezeli w konstrukcji czgsteczek tworzacych monowarstwy SAM wykorzystamy
struktury aromatyczne posiadajace zdelokalizowane elektrony typu m, ktére na drodze
miedzyczasteczkowego transferu tadunkéw w ptaszczyznie rownolegtej do podtoza
zdolne sg do przewodzenia pradu, mozliwe jest stworzenie organicznego tranzystora
polowego opartego na samoorganizujgcych sie monowarstwach (ang. self-assembled
monolayer  field-effect  transistor, ~SAMFET).>%  Zazwyczaj, jako grupy

,pOiprzewodzace”, wykorzystuje sie aceny,'1® perylen,!17.118 tiofeny,119120 czy tez
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fulereny Ce0121122 W stosunku do ,zwyklych” tranzystoréw OFET, w SAMFET
homogeniczno$¢ oraz grubo$¢ warstwy pétprzewodnika organicznego sa w Scisty
sposéb kontrolowane przez proces samoorganizacji, co pozwala na wyeliminowanie
lub znaczne ograniczenie granic miedzydomenowych, gtdwnych defektéw

potprzewodnikéw organicznych obnizajacych ruchliwos$é nosnikow.

1.5.4.Uniwersalno$¢ monowarstw SAM

Monowarstwy SAM na przestrzeni kilkudziesieciu lat, od ich ,ponownego”
odkrycia w latach siedemdziesigtych oraz osiemdziesigtych XX wieku, przeszty
ogromng (r)ewolucje. Od bycia modelowym uktadem funkcjonalizacji powierzchni
materiatéw i badania roéznorakich fenomendéw, zaréwno fizycznych, jak
i (bio)chemicznych, jakie moga na tej powierzchni zachodzi¢, do funkcjonujgcych
urzadzen typu biosensoréw oraz tranzystoréw polowych opartych w catosci o te ultra
cienkie struktury organiczne. Ich wszechstronno$¢ zostata doceniona, poskromiona
oraz wykorzystana przez S$rodowisko naukowe, poruszajagc tryby rozwoju
technologicznego. Jak przedstawiono powyzej, jednym z najbardziej obiecujacych
obszaréw zastosowan jest elektronika molekularna. Monowarstwy SAM z wielkim
sukcesem mogg by¢ wykorzystwane w modyfikacjach urzadzen OFET,123 organicznych
diod $wiecacych!?4 (ang. organic light emitting diodes, OLED) oraz urzadzen
fotowoltaicznych!25 (ang. organic photovoltaic devices, OPV) w celu zwiekszenia ich
wydajnosci i zmniejszenia kosztéw produkcji. W zaleznos$ci od budowy samych
czasteczek podlegajacych procesowi samoorganizacji, mozna je wykorzysta¢ do
modyfikacji pracy wyjscia elektrod Zrdédita/drenu, wpltywania na morfologie
i stopien uporzadkowania warstwy pdiprzewodnika organicznego, zwiekszenia
pojemnosci kontaktu bramka - pétprzewodnik lub, ad extremum, jako pétprzewodnik
organiczny i warstwa dielektryczna jednoczes$nie. Reprezentacje ww. zastosowan

zilustrowano na Rysunku 2.

e

a) b) c) d)
e W I e o

N = monowarstwa SAM I = potprzewodnik organiczny

Rysunek 2. Przyktadowe obszary zastosowan monowarstw SAM w tranzystorze OFET: a)
pokrycie elektrod zrodta i drenu, b) pokrycie elektrody bramki (warstwy dielektrycznej), c)
jako warstwy dielektryczne, d) warstwy SAM jako element aktywny (pdtprzewodnik), e)
tranzystor typu SAMFET.
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1.6. Wyzwania dla elektroniki molekularnej i organicznej
Istnieje réwniez, mimo szeroko opisanych powyzej zalet, kilka gléwnych
probleméw, ktore opodzniaja komercyjne zastosowania. Pierwszym z nich jest
powtarzalno$¢ wytwarzanych urzadzen.'?612? W poréwnaniu do potprzewodnikow
nieorganicznych, wytwarzanych na masowg skale od dziesiecioleci, poétprzewodniki
organiczne sg nadal, w wiekszoSci, domeng skali laboratoryjnej. Nawet mate zmiany
otoczenia, takie jak np. fluktuacja wilgotnoSci czy temperatury, mogg mie¢ wplyw na
koncowe parametry wytwarzanych urzadzen.'2¢ Materiaty organiczne narazone sg na
degradacje, powodujaca spadek wydajnosci lub kompletny zanik funkcjonalnosci.
Problemem moze by¢ réwniez zakres pragdow, w jakich pracujg modelowe ztgcza, ktéry
dla warstw ,izolujacych” jest zazwyczaj na poziomie nanoamperéw, co wptywa
niekorzystnie na czuto$¢ pomiaréw na czynniki zewnetrzne (np. wilgo¢).126 Sam
pomiar przewodnictwa takich warstw jest skomplikowany i moze skutkowac¢ r6znymi
wynikami w zalezno$ci od uzytej techniki (gérnej elektrody).128-130 Kolejnym
zagadnieniem jest stabilno$¢ termiczna. W urzadzeniach nanometrycznych duzym
wyzwaniem jest zagadnienie transportu ciepta na styku czgsteczka/podtoze.
Ze wzgledu na niedopasowanie gestosci pozioméw wibracyjnych czesci nieorganicznej
oraz organicznej, przewodnictwo cieplne jest zazwyczaj na niskim poziomie, co
prowadzi do probleméw z przegrzewaniem sie pracujacego ztacza elektrycznego.131-
133 Powyzsze ograniczenia muszg zatem zosta¢ rozwigzane przed przystapieniem do
wdrazania konkretnych uktadéw do produkcji seryjnej, co pozostawia nam, jako

naukowcom, bardzo szerokie ,pole do popisu” oraz ogromng ilo$¢ pracy.

1.7.Wplyw wlasciwosci monowarstw na ich potencjalne

zastosowania

Potencjat aplikacyjny monowarstw SAM, w szczegdlnosci w Kkontekscie
elektroniki molekularnej/organicznej, silnie zalezy od nastepujacych parametréw:
i) uporzadkowania monowarstw i Kkoncentracji defektéow; ii) przewodnictwa
elektrycznego; iii) stabilnoSci termicznej. Znaczaca jest réwniez mozliwos¢
wprowadzania grup funkcyjnych pozwalajacych na kontrole pracy wyjscia elektrody,
jednakze dzieki szerokiej gamie metod chemii organicznej w wiekszosci wypadkow

grupy takie z powodzeniem mozna inkorporowac¢ w strukture szkieletu monowarstw
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SAM. Podstawowym krokiem w poszukiwaniu odpowiednich monowarstw SAM

powinna by¢ zatem optymalizacja pierwszych trzech z przytoczonych wtasciwosci.

1.7.1.Uporzadkowanie monowarstwy

Stopien uporzadkowania wykazuje charakter elementarny, gdyz czasteczki,
ktdre nie tworzytyby uporzadkowanych i wertykalnie zorientowanych monowarstw,
nalezatloby od razu zdyskredytowaé. Lezgce monowarstwy o bardzo rzadkiej
strukturze cechuja sie niska gestoscig grup funkcyjnych na powierzchni, ktére w takim
przypadku czesto nie spetniajg swojej roli, gdyz sa zorientowane w ptaszczyznie
podtoza i nie mogg wptywac np. na dostosowanie jego pracy wyjscia - odpowiedzialne
za ten efekt momenty dipolowe beda miaty zerowg lub minimalng sktadowa normalng
do powierzchni. Gesto upakowane monowarstwy o wysokim stopniu porzadku s3
pozadane, gdyz minimalizuja one mozliwo$¢ ,zwierania” zlgcza elektrycznego na
granicach domen/defektach monowarstw poprzez tworzenie bezposredniego
kontaktu elektrody probkujacej z podiozem. Jak wspomniano wcze$niej,
w tranzystorach SAMFET wieksze domeny oraz minimalizacja koncentracji defektow
powoduje zwiekszenie pradu ptynacego w ptaszczyznie horyzontalnej, a tym samym

wzrost wydajnosci uktadu.

1.7.2.Przewodnictwo elektryczne

Przewodnictwo elektryczne jest podstawowym parametrem w KkonteksScie
elektroniki, jednak wazne jest jego odpowiednie dostosowanie. Z natury samego
mechanizmu przewodzenia takich monowarstw, a mianowicie tunelowania
elektrondw wzdtuz czasteczek, monowarstwy SAM s3 postrzegane bardziej jako
izolatory niz przewodniki. Stopien tej ,izolacji” moze by¢ jednak roézny, dzielgc
monowarstwy na stabo oraz silnie izolujgce, ktére w sposéb skrotowy beda
okreslane w niniejszej pracy odpowiednio jako przewodzace i izolujace. Oczywiscie
granica miedzy nimi jest umowna i ptynna, jednak pozwala w prosty sposéb
predefiniowa¢ obszar zastosowan w modelowym urzadzeniu, jakim jest OFET.
Pokrywajac elektrody zrodia/drenu, zalezy nam na jak najlepszym kontakcie
elektrycznym z pdiprzewodnikiem organicznym, zatem stosownym jest wybor
monowarstw o zmaksymalizowanym przewodnictwie elektrycznym. Natomiast
rozwazajac elektrode bramki nalezatoby sie kierowa¢ doktadnie w przeciwnym
kierunku, wybierajgc monowarstwy jak najbardziej izolujace, mogace powstrzymac
niepozadane prady uptywu.
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1.7.3.Stabilnos¢ termiczna

Poszukiwania najbardziej stabilnych termicznie monowarstw maja
fundamentalny charakter, ze wzgledu na kilka czynnikéw. Pierwszy z nich zostat juz
wcze$niej wspomniany, a jest nim problematyczne odprowadzanie ciepta. Dop6ki nie
uda sie zsyntezowa¢ zwigzkéw chemicznych zdolnych, w sposéb efektywny
i dominujacy, do dyssypacji energii na drodze emisji fotonéw (zamiast wzbudzania
fononow), musimy szuka¢ kandydatow odpornych na wysokie temperatury zwigzane
z pracg uktadu. Niedopasowanie struktury wibracyjnej kontaktu metal/czasteczka
réwniez prowadzi do problemoéw z przegrzewaniem sie urzadzen. Dodatkowo, wiele
z etapow produkcji, takich jak chociazby nanoszenie pétprzewodnika organicznego lub
elektrod, wymaga zastosowania podniesionych temperatur. Dlatego tez, chcac
korzysta¢ z elektroniki opartej o monowarstwy SAM, musimy poszukiwac jak
najbardziej wytrzymatych termicznie uktadéw, po to, aby zapewni¢ ich
bezproblemowe, zgodne z przeznaczeniem dziatanie oraz mie¢ pewnos¢, ze przetrwaja

intensywne uzytkowanie wiecej niz raz.
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2. Cel pracy

Celem niniejszej rozprawy byto wytypowanie monowarstw SAM o znacznym
stopniu uporzadkowania, wysokiej stabilnoSci termicznej i przewodnictwie
elektrycznym dopasowanym do zastosowan w elektronice molekularnej badz

organicznej.

Proces poszukiwania odpowiednich kandydatéw, w pierwszym etapie, polegat
na zbadaniu wptywu grupy wiagzacej oraz budowy uzywanych czasteczek na
energetyke wigzan chemicznych w monowarstwie. Poznanie stabilnosci kolejnych
wigzan chemicznych w czasteczce ma fundamentalne znaczenie dla stabilnosci
termicznej monowarstwy, gdyz ta zalezy od ,najstabszego ogniwa”, tj. wigzania

chemicznego wewnatrz czasteczki o najnizszej energii.

Nastepnym etapem byto zbadanie wptywu grupy wiazacej na dwa z trzech
kluczowych parametréw definiujacych przydatno$s¢ monowarstw SAM, a mianowicie
ich stabilno$¢ termiczng i przewodnictwo elektryczne. Badane uktady byty
modelowymi zwigzkami opartymi zaréwno na ,konwencjonalnych” grupach
wigzacych, takich jak siarka, selen czy grupa karboksylowa, jak i na mniej poznanych,
acz godnych uwagi, opartych na wigzaniu z podtozem poprzez atom wegla, mianowicie

N-heterocyklicznych karbenach.
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3. Uzyskane wyniKi
3.1.Zjawisko oscylacji energii kolejnych wigzan i jego wpltyw

na parametry monowarstw

Rozwazmy przypadek nieskonczonego tancucha alifatycznego, w ktérym kazde
wigzanie C-C ma okreSlong, jednakowa energie wzdtuz calego tancucha.
Wprowadzenie zaburzenia do struktury tancucha, nawet najprostszego, takiego jak na
przyktad jego przerwanie, prowadzi do zmiany energetyki wigzan chemicznych w jego
poblizu. Nastepuje ztamanie symetrii translacyjnej, co prowadzi, w zaleznos$ci od
natury zaburzenia, do zwiekszenia badZ zmniejszenia gestosci elektronowej (orbitali
walencyjnych) pomiedzy zaburzeniem, a pierwszym, najblizszym atomem (wegla).
Przektada sie to, odpowiednio, na zwiekszenie energii (sity) wigzania lub jego
zmniejszenie. Ze wzgledu na statg warto$¢ gestosci elektronowej danego pierwiastka,
w obszarze pomiedzy tym pierwszym atomem a kolejnym w tancuchu, gestos¢
elektronowa musi zosta¢ odpowiednio zmniejszona badz zwiekszona. Prowadzi to do
powstania efektu oscylacji energii wigzan w tancuchu, ktéry dodatkowo jest ttumiony
wraz z oddalaniem sie od Zrddta zaburzenia. Sytuacje taka zilustrowano na Rysunku 3.
Efekt ten, cho¢ fizycznie bardzo intuicyjny oraz majacy fundamentalne znaczenie
z punktu widzenia stabilno$ci wigzan na interfejsie molekuta - metal, zostat

zidentyfikowany (wedtug najlepszej wiedzy autora) dopiero w roku 2015.134

a) b)
energia energia
wigzania wigzania
—C—C—C—C—C—C—C— —» —C—C—C—C—C—C—X
H, H, H, H, H, H, H, H, H, H, H, H, H,
energia
wigzania

Rysunek 3. Graficzna reprezentacja oscylacji w energii wigzan w uktadzie wyjSciowym (a)
oraz po wprowadzeniu zaburzenia, oznaczonego symbolem X (b).

W pionierskich badaniach nad tym zagadnieniem wykorzystano technike
spektrometrii masowej jonéw wtornych (ang. secondary ion mass spectrometry, SIMS),
analizujgc w modzie statycznym (ang. static-SIMS, S-SIMS) serie homologicznych
zwigzkow aromatyczno-alifatycznych, o wzorze poétstrukturalnym CHs-(CeHa4)2-
(CH2)»-S(Se), w skrocie oznaczanych jako BPnS(Se), n = 2-6 i osadzonych na

powierzchni ztotal3* badz srebra.l3> Eksperymenty te, w potaczeniu z symulacjami
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procesu rozpylania za pomocg dynamiki molekularnej (MD) oraz obliczeniami
z wykorzystaniem teorii funkcjonatéw gestosci (ang. density functional theory, DFT),
wykazaly, po raz pierwszy, istnienie oscylacji w energiach wigzan dla tego typu
uktadow. Jednakze w badaniach tych wykorzystane zostaty jedynie czasteczki wigzace
sie do podioza za pomocg wigzania kowalencyjnego. Dlatego tez, biorac pod uwage
wage tego efektu dla potencjalnych zastosowan, w publikacji [A] postanowiono zbada¢
jego uniwersalnos$¢, zmieniajac typ wigzania z podtozem z kowalencyjnego na jonowy,
wymieniajac grupe S/Se na grupe karboksylowg (CO0-).73136.137 Monowarstwy SAM
zostaly utworzone na powierzchni srebra z wykorzystaniem analogicznych do
poprzednich eksperymentéw serii zwigzkéw aromatyczno-alifatycznych, o wzorze
péistrukturalnym (CeHa)2-(CH2)»,-COO-, skrétowo oznaczanych jako BPnCOO/Ag
(n = 2-6).IA] Cata seria zostata najpierw przebadana z wykorzystaniem refleksyjno-
absorpcyjnej spektroskopii w podczerwieni (ang. infrared reflection-absorption
spectroscopy, IRRAS) oraz rentgenowskiej spektroskopii fotoelektronéw (X-ray
photoelectron spektroscopy, XPS) w celu potwierdzenia tworzenia sie dobrze
okreslnych, zwigzanych z podtozem monowarstw, co umozliwia ich stosowalnos$¢ do
dalszej analizy. Szczegétowa analiza mikroskopowa (dla serii zwigzkéw o parametrze
n od 1 do 4) zostata przeprowadzona wczes$niej.138 W celu zminimalizowania wptywu
prawdopodobienstwa jonizacji od masy analizowanego fragmentu na mierzone
intensywnoSci sygnatu, skupiono sie jedynie na analizie identycznych dla catej serii
monowarstw fragmentéw, takich jak np. jon Ci4H13* (grupa bifenylowa plus dwie
grupy metylenowe). Analiza ta zostata przedstawiona na Rysunku 4a. W ten sposob,
przechodzac przez cala serie monowarstw o rosngcym parametrze n, utworzenie
danego fragmentu (np. wspomnianego C14H13*) obserwowanego w widmie masowym
zwigzane jest z przerywaniem kolejnych wigzan chemicznych w czasteczkach. Pozwala
to na okreslenie wzglednych energii tych wigzan, gdyz intensywno$¢ emisji danego
jonu jest skorelowana z energig danego wigzania. Im wigzanie silniejsze (wyzsza
energia wigzania), tym prawdopodobienstwo jego przerwania jest nizsze, co przektada
sie na nizsze prawdopodobienstwo utworzenia fragmentu wynikajgcego z jego
zerwania, a zarazem na nizszg intensywnos$¢ mierzonego sygnatu. Widoczne zatem na
Rysunku 4a oscylacje w intensywnoS$ciach fragmentow molekularnych mozna
przetozy¢ bezposrednio na oscylacje w energii (sile) wigzan chemicznych (Rysunek
4b) w badanych uktadach monowarstw SAM. Aby wyeliminowa¢ przypadkowe

skorelowanie oscylacji intensywnosSci sygnatu jednego fragmentu z oscylacjami
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w energii wigzan, analize powtérzono dla kilku réznych sygnatow. Jako ze faza
obserwowanych oscylacji byla za kazdym razem identyczna, uwierzytelnia to
przestawione wnioski. Dodatkowo, przeprowadzone zostaty obliczenia oparte na
teorii funkcjonatéw gestosci (ang. density functional theory, DFT) dla modelu
czasteczek zwigzanych z powierzchnig (Rysunek 4c-d) oraz wystepujacych w formie

wolnej (Rysunek 4e-f).
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Rysunek 4. Analiza oscylacji w sile wigzan z wykorzystaniem technik S-SIMS (a-b) oraz
obliczen DFT (c-f): a) intensywno$¢ sygnatu C14H13* dla zmiennej liczby grup metylenowych w
fancuchu, zielonymi prostokgtami zaznaczono emitowany fragment i przerywane wigzania,
ktére prowadza do jego emisji, c)-d) wyliczone energie wigzan dla uktadow
chemisorbowanych, e)-f) energie wigzan dla czasteczek niezwigzanych z podiozem.

Dla uktadu symulujacego monowarstwy SAM faza obliczonych energii wigzan
jest zgodna z tg3 wyznaczong eksperymentalnie, potwierdzajgc obecnos¢ efektu. Warto
réwniez zauwazy¢, ze w wynikach obliczen w jasny sposéb wida¢ wptyw obu , koncow”
czasteczek na powstawanie zjawiska oscylacji. Dla zwigzku BP6CO0O/Ag ugrupowanie
bifenylowe wprowadza wtasne zaburzenie, ktore jest w przeciwfazie do tego

wynikajgcego z grupy czotowej i wigzania z podtozem. Natomiast dla uktadu

,krotszego”, BP5C00/Ag, oba zaburzenia spotykaja sie w zgodnej fazie.

Gdy przyjrzymy sie obliczeniom dla ,wolnych” czgsteczek, w szczeg6lnosci dla
fazy oscylacji dla poczatkowych trzech wigzan (liczac od grupy karboksylowej),
uwidacznia nam sie obraz zupeinie przeciwstawny do tego obserwowanego dla

czasteczek chemisorbowanych, a mianowicie faza zostaje odwrdcona. Zgodnos¢ faz
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oscylacji dla eksperymentu oraz obliczen jedynie dla modelu czasteczek ,zwigzanych”
jest fundamentalng obserwacja z punktu widzenia analizy technika S-SIMS. Potwierdza
to, ze mierzone sygnaly s3 zwigzane z przerywaniem wigzan w strukturze
monowarstw SAM, na powierzchni, a nie z ich zrywaniem w ,,wolnych” czasteczkach
desorbowanych z powierzchni jako efekt ,uboczny” uderzenia wigzka jonow
pierwotnych. W pracy [A] zaprezentowano zatem, po raz pierwszy, bezposredni
dowdd, ze technika S-SIMS jest w stanie probkowac¢ energetyke wigzan
w monowarstwach typu SAM. Przedstawiony mechanizm powstawania oscylacji
w energii (sile) wigzan chemicznych poprzez tamanie symetrii translacyjnej,
przytoczony w pracy [A] (oraz wcze$niejszych134135), zostal bezposrednio
wykorzystany do wyttumaczenia podobnego przewodnictwa elektrycznego3%(8] oraz
rdéznej stabilnosci termicznej'4%.Bl dla monowarstw SAM o réznych grupach czotowych,
co zostanie przedstawione w kolejnych rozdziatach. Zademonstrowano réwniez, ze
zjawisko oscylacji energii wigzan chemicznych w monowarstwach SAM ma charakter

og0lny, niezalezny od rodzaju wigzania chemicznego z podtozem.

3.2. Monowarstwy SAM do funkcjonalizacji elektrody zrodia

idrenu

Poszukiwania odpowiednich kandydatéw a) b) c)

=
=z
=2Z

do tworzenia monowarstw SAM uzytecznych

(9]

9]
9]

w elektronice organicznej/molekularne;j
rozpoczeto od czasteczek opartych na najbardziej

modelowej i najlepiej poznanej grupie czotowej - N
S Se o ‘o
siarce. Wybrano uktad czysto aromatyczny na ' ' -

bazie naftalenu, z nitrylowg (-C=N) grupg NC-NapS ~ NC-NapSe NC-NapCOO

Rysunek 5. Struktura badanych
warstw tiolowych (a), selenolowych
wyjasniona poézniej. Tiole, jak wspomniano juz  (b) oraz karboksylowych (c), wraz
z ich skré6towymi nazwami.

funkcyjng (Rysunek 5a), ktérej rola zostanie

wczesniej, nie sg jednak wolne od wad, dlatego do
badan wybrano réwniez analogiczny zwigzek oparty na atomie wigzacym z tej same;j
grupy uktadu okresowego co siarka (o identycznej konfiguracji elektronow
walencyjnych) - selenie (Rysunek 5b). Jako$¢ monowarstw selenolowych w wiekszosci
analizowanych przypadkow byta podobna lub nawet lepsza (wieksze domeny,
mniejsza koncentracja defektéw) w poréwnaniu do analogéw tiolowych.>657 Oba typy

monowarstw, zarowno tiolowe jak i selenolowe, osadzone na powierzchni ztota,
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zostaty scharakteryzowane we wczes$niejszych pracach.139140 W obecnych badaniach
skupiono sie na wykorzystaniu innego, obiecujgcego podtoza metalicznego, jakim jest
srebro. Srebro jest atrakcyjne gtownie ze wzgledu na jego najwyzsze posrdd metali
przewodnictwo elektryczne, relatywnie niski koszt oraz lepsza dostepnos¢
w pordwnaniu ze ztotem. Dodatkowo, ograniczona liczba eksperymentéw
wykorzystujgcych podloze ze srebra, gltéwnie w kwestii stabilnosci termicznej
monowarstw SAM, wymusza gtebsze zbadanie tego zagadnienia i poznanie jego
fundamentalnych wtasciwosci. Zmiana podioza umozliwita rozszerzenie badan
réwniez o czasteczki o jonowym charakterze wigzania, mianowicie karboksyle
(Rysunek 5c). Wybér trzech analogicznych czasteczek, zawierajacych rézne grupy
wigzgce (atom/grupa chemiczna, wigzanie kowalencyjne/jonowe), pozwolil na
szczegoOtowaq analize ich wptywu na wiasciwo$ci monowarstw, a w szczego6lnosci na ich
strukture, stabilno$¢ termiczng oraz przewodnictwo elektryczne. Opracowanie

wynikéw badan nad tymi uktadami zostato zamieszczone w publikacji [B].

W pierwszym kroku zbadano, czy wybrane czasteczki tworza monowarstwy
o podobnym stopniu uporzagdkowania. Jest to niezwykle wazne, gdyz poré6wnywanie
struktur o r6znym utozeniu na powierzchni, np. w przypadku, gdy jeden uktad tworzy
geste, wertykalnie zorientowane monowarstwy ,stojgce”, natomiast drugi rzadkie,
nieuporzadkowane, ,lezace”, prowadzitoby do mylnych wnioskéw. Jedynie w sytuaciji,
gdy wszystkie poréwnywane ze sobg uktady tworza dobrze zdefiniowane, ,stojace”
monowarstwy o podobnej gestosci, oddziatywania miedzymolekularne beda
utrzymane na podobnym poziomie. Zminimalizuje to ich wptyw na przeprowadzane
analizy i pozwoli skorelowa¢ ewentualne roéznice w wynikach bezposrednio
z wyborem grupy wigzacej. Wykonano zatem komplementarne badania
z wykorzystaniem pomiaréw kata zwilzania, spektroskopii XPS oraz niezwykle czutej
na orientacje czasteczek spektroskopii struktury subtelnej w poblizu krawedzi
absorpcji promieniowania rentgenowskiego (ang. near-edge X-ray absorption fine
structure, NEXAFS).141 Pomiary XPS wykazaly ,czysto$s¢” tworzonych uktadéw,
tj. rzeczywiste wigzanie z podtozem, brak ,wolnych” lub utlenionych czasteczek na
powierzchni, a w przypadku kwasu karboksylowego dodatkowo potwierdzity
wigzanie poprzez oba atomy tlenu grupy wigzacej. Widma NEXAFS dla krawedzi
K wegla oraz azotu, zebrane dla roznych katow padania wigzki promieniowania

pozwalaja otrzymac informacje na temat kata nachylenia czasteczek wzgledem
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powierzchni. W standardowej analizie, aby wyznaczy¢ ww. kat nachylenia, nalezy
przyja¢ pewng wartoS$¢ kata skrecenia czasteczki wzgledem jej osi gtdwnej, co jest
mozliwe przyjmujgc warto$¢ tego kata na podstawie jego wartosci w strukturze
krystalicznej wykorzystywanych molekut (na podstawie pomiaréw dyfrakcyjnych) lub
postugujac sie obliczeniami DFT wykonanymi dla danej monowarstwy. Na podstawie
wczes$niejszych badan prowadzonych dla monowarstw BPnS/Au, takie zatozenia moga
prowadzic¢ do btednych oszacowan kata nachylenia molekut.'#2 Jednakze zastosowanie
grupy nitrylowej pozwala obej$¢ te zalozenia, gdyz jej struktura elektronowa zawiera
dwa ortogonalnie zorientowane orbitale i na podstawie ich analizy mozliwe jest
jednoczesne, eksperymentalne, wyznaczenie kata skrecenia oraz nachylenia
czasteczek w monowarstwie. Przeprowadzone dla wybranej serii monowarstw
eksperymenty NEXAFS potwierdzity wysoki stopien ich uporzadkowania oraz niski kat
nachylenia (okoto 20-30 stopni wzgledem normalnej do powierzchni), sugerujac
wyzszg jako$¢ monowarstw tych samych zwigzkéw na powierzchni srebra
w poréwnaniu do ztota (gdzie kat nachylenia wynosi okoto 43 stopnil3?). Uzyskane
dane wskazujg zatem na wysokie podobienstwo poréwnywanych struktur NC-Nap-
S/Ag, NC-Nap-Se/Ag oraz NC-Nap-COO/Ag, co eliminuje wplyw oddzialywan
miedzymolekularnych pozwalajgc, dla wybranej serii zwigzkéw, na wiarygodne

poréwnanie wptywu grupy wigzacej na wiasciwosci monowarstw.

Pierwszym zbadanym parametrem byla energia wigzan w okolicy grupy
wiazacej, mianowicie Ag - S(Se) - Cnaftalens Wykorzystano do tego technike S-SIMS, ktora,
jak pokazano weczes$niej,134135139[A1 moze z powodzeniem stuzy¢ do tego celu,
wykorzystujac intensywnos$¢ emisji fragmentéw molekularnych, powstanie ktérych
zwigzane jest z przerwaniem préobkowanego wigzania. Intensywnos$¢ ta zalezy od
dwdéch czynnikow, mianowicie od energii wigzania (prawdopodobienstwa jego
zerwania) oraz prawdopodobienstwa jonizacji, ktére dla monowarstw tiolowych
i selenolowych powinno by¢ bardzo zblizone (ta sama konfiguracja elektronéw
walencyjnych siarki i selenu). Jak przedstawiono na Rysunku 6a, emisja sygnatow
kompletnych czasteczek (oznaczanych jako M) jest wyzsza dla tioli, natomiast emisja
fragmentow niezawierajacych grup czotowych (oznaczanych jako M-X, gdzie X to S, Se
lub COO-, Rysunek 6b) zachodzi z wiekszg wydajno$cig dla monowarstw selenolowych.

Dzieki korelacji nizsza energia wigzania = wyzsza intensywno$¢ emisji, mozna
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Rysunek 6. Analiza stabilno$ci wigzan dla warstw na srebrze: a) intensywno$ci emisji
kompletnych czgsteczek, b) intensywnosci emisji fragmentéw bez grupy czotowe;j.

stwierdzi¢, Ze monowarstwy selenolowe sg silniej zwigzane z powierzchnig srebra niz
ich tiolowe analogii, natomiast kolejne wigzanie w monowarstwie, miedzy atomem
siarki/selenu a resztg czasteczki jest silniejsze dla monowarstw tiolowych. Jest to
aspekt omawianych w pracy [A] oscylacji w energii kolejnych wigzan. Patrzac na emisje
analogicznych fragmentéw dla monowarstwy karboksylowej, mozna by przypuszczac,
iZ jest ona najsilniej zwigzana z substratem z catej analizowanej tréjki monowarstw.
W jej przypadku sytuacja nie jest jednak taka oczywista, gdyz fragmenty bez grupy
czotowej majg stochastyczna korelacje wzgledem pozostalych monowarstw. Efekt ten
mozna przypisa¢ réznym prawdopodobienstwom jonizacji dla monowarstw
karboksylowych w odréznieniu od pozostatej dwdjki, co jest logicznym skutkiem
zmiany typu wigzania z kowalencyjnego na jonowy. Zatem, w tym konkretnym
przypadku, nie moZemy na podstawie emisji danych jondw okresli¢ energetyki wigzan

dla kwaséw karboksylowych.

Stabilno$¢ termiczna zostata okreSlona z wyKkorzystaniem techniki
temperaturowo-programowanej spektrometrii masowej jonéw wtérnych (ang.
temperature-programmed secondary ion mass spectrometry, TP-SIMS),143144 w ktérej
pomiar widma masowego jest prowadzony w trakcie ogrzewania probki ze stalg
szybko$ciag. Zmierzone profile temperaturowe zaprezentowano na Rysunku 7a.
Pierwsza informacja, jakg uzyskujemy z analizy przedstawionych wynikéw, jest
wzgledna stabilno$¢ termiczna badanych uktadéw, ktora uktada sie w szereg, od

najmniej stabilnego selenolu, porzez karboksyl, do tiolu wykazujacego najwyzsza
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stabilno$¢. Jednak, aby poréwnac te dane 1,2 prerr e e

1 NC-NapS A
NC-NapSe @
NC-NapCOO m

z literaturg, nalezy wpierw wyznaczy¢
parametr niezalezny od szybko$ci grzania,

jakim jest energia desorpcji (Ep), ktdra 04
wyznacza sie na podstawie réwnania 027

Redhead’a.l¥> Dla monowarstwy tiolowej 1 & [Acs,
[AgS;]
o [AgSe)]

energia ta wynosi 1,69 eV, co w poréwnaniu ] = teod

z innymi monowarstwami SAM osadzonymi

znormalizowana intensywnos¢ sygnatu

na metalach szlachetnych, np. alkanotiolami

na srebrze (Ep = 1,42 eV),14¢ jest zaskakujaco o2 .

;. . . . ., 300 350 400 450 500 550 600 650 700
WySqu Wartosc1q 1 przewyzsza WleSZOSC temperatura (K)

raportowanych dotychczas monowarstw Rysunek 7. Analiza  stabilnosci
termicznej technikg TP-SIMS dla warstw
opartych na naftalenach: a) emisja
Dodatkowa informacje mozna uzyska¢ na fragmentéw kompletnych czasteczek
w funkcji temperatury, b) proces
desorpcji grup wigzacych w funkcji
AgX>, gdzie X, tak jak poprzednio, oznacza temperatury.

SAM  osadzonych na  metalach.147.148

podstawie analizy emisji fragmentéw typu

grupe czotowa (Rysunek 7b). Dla monowarstwy tiolowej oraz karboksylowej poczatek
spadku tego sygnatu jest skorelowany z poczatkiem spadku intensywnos$ci emisji
kompletnej czasteczKi, co sugeruje, Ze desorpcja nastepuje poprzez przerwanie wigzan
czasteczka - podtoze i to wtasnie one s3 ,najstabszymi ogniwami” ww. monowarstw.
Natomiast dla monowarstwy selenolowej wraz z poczatkiem spadku fragmentu [M];,
jon AgSer zaczyna gwattownie rosngC. Jest to zwigzane najprawdopodobniej
z pozostawaniem selenu na powierzchni po przerywaniu wigzania Se - Cnaftalen, Ktore
jest odpowiedzialne za stabilno$¢ termiczng tego uktadu. Wnioski te s3 w peini zgodne

z analizg stabilnoSci wigzan technika S-SIMS zaprezentowang wczesnie;j.

Obliczenia DFT stabilno$ci wigzan zostaty przeprowadzone jedynie dla
monowarstwy tiolowej oraz selenolowej. Zatozono dwa modele adsorpcji czasteczek:
wigzanie bezposrednio do ,ptaskiej” powierzchni oraz wigzanie poprzez adatom
(model ten zostat eksperymentalnie potwierdzony wczes$niej dla powierzchni
ztota).14® Zaskakujacym okazat sie fakt, iz te dwa modele daly zupeinie rozbiezne
wyniki, z modelem ,ptaskim” nieumozliwiajagcym reprodukcje danych
eksperymentalnych prezentowanych w [B]. Natomiast dla modelu z adatomem wyniki

teorii i badan byly jednoznacznie zgodne, potwierdzajac zaprezentowane wyzej
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wnioski oraz podkreslajac role adatomu w tego rodzaju obliczeniach. W ten sposob
uzyskane wyniki sa, wedtug najlepszej wiedzy autora, pierwszymi, w ktérych model
struktury monowarstw SAM na bazie tioli i selenoli na powierzchni Ag(111)

z wykorzystaniem addatomow jest potwierdzony eksperymentalnie.

Pomiary przewodnictwa elektrycznego dla cienkich monowarstw organicznych
stanowia do$¢ duze wyzwanie. Kluczowym jest dobranie ,goérnej” elektrody tak, aby
powstate ztacze byto stabilne i dawato dobrze okreslony kontakt elektryczny. Metody
oparte na termicznym parowaniu elektrody (gtéwnie zlotej)15° na monowarstwe
organiczng prowadzily czesto do zwar¢,1°0 staba stabilno$¢ termiczna monowarstw
SAM ograniczata zastosowanie ,ochronnych” pokry¢ polimerowych,51 ktorych
nakltadanie = wymagato wygrzewania, natomiast wykorzystanie elektrod
ciektometalicznych wigzato sie z uzywaniem toksycznej rteci.!>? Przelomem w tej
dziedzinie byta wynaleziona w 2008 roku na Uniwersytecie Harvarda przez grupe
George’a Whitesides’a technika wykorzystujgca eutektyczny stop galu oraz indu, ktéry
w temperaturze pokojowej jest ciekly i wykazuje zachowanie nienewtonowskie — nie
przeptywa do ksztattu o najmniejszej energii bez przylozonego zewnetrznego
naprezenia.ls3 Pozwala to formowac z niego stozkowe elektrody, ktére w delikatny
sposéb dotykaja podtoza i dzieki temu umozliwiajg zbieranie znaczacych statystyk
danych z wysokim odsetkiem dziatajgcych ztgczy.23137.154-156 Qd nazwy stopu wywodzi
sie nazwa techniki, tj. wielkopowierzchniowe ztacze molekularne oparte na
eutektycznym stopie galu i indu, w skrécie zlacze EGaln (schematycznie
przedstawione na Rysunku 8a). Zastosowanie tego systemu do serii monowarstw SAM
opartych na naftalenach pozwolito zebra¢ ogromng statystyke pomiaréw (okoto 2000
przebiegéw/monowarstwa), znaczaco przewyzszajaca dotychczas raportowane dane.
Analiza statystyczna zebranych krzywych pradowo-napieciowych, zaprezentowana na
Rysunku 8b-d, wykazuje bardzo waskie rozktady, $wiadczace o wysokim stopniu
uporzadkowania monowarstw. Wartos$ci gestosci pradu dla okreslonego potencjatu
(x 0,5 V) dla wszystkich uktadéw s3g niemal identyczne (w granicach niepewnosci
pomiarowych), zgodne sg réwniez tak zwane wspotczynniki rektyfikacji, okreslajace,
jak dobra diodg jest dany uktad (czyli jak bardzo rdzni sie przewodnictwo przy zmianie
polaryzacji zlgcza). Dla monowarstw naftalenowych ten wspoétczynnik jest praktycznie
rowny zeru, co dowodzi, ze nie wykazuja one zjawiska rektyfikacji i ich zdolno$¢ do

petienia roli diody w uktadzie jest praktycznie zerowa. Aby okresli¢, czy badane
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Rysunek 8. Pomiary przewodnictwa monowarstw SAM opartych o naftaleny: a) schemat
wykorzystywanego wielkopowierzchniowego ztacza molekularnego EGaln, b)-d) histogramy
gestosci pradu dla przytozonego potencjatu (0,5V), odpowiednio dla monowarstwy tiolowej,
selenolowej i karboksylowej, e) poréwnanie przewodnictwa analizowanych zwigzkéw
z literatura.157.170

uktady majg charakter ,przewodzacy” czy ,izolujacy”, nalezy wyznaczone $rednie
gestosci pradu odnies¢ do danych literaturowych. Jak wida¢ na Rysunku 8e,
w poréwnaniu z powszechnie uwazanymi za dobre przewodniki monowarstwami
oligofenylotiolowymil5? o takiej samej dtugosci, proponowane warstwy wykazuja
o ponad rzad wielko$ci wyzsze gestoSci pradu, czyniagc je wysoko przewodzacymi.
Niezaleznos$¢ przewodnictwa elektrycznego od wyboru grupy wigzacej mozna
wyttumaczy¢ biorac pod uwage zjawisko oscylacji energii wigzan wystepujace w tych
uktadach. Przewodzenie pragdu w takich monowarstwach zachodzi na drodze
tunelowania wzdtuz czasteczek. Oznacza to, ze elektrony musza przetunelowac przez
caty uktad, rowniez przez wigzania Ag - S(Se) - Cuaftalen. Jako Ze pozostata czes$c
konstrukcji monowarstw jest taka sama w catej serii badanych zwigzkéw, mozna
zalozy¢, ze ich opdr elektryczny jest jednakowy. Zwiekszajac site jednego z ww. wigzan
powodujemy ostabienie kolejnego wigzania, co prowadzi jedynie do redystrybucji
gestosci elektronowej w obszarze tych wigzan a nie do zmiany jej sumarycznej

wartoS$ci. Zmiany takie na poziomie lokalnym (w obszarze jednego wigzania)
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powodujg zmiane prawdopodobienistwa tunelowania, jednak dla kolejnego wigzania
to prawdopodobienstwo jest zmieniane odwrotnie proporcjonalnie, co nie zmienia
sumarycznego prawdopodobienstwa tunelowania dla uktadu tych dwdch wigzan.
Sytuacje t3 mozna przyrowna¢ do taczenia szeregowego opornikéw, co zostato
schematycznie zilustrowane na Rysunku 9. Mimo Ze dla monowarstwy karboksylowej
nie udalo sie w sposéb jednoznaczny wyznaczy¢ wzglednej energetyki wigzan
w obszarze grupy wigzacej, mozna jednak zatozy¢, ze zjawisko oscylacji stabilnosci
wigzan, a zarazem redystrybucja gestoSci elektronowej (prawdopodobienstwa
tunelowania) zachodzi, gdyz zostato to wczes$niej potwierdzone dla serii zwigzkow
karboksylowych analizowanych w pracy [A]. Ttumaczy to zatem jednakowg warto$¢
mierzonych gestos$ci pradu dla wszystkich analizowanych uktadéw. Warto réwniez
wspomnie¢, ze brak ,efektu grupy wiazacej” na przewodnictwo elektryczne byt

eksperymentalnie obserwowany juz wcze$niej 137,139,157

wzmocnienie wigzania
z podiozem o 50%

D

Stan wyjsciowy
R, = 0,5R, EN50% Ro E~50% R, = 1,5R,

R, = 1,5R, Er50% Ro EN50% R, = 0,5R,

Rcatkowity =2R, Rcalkowity =2R, Rcalkawity =2R,

N

ostabienie wigzania
z podiozem o 50%

Rysunek 9. Graficzne przedstawienie niezaleznos$ci przewodnictwa elektrycznego od
stabilnos$ci wigzan.

Podsumowujac, w pracy [B] przebadano zwigzki aromatyczne z tiolowg,
selenolowg i karboksylowg grupa wigzaca osadzone na powierzchni srebra. Wykazano,
ze jej wybor ma duze znaczenie w konteks$cie stabilnoSci termicznej, natomiast dla
przewodnictwa elektrycznego jest on nieistotny. Obie zaleznos$ci (lub jej brak)
wywodza sie z efektu oscylacji w energii kolejnych wigzan chemicznych, definiujac
,nhajstabsze ogniwo” odpowiadajagce za stabilno$¢ termiczng oraz tlumaczac
niezréznicowane przewodnictwo elektryczne na drodze redystrybucji gestosci

tfadunkéw. Monowarstwa tiolowa na podtozu srebra okazata sie by¢ niezwykle
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atrakcyjna z punktu widzenia elektroniki molekularnej/organicznej w kontekscie
funkcjonalizacji elektrod Zrédta/drenu. Jej ponadprzecietna wytrzymato$¢ na
temperature rozszerza potencjalne obszary pracy, niwelujgc problemy
z przegrzewaniem. Natomiast wysokie przewodnictwo elektryczne, razem
z mozliwoscig wprowadzenia do struktury innych niz nitrylowa grup funkcyjnych,
gwarantuje obnizenie oporu na styku elektroda/po6tprzewodnik organiczny, lepszy
transport tadunku oraz mozliwos$¢ precyzyjnego dostrojenia pracy wyjscia uzytej

elektrody.

3.3.Monowarstwy SAM do funkcjonalizacji elektrody

bramki

Alternatywne do tioli grupy wigzace dla monowarstw SAM, takie jak selen czy
grupa karboksylowa zaprezentowane w pracach [A] oraz [B], maja stosunkowo dobrze
udokumentowang pozycje w literaturze i powoli staja sie uktadami modelowymi. Jak
jednak zaprezentowano w artykule [B], obie te grupy nie spetniaja wymaganych
kryteriow na przewyzszenie tioli pod wzgledem stabilnosci termicznej, tak waznej
w kontekscie elektroniki molekularnej/organicznej. Mozna by sie zastanowi¢, czy
wszystkie te skomplikowane grupy wigzace mozna by zastgpi¢ czyms prostym, wrecz
trywialnym, a mianowicie wykorzysta¢ atom wegla do tworzenia wigzania czasteczka
- podtoze. OdpowiedZ na to jest twierdzaca, gdyz w literaturze mozna znalez¢
przynajmniej trzy roézne grupy zwigzkéw pozwalajgcych na takie rozwigzanie.
Pierwsza z nich s3 sole diazoniowe, ktére na drodze redukcji elektrochemiczne;j
pozbywaja sie grupy diazoniowej i moga zwigzac sie z substratem.158-160 Uzycie tych
zwigzkdw wymaga jednak zastosowania specjalnej aparatury do przeprowadzenia
reakcji elektrochemicznej, co komplikuje proces ich przygotowania. Inng grupa
zwigzkow s3 terminalne alkyny,>8-60 ktore jednak sg bardzo wrazliwe na utlenianie

i moga tatwo polimeryzowac.

Stosunkowo nowa grupa zwigzkow ) b)

wykorzystywanych do funkcjonalizacji R R & —"N\:/N-:\R

c C
powierzchni s3 karbeny.61-63  Zwigzki te,
Rysunek 10. Struktura rodnikéw
karbenowych: a) niestabilizowanego,

reaktywna nature rodnika karbenowego b) w formie N-heterocyklicznego
rodnika.

w swoich poczatkach, ze wzgledu na niezwykle

(Rysunek 10a), nie mialy wielu zastosowan
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w podstawowym wydaniu, gdyz reagowaly dostownie ze wszystkim i byty
wykorzystywane jedynie jako produkty przejSciowe innych reakcji.l®l Przetom
nastgpit z poczatkiem lat dziewiecdziesigtych XX wieku, kiedy to Arduengo
zaproponowal metode ich stabilizacji poprzez sprzegniecie ich w N-heterocykliczny
pierscien (stad ich nazwa, N-heterocykliczne karbeny, z ang. N-heterocyclic carbenes,
NHC, Rysunek 10b).162 Zabieg ten, razem z wprowadzeniem grup bocznych na atomy
azotu, przyniést zbawienny w skutkach efekt stabilizacji powstajacego rodnika,
umozliwiajgc uzyskanie wolnych zwigzkéw nadajacych sie do dtugotrwatego
przechowywania. Pierwsze doniesienia o wykorzystaniu zwigzkéw NHC do
funkcjonalizacji powierzchni metali pojawity sie w 2011 roku,!63 jednak dopiero rok
2014 i publikacja®! grupy Cathleen Crudden otworzyta droge do monowarstw SAM
opartych na karbenach. Od tego czasu zwigzki te s3 intensywnie badane®3164165
i stanowig obiecujgcy zamiennik dla monowarstw tiolowych, gdyz cechujg sie,
w poréwnaniu z nimi, znaczaco wyzszg stabilnosciag chemiczng®! oraz termiczng.14?
Jednakze, w kontekscie potencjalnych zastosowan, réwnie waznymi parametrami sg
stopien uporzadkowania i gesto$¢ czasteczek na powierzchni. Zaréwno prace
eksperymentalne, 63148166 jak i teoretyczne (obliczenia DFT)63166167 wskazujg na
dominujaca role wyboru grup bocznych, a doktadniej ich rozmiaru (czy tez zawady
sterycznej) na orientacje czasteczek na powierzchni. Wykazano, Ze zastosowanie
rozbudowanych grup bocznych (np. grupy izopropylowej, iPr) prowadzi do stabilnych
i wertykalnie uporzagdkowanych uktadéw, natomiast ,krétkie” grupy boczne w postaci
grupy metylowej (Me) prowadza do ,lezgcych” monowarstw o niskiej gestoSci.
Modelowym zwigzkiem NHC stala sie zatem czasteczka z izopropylowymi grupami
bocznymi oparta na benzoimidazolu, w skrécie BIMiPr, Analiza mikroskopowa tego
uktadu wykazata jednak okoto trzy razy wiekszg komoérke elementarng w poréwnaniu
z alkanotiolami,®?® co przektada sie na okoto trzy razy mniejsza gestos¢ upakowania
takich monowarstw wzgledem standardowo wykorzystywanych tioli. Tak niska
gesto$¢ powoduje obnizenie potencjatu aplikacyjnego, gdyz wplywa na obnizZenie
gestosci grup funkcyjnych na powierzchni. Sytuacja ta wymaga optymalizacji, t;.
stworzenia monowarstw opartych o NHC, ktore z jednej strony sg gesto upakowane,

a z drugiej wykorzystuja w petni swoje zalety w postaci wysokiej stabilnosci.

W pracy [C] podjeto sie proby takiej optymalizacji poprzez analize serii

zwigzkow NHC z metylowymi grupami bocznymi opartymi na imidazolu (IMMe),
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benzoimidazolu (BIMMe¢) oraz

naftalenoimidazolu (NIMMe) NIM

(Rysunek 11a-c). Jako punkt

odniesienia zbadano roéwniez Q Q
modelowy uktad NHC, N"‘ —Mz N"* ’N

mianowicie BIMPr (Rysunek . (1”)

11d). W celu okre$lenia stopnia  Rysunek 11. Struktura badanych N-heterocyklicznych
karben6w: a) IMMe, b) BIMMe, ¢) NIMMe, d) BIMir,

uporzadkowania wykorzystano

komplementarng analize spektroskopowg technikami NEXAFS oraz XPS. Pierwsza
z nich wykazata, na podstawie analizy widm krawedzi K absorpcji zaréwno wegla, jak
i azotu, ze wszystkie zwigzki tworzg ,stojace” monowarstwy o stosunkowo niskim
kacie nachylenia wzgledem normalnej do podioza, wynoszacym okoto 25 stopni.
Whioski te zostaty potwierdzone przez kalkulacje powierzchni zajmowanej przez
czasteczki na powierzchni (ang. molecular footprint). Dla monowarstw z metylowymi
grupami bocznymi jest ona na poréwnywalnym poziomie do gesto upakowanych
monowarstw  tiolowych,1¢®  natomiast dla odpowiednika izopropylowego
powierzchnia ta jest okoto 2 razy wieksza, co jest racjonalnie ttumaczone poprzez
wiekszg zawade steryczng grup bocznych. Co wazniejsze, wyklucza to hipoteze, ze
monowarstwy z krétkimi grupami bocznymi tworza horyzontalnie zorientowane
uktady, gdyz w takim przypadku wyliczona powierzchnia na czasteczke powinna
wykazywac liniowy wzrost wraz z wydluzaniem ,kregostupa” weglowodorowego

o kolejne pierscienie aromatyczne, co jest w oczywistej sprzecznosci z niemal statymi

warto$ciami tego parametru wyznaczonymi w prezentowanej pracy.

Kolejna manifestacja ogromnego wptywu konstrukcji monowarstw
karbenowych na ich parametry s3 wyniki pomiaru stabilnosci termicznej
z wykorzystaniem techniki TP-SIMS, gdzie $ledzono zmiany intensywnosci klastra
sktadajacego sie z dwdch czasteczek oraz jednego atomu zlota (M2Au*) w funkcji
temperatury (Rysunek 12a-b). Serie wybranych zwigzkéw mozna podzieli¢ na dwie
grupy, roznigce sie temperaturg desorpcji na poziomie 165 K: mniej stabilne
monowarstwy [IMMe i BIMIPr oraz bardziej stabilne BIMMe i NIMMe. Ponownie, aby
odnies¢ te wartosci do literaturowych, nalezy postuzy¢ sie energia desorpcji, ktéra dla
pierwszej grupy wynosi okoto 1,4 eV oraz 1,9 eV dla drugiej. Okazuje sie zatem, ze

zaroOwno warstwa modelowa (BIM'Pr), jak i najmniejszy przedstawiciel NHC (IMMe)
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Rysunek 12. Analiza stabilnosci termicznej zwigzkéw NHC: a)-b) profile temperaturowe TP-
SIMS odpowiednio dla grupy ,stabilnej” (BIMMe, NIMMe) oraz ,niestabilnej” (IMMe, BIMiPr), c)-d)
proces desorpcji fragmentéw niskomasowych.

cechuja sie stabilno$ciga poréwnywalng z t3 dla monowarstw tiolowych na ztocie
(miedzy 1,2 a 1,4 eV).169 Jest to wynik zaskakujacy tym bardziej, iz dla uktadu BIMiPr
wyznaczona wczesniej energia desorpcji wynosita okoto 1,64 eV.147 Wskazdwka, co do
pochodzenia tej rozbieznoSci, dostarcza analiza procesu desorpcji fragmentéw
niskomasowych, takich jak np. CsHs* (Rysunek 12c-d). Przebieg profili
temperaturowych dla grupy ,stabilnej” cechuje sie zanikiem emisji ww. jonu ponizej
charakterystycznej temperatury desorpcji, tymczasem dla grupy ,niestabilnej” emisja
ta zachodzi dtugo po zaniku sygnatu M:;Au*. Dla warstwy izopropylowej mozna
dodatkowo wyrézni¢ wyrazny moment desorpcji sygnatu CsHs*, ktéry idealnie
odtwarza uzyskany wczes$niej wynik (1,64 eV) na podstawie analizy tego samego
fragmentu.1*” Nasuwa to wniosek, ze dla karben6w o niskiej stabilnosci termiczne;j,
ogrzewanie monowarstw prowadzi do dekompozycji (rozkiadu) czasteczek na
powierzchni, w kontrascie do grupy ,stabilnej”, dla ktérej dominujacym procesem jest

termiczna desorpcja czasteczek z powierzchni.

Ze wzgledu na aromatyczny charakter grupy imidazolowej oraz zastosowanie
do budowy kregostupa czgsteczek NHC grup acenowych, mozna bytoby przypuszczac,
ze ich przewodnictwo elektryczne powinno by¢ na stosunkowo wysokim poziomie.
Hipoteze t3 sprawdzono z wykorzystaniem wielko-powierzchniowego ztacza
molekularnego EGaln dla przedstawiciela gesto upakowanych i wysoce stabilnych
warstw NHC, BIMMe (Rysunek 13a), badanych w publikacji [I]. Otrzymane dane dla
rozbudowanej (1650) statystyki zebranych krzywych pradowo-napieciowych
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w sposéb jednoznaczny obality ww. hipoteze. 350

W zestawieniu z przewodnictwem modelowych < zzz gloi}:gg_om
warstw ,izolujacych”, jakimi sg alkanotiolel70 %f‘s’g
(Rysunek 13b), analizowany uktad NHC wykazat E 100 ia
niemal cztery rzedy wielko$ci nizsza gestos¢ Sz'a) —l ] +9 o
pradu dla zadanego potencjatu. Odpowiada to 5-4 N: .-iog. |j|1kln OI 1
przewodnictwu prawie trzy razy dtuzszego §_4- ylg(;lk;ng}ﬁi*
(grubszego) alkanotiolu - 1-dodekanotiolu. Te %2'*'"7? ..........................
wyniki zostaty potwierdzone takze na podstawie 3;2 }‘—"u?ﬁ.—,__—‘_‘—_ - -
niezaleznych badan przeprowadzonych dla 2_4 ) + i i

4 8 12 16 20 24
uktadu BIMiPr, przez inny zesp6t badawczy.l7! 4

Rysunek  13. Przewodnictwo

warstwy BIMMe zmierzone ztgczem
elektronéw w tych uktadach jest przypuszczalnie  EGaln: a) histogram gestosci pradu

Niskie = prawdopodobienstwo  tunelowania

dla potencjatu +0,5V, b) zestawienie

zwigzane z charakterem tworzonego miedzy e '
z warto$ciami literaturowymi.157.170

czasteczka a podtozem wigzania C - Au. Wynik

ten, w potaczeniu z niska gruboscia proponowanych monowarstw karbenowych
(~1nm), jest bardzo atrakcyjny w konteks$cie zastosowania do funkcjonalizacji
elektrod bramki, gdzie poza zatrzymywaniem pradéw uptywu liczy sie réwniez
wysoka pojemnos$¢ ztacza. Zakladajac typowa warto$¢ statej dielektrycznej dla
monowarstw SAM,170 wynoszaca miedzy 2 a 3, zredukowanie grubosci filmu
organicznego trzykrotnie przy zachowaniu takiego samego oporu elektrycznego
(w porownaniu z 1-dodekanotiolem) pozwoli potencjalnie trzykrotnie zwiekszy¢
pojemnos$¢ ztgcza. Jednakowoz, wykonana kalkulacja sktadowej dyspersyjnej energii
powierzchniowej (na podstawie pomiaréw kata zwilzania przez dwie rézne ciecze),
ktéra data wynik okoto 2,5 razy wiekszy niz dla alkanotioli, wskazuje na potencjalne
zwiekszenie statej dielektrycznej dla monowarstw NHC a tym samym dalszy wzrost

pojemnosci ztacza.

Przeprowadzajac kompleksowg spektroskopowa analize szeregu monowarstw
SAM opartych na N-heterocyklicznych karbenach pokazano, ze w przeciwienstwie do
utartej w Srodowisku naukowym opinii, formowanie gesto upakowanych i wertykalnie
zorientowanych uktadéw moze by¢ przeprowadzone dla zwigzkéw z krdtkimi,
metylowymi grupami bocznymi. Prowadzi to rowniez, w zestawieniu z modelowymi,

izopropylowymi grupami bocznymi, do podwojenia gestosci czasteczek na
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powierzchni, co w potaczeniu z mozliwoscig wprowadzenia grup funkcyjnych,”7.147.165
umozliwia wykorzystanie w pelni potencjalu tego typu monowarstw. Redukcja
rozmiaru grup bocznych oraz wydtuzenie czeSci aromatycznej prowadzi do
rekordowego zwiekszenia stabilnoS$ci termicznej, tworzac z monowarstw BIMMe
i NIMMe najstabilniejsze zbadane dotad uktady SAM na powierzchni ztota. Zaskakujaco
niska przewodno$¢ tych monowarstw, wspoélnie z potencjalnie zwiekszong wartoscia
statej dielektrycznej w stosunku do standardowych zwigzkéw alifatycznych,
umozliwia stworzenie ,szczelnych” pokry¢ o wysokiej pojemnosci elektryczne;j.
Kombinacja (ultra)wysokiej stabilnosci termicznej i wtasciwosci elektrycznych czyni
z monowarstw NHC idealnych kandydatéw do zastosowania w elektronice organicznej
do funkcjonalizacji elektrody bramki, w szczegélnoSci, Ze mogg by¢ one osadzane

réwniez na powierzchni krzemu.172-174
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4. Podsumowanie i dalsze perspektywy

Prezentowany w ramach rozprawy doktorskiej cykl publikacji miat na celu
przede wszystkim wytypowanie potencjalnych grup zwigzkéw do tworzenia
organicznych, monowarstwowych pokry¢ funkcjonalnych do zastosowania
w elektronice organicznej i molekularnej. Zrealizowano go poprzez dogtebne zbadanie
wplywu grupy wiagzacej samoorganizujacych sie monowarstw organicznych na ich
kluczowe parametry, takie jak stabilno$¢ termiczna i przewodnictwo elektryczne, oraz
poznanie elementarnych mechanizmoéw wptywajacych na te parametry, tj. zjawisko

oscylacji energii wigzan dla kolejnych wigzan chemicznych w czasteczkach.

W pracy [A] pt. ,Oscillation in the stability of consecutive chemical bonds at the
molecule-metal interface - the case of ionic bonding” wykazano bardzo og6lny charakter
wystepowania pozycyjnych zmian energii wigzan w czasteczkach budujacych
monowarstwy SAM, ktéry uwidacznia sie bez wzgledu na chemiczny charakter
wigzania z podtozem. Udowodniono, po raz pierwszy, Ze probkowanie energii wigzan
technika SIMS zachodzi bezposrednio w monowarstwie, co jest niezwykle wazne
w  kontekscie zastosowania tej metody badawczej do analizy ukladéw
chemisorbowanych na powierzchni. Zaproponowany model oscylacji pozwolit
powigzac ze sobg zaleznoS$ci miedzy energia wigzan w czasteczkach a stabilno$cia

i przewodnictwem monowarstw SAM.

W publikacji [B] pt. ,Thermally Stable and Highly Conductive SAMs on Ag
Substrate - The Impact of the Anchoring Group” ww. zjawisko oscylacji zostato uzyte do
wyjasnienia wysokiej stabilnos$ci termicznej monowarstw tiolowych pomimo ich
ostabionego wigzania z podtozem (efekt ,najstabszego ogniwa”) oraz uzasadnienia
niemal identycznego przewodnictwa elektrycznego dla kazdej z badanych grup
wiazacych (redystrybucja gestosci elektronowej). Ponadto, analizowany tiol okazat sie
by¢ idealnym kandydatem do funkcjonalizacji elektrod zrédta i drenu w tranzystorach

OFET ze wzgledu na bycie wysokostabilnym i dobrze przewodzacym uktadem.

W manuskrypcie [C] zatytulowanym ,N-Heterocyclic Carbenes - the Design
Concept for Densely Packed and Thermally Ultra-Stable Aromatic Self-Assembled
Monolayers” przebadano serie N-heterocyklicznych karbendw, obecnie uwazanych za
bardzo obiecujgca alternatywe dla tioli. Zdementowano powszechng opinie gtoszaca,

ze tylko wybdr rozbudowanych grup bocznych prowadzi do powstania gestych,
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,stojacych” warstw. Sformutowano réwniez na nowo ogdlne reguty konstrukcji
czasteczek NHC maksymalizujace ich potencjat: wyb6r metylowych grup bocznych
i wydtuzenie kregostupa weglowodorowego. Ze wzgledu na niezwykle izolujacy
charakter oraz rekordowg stabilno$¢ termiczng (dla odpowiednio zaprojektowanych
zwigzkow), monowarstwy te moglyby z powodzeniem stuzy¢ do funkcjonalizacji

elektrody bramki.

Podsumowujgc, w rozprawie doktorskiej okreslono dwa typy monowarstw
SAM, ktére sg atrakcyjne z punktu widzenia elektroniki molekularnej/organicznej
i mogtyby zosta¢ uzyte w tranzystorze OFET, ktorego schemat zaprezentowano na

Rysunku 14.

potprzewodnik organiczny

ETTCRLAEIRT
A
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—————————————————————————————————————————
Rysunek 14. Proponowany na podstawie wynikéw rozprawy doktorskiej modelowy
tranzystor typu OFET, w ktéorym elektrody zrdédta i drenu sg pokryte monowarstwa
naftalenotioli, natomiast elektroda bramki jest zfunkcjonalizowana monowarstwa karbenow
(BIMMe), ktéry petni role dielektryka.

Z punktu widzenia syntezy organicznej mozliwe jest wzbogacenie serii
zwigzkow NHC o czasteczke bazujaca na antracenie, posiadajacy trzy piersScienie
aromatyczne w strukturze (wydtuzenie monowarstwy NIMMe o kolejny pierscien).
Struktura taka bytaby bardzo zblizona do powszechnie wykorzystywanych jako
potprzewodniki organiczne acen6w. Kombinacja stabego przewodnictwa w kierunku
wertykalnym oraz potencjalnie wysokiego w ptaszczyZnie monowarstwy (ze wzgledu
na charakter acenowy), mogtaby postuzy¢ do konstrukcji tranzystora polowego
opartego na monowarstwach SAM (SAMFET), co zilustrowano na Rysunku 15. Biorac
pod uwage wszystkie zalety karbendéw, tranzystor taki mogtby cechowac sie

nieprzecietnymi parametrami.
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Rysunek 15. Perspektywa wykorzystania zwigzkéw NHC o wydluzonym, aromatycznym
kregostupie weglowodorowym do budowy tranzystora typu SAMFET. Zielong strzatka
zaznaczono przewidywane wysokie przewodnictwo réwnolegle do kanatu tranzystora, ktére
odpowiada za element aktywny, natomiast strzatka czerwong zaznaczono niskie
przewodnictwo umozliwiajace pozbycie sie ,zewnetrznej” warstwy dielektryczne;.
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lon-induced desorption was successfully applied for the analysis
of the stability of chemical bonds at the molecule—metal interface
in the case of ionic bonding. The obtained experimental data
combined with the results of the DFT calculations reveal the effect
of positional oscillations in the stability of consecutive chemical
bonds, which has general character in chemistry.

Analysis of bonding stability at the molecule-electrode interface
is of fundamental importance for various applications of organic
materials, such as in the rapidly developing field of molecular
electronics."™ However, the analysis of the stability of this
particular interface remains extremely difficult for both experi-
mental and theoretical approaches. Recently, a new experimental
approach based on static secondary ion mass spectrometry
(S-SIMS) has been proposed to address this issue.” S-SIMS
experiments have been conducted for self-assembled monolayers
(SAMs),*” which are known to form well-defined organic nano-
structures and have been extensively used as a prototype system
for molecule-metal interface analysis.

To probe the impacts of the bonding group and the type of
metal substrate on the stability of the molecule-metal interface,
the aforementioned S-SIMS experiments were performed for a
homologue series of SAMs formed by BPnS(Se) (CH;~(CsHa)x-
(CH,).~S(Se), n = 2-6) molecules on Au(111)’ and Ag(111)®
substrates. In BPnS(Se)/Au(Ag) SAMs, an aliphatic linker of a
variable length (parameter ) is inserted between the biphenyl
moiety (BP) and the S or Se headgroup atom responsible for the
covalent bonding to the metal substrate.’* The S-SIMS analysis
of BPnS(Se)/Au(Ag) SAMs revealed positional oscillations in the
stability of consecutive chemical bonds at the molecule-metal
interface.>® This information was obtained by monitoring the
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Oscillation in the stability of consecutive chemical
bonds at the molecule—metal interface — the case
of ionic bondingt

© Krzysztof Koziet, (5 ¢

ion-induced emission of different molecular fragments, which
reflects fine changes in the stability of the internal molecular
bonds. It was concluded that the amplitude of these oscillations
increases with the strength of the molecule-metal bonding
via the headgroup atom (S or Se) and vanishes quickly from
the molecule-metal interface into the middle of the aliphatic
chain.”® To explain the observed oscillations, a simple model was
proposed, assuming that the origin of this effect is related to the
breaking of the translational symmetry in the molecules.” Impor-
tantly, the mechanism leading to the bond stability oscillation
was then also used to explain the similar efficiency of charge
transfer through the C-S-Au and C-Se-Au interfaces in SAMs,"
and the higher thermal stability of the former system."

Overall, these experiments indicate that the oscillation effect
is directly responsible for the correlations between bonding
stability, thermal stability, and conductivity at the molecule-
metal interface. To date, oscillation in the stability of consecutive
chemical bonds at the molecule-metal interface was observed
only in SAMs that are bonded to the metal substrate via strong
covalent bonds formed by the S or Se headgroup.>'*"”

Given the importance of this effect for the fundamental
properties of the molecule-metal interface, the objective of
this work was to investigate its generality for other types of
molecule-metal interfaces. To achieve this goal, in the current
study we have experimentally and theoretically analysed SAMs
where the molecule headgroup is extended from a single atom
(S or Se) into a chemical group (COO-) that binds the molecule
to the metal substrate via ionic bonds.'®'® For a systematic
comparison, it is desirable to conduct such experiments for
monolayers that have an analogous structure to that of the
BPnS(Se)/Au(Ag) SAM model system, but with the COO- head-
group. Such analysis became possible only recently,>**" after
the first microscopic and spectroscopic analysis of the
BPnCOO/Ag (C¢Hs-Ce¢H,—(CH,),,~COO/Ag, n = 1-4) SAMs where
the top methylene group was omitted to maintain the total
length of the molecule, and thus the intermolecular interactions,
similar to the BPnS(Se)/Ag analogue (see Fig. 1). Detailed compar-
ison of BP2S/Ag and BP2COO/Ag demonstrated that both types of
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CH,
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Fig.1 Schematic presentation of the BPnCOO/Ag SAMs used in the
current studies (where molecule—metal bonding is formed by bidentate
ion bonding of the carboxylic group with the Ag substrate) in comparison
with the BPnS(Se)/Au(Ag) SAMs that were analysed in previous experiments
(where covalent bonding of either S or Se atoms binds the molecules to
the Au or Ag substrates).

SAMs form fully analogous structures with respect to the unit cell
and packing density; however, superior 2D ordering was obtained
for BP2COO/Ag despite its ca. 300 times shorter formation time.>
The modification of the molecule-metal bonding upon head
group modification (covalent -S/Ag versus ionic -COO/Ag) was
visible in these experiments®® via a significant negative shift in
the C 1s binding energy observed in the X-ray photoelectron
spectra (XPS), which can be attributed to the dipole layer for-
mation at the molecule-metal interface*® consistent with the
negative charging of oxygen atoms upon formation of the -COO/
Ag bonding. Further analysis of the BPnCOO/Ag series indicated
yet another important similarity between the BPnCOO/Ag and
BPnS(Se)/Ag SAMs i.e., the structural odd-even effect in which
the packing density and orientation of molecules towards the
substrate depend on whether the value of the parameter 7 is odd
or even.”! This structural analysis was performed only for com-
pounds with n = 1-4 that are commercially available. By contrast,
the S-SIMS analysis of the bond stability oscillation effect in the
BPnS(Se)/Ag SAMs was performed for the series with n = 2-6.>%
Therefore, for the current S-SIMS analysis of the BPnCOO/Ag
series, it was necessary to synthesize the missing compounds
with n = 5 and 6 (for details see the ESIf). To simplify the
preparation procedure, we decided to use ethanol instead of a
THEF : n-hexadecane (1:1) mixture as the solvent for BPnCOO/Ag
SAM formation. Considering the extension of the analysed series
and the modification of the solvent for film formation, prior to
the S-SIMS analysis, we performed a complete series of infrared
reflection absorption spectroscopy (IRRAS) and XPS analyses to
spectroscopically characterize the entire series of BPnCOO/Ag
SAMs with 7 = 1-6. The obtained spectra and experimental details
are presented in the ESL7 In brief, this analysis confirmed that:
(i) all members of the series form well-defined monolayers with
bidentate bonding of the COO- group with the Ag(111) substrate,
(ii) the odd-even effect is observed with the odd-numbered
members exhibiting higher inclination of the biphenyl part,
which is partially compensated by the tilting of the COO- plane
towards the Ag(111) substrate and results in lowering the film
thickness and packing density compared to the even-numbered
members, and (iii) the phase of this odd-even effect is the same
as that for the BPnS(Se)/Ag SAMs (Fig. S1-S3 in the ESIt). This
analysis verifies that for n = 2-6, the BPnCOO/Ag and BPnS(Se)/Ag
series form analogous systems where the difference in the
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intermolecular interactions can be minimized to determine the
role of the molecule-metal interface in the bond stability analysis
by S-SIMS.

The representative S-SIMS spectra for positive and negative
secondary ions are presented in Fig. S4 (ESIt) for the BP5COO/
Ag system. We note at this point that, although S-SIMS analysis
of SAMs is quite well-documented in the literature,>® 23728
to the best of our knowledge, such studies of SAMs where the
COO- group was used as the headgroup have not been reported
to date. Previous S-SIMS studies of SAMs on a metal substrate,
which were performed mainly for different types of thiols,>*>%?*
and more recently for selenols,”®"*'* indicated significant emis-
sion of complete molecules, different molecular fragments and
characteristic molecule (M)-metal (Me) cluster ions (M,Me,),
which are considered to be a fingerprint of the molecule-metal
bond formation. A similar emission pattern was also observed in
the current studies of the BPnCOO/Ag SAMs, which can be
chemically identified via emission of complete molecular ions
M~ (M = C¢H5-C¢H,—(CH,),,~COO) and molecule-metal clusters
such as MAg"~, MAg," and M,Ag~ (see Fig. S4 in the ESI}).

Considering the effect of oscillation in the stability of
consecutive chemical bonds, we have focused our analysis on
the emission of different molecular fragments following the
methodology proposed in previous studies™® of the BPnS(Se)/
Ag(Au) SAMs for which this effect was initially observed.
To minimize the impact of ionization probability on the emis-
sion process, we analysed the oscillation in the stability of
consecutive chemical bonds only by the emission of a given
molecular fragment for the whole investigated series of the
BPnCOO/Ag SAMs. We started our analysis with the emission of
C¢Hs-C¢H,~CH," (Cy3Hy;") secondary ions. As indicated in
Fig. 2a, to desorb this particular fragment from the BPnCOO/
Au(111) SAMs with an increasing number n along the homo-
logous series, consecutive chemical bonds have to be cleaved
along the aliphatic linker. The analysis of the efficiency of this
process as a function of the parameter n exhibits a clear
oscillation as shown in Fig. 2a. We can associate the more
effective emission of this fragment for a particular value of
parameter n with the lower stability of a given chemical bond
that must be cleaved to allow for its emission. Thus, the
oscillating emission efficiency is directly associated with the
respective oscillations in the stability of consecutive chemical
bonds. The amplitude of these oscillations diminishes upon
moving from the headgroup—(CH,), interface towards the
middle of the aliphatic chain. To prove that the observation
of these oscillation is not associated with a particular (C,3H;;")
molecular fragment, we also analysed the emission of fragments
that are longer by one or two CH, groups ie., for CsHs—CsH,—
CH,-CH," (C14Hy5") and C¢Hs-CeH,~CH,-CH,-CH," (Cy5Hys').
Although for longer fragments our analysis must be limited to the
series with n = 3-6 and n = 4-6 for C;;H;3" and C;sHis,,
respectively, it reveals a similar effect of oscillations (Fig. 2b
and c). Importantly, in each case, the phase of the observed
oscillation is the same, ie., the emission associated with the
termination of the C°-C' chemical bond (between carbon C°
from the carboxylic group and carbon C' from the first methyl

This journal is © the Owner Societies 2019
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Fig. 2 S-SIMS data analysis. Panel (a) shows the normalized signal of
[CizHy]* emission for BPnCOO/Ag(111) (n = 2-6). (b) Same as (a) for the
[Ci4H13]" emission and (c) for the [CysHasl* emission. The green boxes in
the schemes on the left side of panels (a—c) show the regions of different
molecules that correspond to the given type of secondary ion, also
indicating the location of the scission resulting in its emission. Panel (d)
schematically summarizes the S-SIMS results: (i) the effect of oscillations in
the bond energies of consecutive chemical bonds along the molecule
backbone, and (i) the drop in oscillation amplitude with increasing
distance from the molecule-substrate interface.

group of the linker) is higher than the emission resulting from
the termination of the consecutive C'-C*> chemical bond
(between the carbons from the first and second methyl groups
of the linker) and so on. Thus, regardless of the type of analysed
fragment, we can conclude that the same type of oscillation in
the stability of consecutive chemical bonds is present in the
BPnCOO/Ag system, as schematically summarized in Fig. 2d
starting with low stability of the C°-C" bond that served as the
source of the observed oscillation. To corroborate our experi-
mental observation of positional oscillations in the stability of
consecutive chemical bonds by theoretical analysis, we per-
formed density functional theory (DFT) calculations (see the ESIT
for details). To simplify the analysis of bond energies, we
conducted calculations for a model of isolated molecules bonded
to the Ag(111) surface (simulated by a bilayer cluster containing
18 Ag atoms) via the carboxylic group assuming bidentate bond-
ing deduced from our spectroscopic analysis. To enable clear
observation of the possible oscillation effect, we performed our
calculations for the two longest members of the BPnCOO/Ag
(n = 2-6) homologue series, i.e., for BP5COO/Ag and BP6COO/Ag.
As documented by the data presented in Fig. 3a, for the BP5COO/
Ag system, the energies of the chemical bonds between the
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Fig. 3 Schematic summary of the DFT calculation results for individual
bond energies (in [eV]) for: BP5COO/Ag(111) (a), BP6COO/Ag(111) (b), the
free BPSCOOH molecule (c), and the free BP6COOH molecule (d).

consecutive carbons of the aliphatic chain exhibit clear alter-
nating changes, confirming the effect of the experimentally
observed oscillations. Importantly, the phase of these calculated
oscillations is the same as that found by our S-SIMS analysis ie.,
the C°-C' bond has a lower energy than the consecutive C'-C?
bond followed by a higher bonding energy of the C*>~C? bond and
so on. Similar DFT calculations were also conducted for the
longer BP6COO/Ag system, which also exhibits similar oscillation
behaviour with the same phase of oscillations for consecutive
chemical bonds of C°~C'-C>-C*-C*, as shown in Fig. 3b. How-
ever, the stability sequence for the C*~C*~C® bonds is opposite to
this trend. This effect can be understood considering that both
ends of the aliphatic chain are sources of oscillations due to the
breaking of translational symmetry, whereas for the BP5COO/Ag
system, both oscillations are in phase along the whole aliphatic
chain; for BP6COOH/Ag, these two oscillations meet with
opposite phase.

To analyse the impact of the molecule-metal bonding on the
oscillation behaviour, we also performed DFT calculations for
the free molecules of BP5SCOOH and BP6COOH. These results
are presented in Fig. 3c and d, respectively. In this case, our
calculations also show alternating stability of consecutive
chemical bonds along the aliphatic chain. This observation
confirms that this effect is indeed related to the breaking of
translational symmetry, and therefore should also be observed
for the free molecules given its general character in organic
chemistry. However, for both free molecules, the phase of these
oscillations at the carboxylic end of the aliphatic chain, defined
by the relative stability of the C°~C'-C>-C? bonds, is opposite to
that observed for the same molecules bonded to the Ag(111)
substrate. This observation is of paramount importance for
understanding our experimental analysis by S-SIMS. Since the
phase of oscillations in the S-SIMS data is consistent only with
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the molecule bonded with the substrate, the signal of the
respective fragments arises directly from the breaking of
chemical bonds in the original SAM structure and not from
the termination of these chemical bonds in desorbed molecules
that are transferred into the gas phase as a secondary result of
the ion beam impact. Thus, the present experiments with the
BPnCOO/Ag SAMs confirm, for the first time, that an approach
based on the application of S-SIMS directly probes the original
molecule-metal interface. We would like to stress that such
analysis was not possible in previous experiments® with the
BPnS(Se)/Au SAMs because the phase of these oscillations as
analysed by DFT calculations was the same for both adsorbed
and free molecules.

As a final observation, we note that also in the case of free
molecules, the oscillations propagating from both ends lead to the
in phase behaviour for BP6COOH and the out of phase behaviour
for the BP5COOH molecule. However, this effect is reversed and
much weaker compared to that for the adsorbed molecules due
to the inverted phase and the much lower amplitude of the
oscillation at the carboxylic end of the free molecules.

In conclusion, S-SIMS analysis of the stability of chemical
bonds at the molecule-metal interface for the BPnCOO/Ag
series provided two crucial findings. First, it was experimentally
demonstrated that the effect of positional oscillations in the
stability of consecutive chemical bonds has a very general
character for molecular films and can also be observed for
the monolayers formed by ionic bonding to the metal surface.
Second, the combination of our experiments with DFT analysis
not only confirmed this observation but also provided the first
direct evidence that our experimental approach based on
S-SIMS probes the original molecule-metal interface in this
type of nanostructures.
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Synthesis

The BPnCOOH compounds with n =5 and n = 6 were synthesized from adipic and pimelic acid

respectively, according to the following scheme:

I ) !

O O
o, — oo 2
HO n OH n

O O O

I Ac,O (10 eq.), reflux 2 h

Conditions:

IT Biphenyl (1 eq.), AICl;, PANO,, RT, 20 h

III N,H,4, KOH, triethylene glycol, 210 °C, 4 h

Procedures

The reactions were performed using modified literature procedures.!?

I Appropriate dicarboxylic acid was refluxed in acetic anhydride (10 eq.) for 2 hours. The
excess of anhydride was removed on rotary evaporator. The resulting brown, dense, viscous
liquid was subjected to vacuum distillation, yielding clear, colorless viscous oil (Yield: 70 %

for n =5 and 64 % for n = 6). The anhydrides were immediately subjected to the next step.

II To around bottom flask, containing 2.5 eq. of anhydrous aluminium chloride, nitrobenzene
(1 mL/mmol of substrate) and biphenyl (1 eq.) were added. The resulting mixture was cooled
in an ice bath. Appropriate anhydride, dissolved in nitrobenzene, was added dropwise. After
the addition, the reaction mixture was allowed to warm to room temperature and stirred for
additional 20 hours. The reaction was quenched by careful addition of concentrated HCI.
Reaction mixture was diluted with water. The brown precipitate was filtered, dried under
vacuum and purified by flash chromatography (SiO,, DCM:acetone = 2:1), yielding both
ketoacids in 20 % yield as off-white powders.



IIT Reductions were performed, using Huang Minlon modification of Wolff-Kishner reaction,
using 1 eq of ketoacid, 3.5 eq of KOH and 3 eq of 85 % hydrazine hydrate in trietyhylene
glycol (1.5 mL/mmol of ketoacid). The reaction mixture was heated in an oil bath at 210 °C
under air-cooled reflux condenser. After 4 hours the excess hydrazine was distilled off. The
reaction mixture was allowed to cool to room temperature, then poured onto ice-cold water.
Aqueous layer was acidified to pH=2 using concentrated HCl and extracted 3 times with
chloroform. Organic extracts were combined, washed two times with water and dried over
anhydrous MgSO,. The solvent was evaporated under reduced pressure, yielding beige, crude
product, which was purified using flash chromatography (SiO,, Hexanes:Ethyl acetate = 4:1).
The yields for n =5 and n = 6 were 75 % and 80 % respectively. The spectroscopic data for the

products are in agreement with previously reported ones.!

SAM Preparation

Ethanol (99,8%) was obtained from POCH (Poland) and used without further purification. The
BPnCOOH molecules (CsHs—CsHy—(CH,),—COOH) were purchased from Alfa Aesar (n = 1,2)
and Wako (n = 3,4) and used without further purification.

For all used techniques, substrates were prepared by evaporating c.a 35 A of chromium, then
c.a. 1000 A silver (rate ~1,0 A/s, room temperature) onto polished silicon wafers (ITME,

Warsaw). Chromium was used to improve the adhesion between silver layer and silicon.

Monolayers were obtained by immersing aforementioned substrates in 1 mM ethanol solutions
of BPnCOOH molecules for 5 min. After incubations, samples were removed from the

solutions, rinsed with pure ethanol and dried under nitrogen.
IRRAS

Infrared reflection—absorption spectroscopy (IRRAS) measurements were performed with
a dry-air-purged Thermo Scientific Nicolet 6700 FTIR spectrometer model equipped with
a liquid nitrogen-cooled MCT detector. All spectra were taken using p-polarized light incident
at a fixed angle of 80° with respect to the surface normal. Spectra were measured at a resolution
of 2 cm' and are reported in absorbance units A = — logR/Ry , where R is the reflectivity of the
substrate with a monolayer and Ry is the reflectivity of the reference. Substrates covered with

perdeuterated hexadecanethiolate SAMs were used as the reference samples.
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Figure S1. (a) IRRAS spectrum for BPSCOO/Ag. Characteristic absorption bands are
indicated. (b-¢) Intensities of bands at ~3060, ~1490, ~1400, and ~1008 cm™!' presented as
a function of increasing length of the aliphatic spacer (number n of methylene units) in
BPnCOO/Ag SAMs. Bands at ~3060, ~1490, and ~1008 cm™! are related to the biphenyl unit
whereas the band at ~1400 cm! corresponds to symmetrical carboxylate stretching. All bands
exhibit the odd-even intensity modification correlated with the odd-even reorientation of the
biphenyl unit and the plane of the carboxylic bond - see ref. 5 for more detailed description.

XPS

X-ray photoelectron spectroscopy (XPS) measurements were performed with a photoelectron
spectrometer equipped with a hemispherical analyzer VG SCIENTA R3000. The spectra were
taken using a monochromatized aluminum source Al Ka (E =1486.6 ¢V), MX-650 VG Scienta.

The base pressure in the analytical chamber was 5x10- mbar. The spectral acquisition was



carried out in normal emission geometry with an analyzer energy step of 0.15 eV. The A u4f;,

peak analysis allowed to reference the binding energy (BE) scale and to define the overall

resolution of the spectra—ca. 1,15 eV. All spectra were fitted by the symmetric Voigt functions,

and a Shirley-type background was subtracted.
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Figure S2. Overview of XPS spectra of (a) Ag3d, (b) Cls, and (c¢) Ols for BP5COO/Ag, (d-f)
together with intensities of above signals presented as a function of increasing length of the
aliphatic spacer (number 7 of methylene units).
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Figure S3. Film thickness (a) and area per molecule (b) calculated from XPS data presented as
a function of increasing length of the aliphatic spacer (number n of methylene units). The
calculations of the effective film thickness were based on the Cls/Ag3d intensity ratios,
assuming the exponential attenuation of the photoelectron signal3 and using attenuation lengths
reported earlier.* The method of calculation of the area per molecule was described elsewhere.’



S-SIMS

The SIMS experiments were performed using a time-of-flight SIMS (TOF SIMS V system,
ION TOF GmbH, Germany). The instrument was operated at a base pressure of 5x1071° mbar.
The primary 30 keV Bi* ion beam was scanned over a 500 um X 500 pm area during data
acquisition. Both positive and negative secondary ions were extracted into a reflectron TOF
mass spectrometer before reaching a multichannel plate (MCP) detector. The total ion doses
during measuerements were up to 5x101° ions/cm?, ensuring the static SIMS regime and that
no ion-induced damage was done to samples. Before the analysis, all spectra were normalized

to the respective total number of counts.
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Figure S4. Examples of S-SIMS data: (a) positive and (b) negative spectra for BPSCOO/Ag.
Characteristic secondary ions are indicated by arrows.

DFT

First-principles calculations were performed using spin-polarized density functional theory
(DFT) with the projector augumented waves (PAW)%7 and van der Waals corrected exchange-
correlation functional (vdW-DF) available in VASP (Vienna ab-initio simulation package).®®

The optPBE-vdW implementation of the vdW-DF method was used in all the calculations.!0-!!

The plane wave basis set was restricted by an energy cutoff of 700 eV. Only the I" point was

used in the Brillouin zone sampling. The total energy convergence criterion was chosen to be



106 eV. The atomic positions were fully relaxed by a conjugate gradient method until the
maximum force in any direction was less than 0.01 eV/A. The Ag(111) substrate has been

modeled by a cluster of 18 Ag atoms frozen in Ag(111) atomic positions.
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Thermally Stable and Highly Conductive SAMs on Ag
Substrate—The Impact of the Anchoring Group

Mateusz Wrdbel, Tomasz Zaba, Eric Sauter, Mariusz Krawiec, Joanna Sobczuk,
Andreas Terfort, Michael Zharnikov,* and Piotr Cyganik*

1. Introduction

Self-assembled monolayers (SAMs) on metal substrates are an important

part of modern interfacial chemistry and nanotechnology. The robustness
of SAMs strongly depends on their thermal stability, which, together with
electric conductivity, crucial for their applications in molecular/organic
electronics. In this context, using a multidisciplinary approach, the struc-
ture, stability, and conductivity properties of conjugated aromatic SAMs
featuring the naphthalene backbone and S—, Se—, or COO— group, medi-
ating bonding to the Ag substrate are addressed. Whereas thermal stability
of these SAMs exhibits a strong dependence on anchoring group, their
conductivity is similar, which is rationalized by tentative model consid-
ering redistribution of charge density along the molecular framework. The
thermal stability of model naphthalenethiol SAM, emphasized by desorp-
tion energy of =1.69 eV, is better than that of typical N-heterocyclic carbene
(NHC) monolayers considered currently as the most stable SAMs on metal
substrates. However, in contrast to NHC SAMs, which are highly insulating,
the naphtalene-based SAM, with S—, Se— or COO— anchoring groups, are
highly conductive, even in comparison with analogous oligophenyl SAMs
(by a factor of 10). A unique combination of the ultimate thermal stability
and superior conductivity for the naphthalenethiol SAM on Ag makes it

highly attractive for applications.

Self-assembled monolayers (SAMs) repre-
sent an important part of modern nano-
technology, building useful systems on
their own and providing efficient means
for modifications of surfaces and inter-
faces.!! One of the primary functions of
SAMs is the formation of well-defined,
functional interfaces between organic
and inorganic materials, which, to a large
extent, are controlled by the properties of
the chemical bonding formed between
the SAM-building molecules and the
substrate.'¥ The chemical and thermal
stability and conductivity of such a SAM-
engineered interface are the key param-
eters for most applications, including
those in the areas of molecular/organic
electronics and photovoltaics.Z In all
these areas, the need to optimize both
thermal stability and conductance of
SAMs is well justified by the mismatch
between the vibrational density of states of
the organic and inorganic materials. Due
to this mismatch, thermal conductivity
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at the molecule-metal interface is rather low, which generally
leads to overheating problems in the electric junctions based
on such interface.’l At the same time, it was demonstrated that
the efficiency of the heat transport at the SAM-metal interface
increases with the strength of bonding to the substrate and the
packing density of the SAM.I*® < This observation was explained
assuming that a stronger molecule-metal bonding makes the
“spring constant” between organic film and inorganic substrate
stiffer, which allows for more effective coupling of heat-carrying
phonons across this interface.*> Thus, one can assume that
densely packed and strongly bonded SAMs should be favorable
for applications in the areas of molecular/organic electronics
and organic photovoltaics.

Whereas the control of the molecular conductivity is doubt-
less crucial for molecular electronics and has been extensively
analyzed in recent years, the role of chemical and thermal sta-
bility of the molecule-metal interface was much less analyzed
in the literature and their possible correlation with the conduc-
tivity still remains unclear. Specifically, dedicated brake-junction
studies comparing different types of chemical bonding between
individual molecules and Au electrodes, such as Au—N, Au—S,
Au—P, and Au—C, indicated that increased strength of this
bonding enhances the conductance of the junction.’! In par-
ticular, an increase in conductance for the Au—C anchor as
compared to the Au—S bond by onel® or even twol>>4 orders of
magnitude was reported, which could be correlated with the dif-
ference in the bond strength as estimated for the Au—S (=1.3 eV,
on the basis of thermal desorption studies®)) and Au—C bond
(=3.0-3.5 eV, on the basis of density functional theory (DFT)
calculations for alkanes® and alkynes”). However, the better
conductivity of the Au—C bond compared to Au—S was not
confirmed by the large area molecular junction experiments®!
(based on eutectic Galn) involving SAMs of alkanethiols and
alkynesl® on Au(111) substrate. These experiments revealed no
difference in conductivity for these two types of SAMs.[®!

To address directly a possible correlation between the electric
conductivity and the strength of molecule-metal bonding, two
chemically and structurally analogous SAMs with naphthalene
backbone, nitrile tailgroup, and either Au—S or Au—Se bonding
to the substrate were analyzed, i.e., N=C—C;yH—S(Se)/Au,
abbreviated as NC-NapS(Se)/Au.'! Series of experiments!®!l
and calculations!""™ for these and other SAMs demonstrated
higher stability of the Au—Se bond compared to Au—S. How-
ever, the increase in the Au—Se bond stability was found to
occur at the cost of lower stability of the adjacent Se—C bond
compared to S—C,% which for SAMs with aliphatic backbone
leads to positional oscillations in the stability of subsequent
chemical bonds at the molecule-metal interface.'!”l The experi-
ments conducted for NC-NapS(Se)/Au indicate that this effect
is crucial both for thermal stability™® and conductivity!™” of
SAMs. The higher stability of the Au—Se bond compared to
Au—S in combination with lower stability of the Se—C bond
compared to S—C leads to the overall lower thermal stability
of selenium-based SAMs on Au, which is dictated not by the
strongest but by the weakest (Se—C) link in the system.!"® On
the other hand, the conductivity analysis performed for NC-
NapS(Se)/Au shows that modification of the bonding group
from S to Se has no noticeable effect on charge transfer effi-
ciency.'”! Since the tunneling process across SAMs involves
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both Au—S(Se) and C—S(Se) bonds, it was supposed that
strengthening of the former bond at the price of weakening of
the latter causes a redistribution of the electron density at the
Au—S(Se)—C interface, which, on the average, does not change
the total probability of charge carrier tunneling.['%]

It would be important to verify whether the above considera-
tions, formulated for thiols, and selenols on Au substrate, have
a more general character and are valid for other types of SAMs
as well. To this end, in the current study we take a step in this
direction by dealing with Ag(111) substrate instead of Au(111)
and by expanding the types of the anchoring group to carboxylic
acid, which became increasingly popular recently in the context
of molecular self-assembly.’l Once again, we use intentionally
SAMs with the naphthalene backbone and nitrile tail group, as
schematically presented in Figure 1a, as they allow us to com-
pare results of the current and former!!®1“13] experiments and
calculations, involving complementary techniques such as X-ray
photoelectron spectroscopy (XPS), near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy, secondary ion mass
spectrometry (SIMS), water contact angle (WCA) goniometry,
conductivity measurements using-large area molecular junc-
tions with liquid metal electrode (EGaln), and calculations by
using DFT. As to the selection of silver as the substrate, it is well
justified by its highest conductivity among metals, better acces-
sibility compared to gold which is the most commonly used
material for electrodes in molecular electronics,?* and the very
limited number of thermal stability studies!" of SAMs formed
on this substrate, with none of them addressing correlation of
this parameter with the conductance. In addition, Ag electrodes
are frequently used in molecular and organic electronics!*® and
organic photovoltaics,! so that the results of the present study
are directly relevant for these particular application areas.

2. Results and Discussion

The presentation and discussion of the experimental data is
divided into three sections. The first section is related to the
structural analysis of the SAMs, involving the XPS, NEXAFS
spectroscopy, and WCA goniometry data. The next section deals
with bonding to the substrate and thermal stability analysis
relying on the SIMS, the TP-SIMS data, and DFT calculations
respectively. The final part contains the electric conductivity
analysis performed by using large-area molecular junctions
with the top EGaln electrode.

2.1. Structural Analysis (XPS, NEXAFS Spectroscopy, and WCA)

The XPS data are summarized in Figure 1b—f (additional
data can be found in the Supporting Information; Figure S1).
The S 2p spectrum of NC-NapS/Ag in Figure 1d can be fitted
by a single S 2p;/,;/; doublet at a BE of =162.0 eV (S 2ps)
which suggests the formation of well-defined Ag—S bonding
for all SAM-building molecules with no traces of oxidized,
unbounded, or atomic sulfur.'/l The respective analysis for the
NC-NapSe/Ag was performed on the basis of the Se 3p spec-
trum (Figure le) which can be fitted by a single Se 3ps/51),
doublet at BE =161.0 eV (Se 2ps;). According to the established

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the SAM-forming molecules of this study adsorbed on Ag(111), along with their acronyms a) and XPS data b-f).
The respective SAMs will be termed as NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag or, in the case of Au(111) substrate, as NC-NapS/Au, NC-
NapSe/Au. C 1s b) and Ag 3d c) XP spectra of NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag; the S 2p d), Se 3p e), and O 1s f) XP spectra char-
acteristic of the anchoring groups in NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag, respectively. Individual peaks and components are marked

using different colors (see text for details).

assignments® such a behavior suggests the formation of a
well-defined Se—metal bond for all SAM-building molecules
with no traces of oxidized or unbound selenium. The O 1s
range for NC-NapCOO/Ag in Figure 1f can be fitted by a single
and symmetric peak at BE =530.6 eV, which confirms the for-
mation of well-defined bidentate carboxylate—Ag bond medi-
ated by the COO— group.[22>19]

The C 1s spectra of all samples are presented in Figure 1b
with the dominant component indicated by violet color and
assigned to the naphthalene backbone, in line with the litera-
ture data.'®™ For NC-NapS/Ag and NC-NapSe/Ag this com-
ponent is located at a BE of =284.7 eV and for NC-NapCOO/Ag
at a lower BE of =284.2 eV. Following the established analysis
for analogous SAMs based on aromatic thiols and carboxylic
acids!?2>20] this shift toward the lower BE by =0.5 eV can be
attributed to the interfacial charge rearrangement. Such a col-
lective electrostatic effect is most likely associated with the pres-
ence of an interfacial dipole layer?!l oriented toward the sub-
strate as a result of Ag—O bond formation, which has an ionic
character.®?2l The same effect, even though less pronounced
because of the low signal intensity, is also visible for the higher
energy component (olive) assigned to the nitrile carbon,?’!
which for NC-NapS/Ag and NC-NapSe/Ag is located at a BE of
=286.1 eV but for NC-NapCOO/Ag at a BE of =285.7 eV exhib-
iting, thus, a similar BE shift (=0.4 eV) as for the main peak.
For NC-NapCOO/Ag, an additional and much less intense
high energy component (dark green) was identified at a BE of
~287.3 eV, which is characteristic of the COO™ group involved in
a bidentate Ag—carboxylate bond.[122:19]
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The Ag 3d signal presented in Figure 1c exhibits nearly equal
intensity for all the samples, indicating similar film thicknesses,
which has been evaluated using the standard approach based on
the C 1s/Ag 3d intensity ratios,” assuming exponential attenu-
ation of the photoelectron signal with the attenuation lengths
reported earlier,*” and using hexadecanethiol (HDT) SAMs on
Ag as a reference system. As a result of this analysis, similar
values of the effective film thickness of =1.25 and =1.31 nm were
obtained for NC-NapS/Ag and NC-NapSe/Ag, respectively. For
NC-NapCOO/Ag, a somewhat lower effective thickness value of
=~1.08 nm was estimated. We note at this point that lower effec-
tive film thickness for NC-NapCOO/Ag, compared to the mono-
layers with the S— and Se— docking groups, is also consistent
with the more canted orientation of the molecules in these
SAMs as concluded from the NEXAFS data (vide infra).

The C and N K-edge NEXAFS data for the SAMs of this
study are presented in Figure 2a,b, accompanied by a schematic
drawing of the molecular orientation in Figure 2c. Two types
of spectra are shown, i.e., those acquired at an X-ray incidence
angle of 55° (magic angle) and those corresponding to the dif-
ference between the spectra collected under the normal (90°)
and grazing (20°) incidence geometry. These spectra provide
complementary information. Specifically, the 55° spectra are
representative of the electronic structure of the films (unoccu-
pied molecular orbitals) and are not affected by orientational
effects.?%l In contrast, the difference spectra represent finger-
prints of orientational order and molecular orientation in a
molecular filmP% expressed by the appearance of difference
peaks at the positions of characteristic absorption resonances.
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Figure 2. C a) and N b) K-edge NEXAFS spectra of NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag acquired at an X-ray incidence angle of 55°
(black lines), along with the respective difference between the spectra collected under the normal (90°), and grazing (20°) incidence geometry (gray
lines). Individual absorption resonances are marked by numbers (see text for the assignments). The horizontal dashed lines correspond to zero. c)
A schematic drawing of the orientation of the NC-NapS molecules in NC-NapS/Ag, representative of NC-NapSe/Ag, and NC-NapCOO/Ag as well.
Molecular orientation is defined by the tilt and twist angles, and ¥ with the twist angle describing the rotation of molecule around its main axis (red
arrow) and set to 0 if the 7 orbitals of the naphthalene backbone (7,a,u*; gray) are located in the tilt plane. The latter orbitals and the m* orbital of
the nitrile group (green) are parallel to each other and perpendicular to the backbone plane; the orientation of the respective transition dipole moment,
(TDM,, vine arrow) is given by the angle . The m;* orbital of the nitrile group (blue) is parallel to the backbone plane.

The 55°C K-edge spectra of the SAMs of this study in
Figure 2a exhibit characteristic resonances of the naphtha-
lene backbone and the nitrile tail group, underlying the iden-
tity of the SAMs. The most representative feature of naph-
thalene is a double 7 resonance at 284.65 and 285.4 eV (la
and 1b), with the characteristic intensity branching between
the both components.!! Such a double resonance is typical
of acenes?’l and is usually associated with the chemical shift
of the two symmetry-independent carbon atoms.”>?8! The
characteristic feature of benzonitrile is a sharp resonance
at 286.7 eV (2).10%9 Apart from these features, the spectra
exhibit a m," resonance at 288.5 eV (3), characteristic of the
aromatic moieties,?283% and a variety of less specific o* reso-
nances at higher photon energies. The relative intensities of
individual features are nearly identical for NC-NapS/Ag and
NC-NapSe/Ag, resulting in very similar spectral shapes, but
somewhat different for NC-NapCOO/Ag, presumably because
of the conjugation between the naphthalene backbone and the
anchoring carboxyl group.

The N K-edge NEXAFS spectra of NC-NapS/Ag, NC-NapSe/
Ag, and NC-NapCOO/Ag in Figure 2b exhibit the character-
istic spectral features of benzonitrile, i.e., a strong, double
% resonance at =398.8 and =399.7 eV (1 and 2), along with
a weaker 7% resonance at =4017 eV (3; presumably, m*
of nitrile)®” and several hardly perceptible o* resonances
at higher PEs (4 and 5). The most intense, double 7* reso-
nance is representative of benzonitrile,?*? including mono-
molecular films containing such a building block.[1%-2%b.31]
This resonance stems from the conjugation between the 7*
orbitals of the nitrile group and the adjacent phenyl ring
lifting the degeneration of the normally degenerated 7(C=N¥)

Adv. Electron. Mater. 2021, 7, 2000947 2000947 (4 0f13)

83:2545202673

orbital.B1#32] One of the resulting orbitals (1; m*) becomes
then oriented perpendicular to the plane of the adjacent ring
(see Figure 2c) and strongly delocalized over the entire ben-
zonitrile moiety. The other orbital (2; m3*) becomes oriented
parallel to the plane of the adjacent ring (see Figure 2c) and is
localized exclusively at the nitrile group. The delocalization of
the m* orbital leads to the lowered intensity of the respective
absorption resonance, giving the characteristic branching of
the entire 7;*/73* feature in the spectra.

Both C an N K-edge NEXAFS spectra of NC-NapS/Ag,
NC-NapSe/Ag, and NC-NapCOO/Ag exhibit pronounced linear
dichroism as follows from the presence of distinct peaks at
the positions of the characteristic resonances in the 90°-20°
difference spectra in Figure 2a,b. Considering that the transi-
tion dipole moments (TDMs) associated with the dominant 7*
resonances are oriented perpendicular to the molecular axis,
the positive sign of the respective difference peaks suggests, as
expected, an upright orientation of the molecules in all three
SAMs. Beyond this qualitative statement, quantitative evalua-
tion of the entire sets of the C K-edge and N K-edge spectra was
performed, relying on the standard theoretical framework for
vector type molecular orbitals.?*3%! As the result, the average
tilt angles of the most prominent 7z* orbitals of the naphthalene
backbone (la and 1b, see Figure 2a) and the nitrile moiety (m*
and 73%, see Figure 2b) were calculated. These angles, fapm, @4,
and o5, respectively, are compiled in Table 1.

Generally, for a nonsubstituted naphthalene backbone, only
Oaphth Can be determined from the NEXAFS data and the cal-
culation of the molecular tilt angle, /3, according to equation®*!

1

COS(Olyapnen ) = Sin(B) X cos(y)
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Table 1. Average tilt angles of the 7,,on*, 7%, and m3* orbitals derived from the numerical evaluation of the NEXAFS data for NC-NapS/Ag, NC-
NapSe/Ag, and NC-NapCOO/Ag as well as the average molecular tilt and twist angles of the molecular backbone. The error bars are estimated at £3°.

Average angles/system NC-NapS/Ag NC-NapSe/Ag NC-NapCOO/Ag
7 orbitals (naphthalene) — oaphin 7 72° 65°
m* orbital (N=C) — og 78 75° 69°
my* orbital (N=C) — oy 7 70° 64°
Twist angle () from ¢; and o 38° 37° 37.5°
Molecular tilt (B) from o4 and o3 20° 17° 30°

will require the knowledge of the molecular twist angle, ¥
which can be reasonably assumed based on the data for the
respective bulk systems, determined by a complementary tech-
nique, such as infrared spectroscopy, or taken from theoretical
simulations. However, in the present case, both and ycan be
directly determined from the NEXAFS data due to the inten-
tional presence of the nitrile group, featuring the m* and 73*
orbitals, which are orthogonal to each other and aligned with
the 7% system of the naphthalene backbone (see Figure 2c).
Accordingly, using the ¢4 and o5 values, the average molecular
tilt and twist angles can be directly calculated from the system

of equations(?%]
cos(ar) =sin(f) x cos(y) (2)
cos(o;) = sin(B) x cos(m [ 2—7) (3)

The derived B and yvalues are compiled in Table 1. Accord-
ingly, the molecular inclination in NC-NapS/Ag and NC-
NapSe/Ag is small and similar, while that in NC-NapCOO/Ag
is noticeably larger. At the same time, the average twist angles
in all three SAMs are nearly identical, being larger than in
the respective bulk material (25°)*4 but smaller than in NC-
NapS(Se)/Au (52-54°).1% Note that the monolayers on Au(111)
are also characterized by much larger molecular inclination
(42-43°),10 which underlines the effect of the substrate and
speaks for the higher quality of the SAMs on Ag(111).

The final step in the structural characterization of the naph-
thalene-based SAMs was probing the SAM-ambient interface
by measuring advancing WCA. The respective parameter was
evaluated at 62° £ 2°, 59" + 3°, and 59" £ 2° for NC-NapS/Ag,
NC-NapSe/Ag, and NC-NapCOO/Ag, respectively. Within the
experimental error the above values are nearly identical to each
other but differ by =10” from the analogous values reported ear-
lier for NC-NapS(Se)/Au (=50°).11% This difference can be attrib-
uted to the somewhat different molecular orientation on Ag
and Au substrates (as evident from the NEXAFS data) which
should affect the WCA value. In any case, the observed WCA
values correlate well with the expectations regarding the param-
eters of well-defined monolayers, terminated with the highly
polar (=3.6 D) Bl nitrile group.®!

Summarizing this part, the structural analysis of NC-Nap$/
Ag, NC-NapSe/Ag, and NC-NapCOO/Ag indicates the forma-
tion of well-defined SAMs with similar thickness, molecular
orientation, and SAM-ambient interface. Such similarity in the
film structure suggests that the intermolecular interactions in
these SAMs are also similar and, thus, the main contribution
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to possible differences in their stability and electric conduc-
tivity can be directly attributed to the identity of the anchoring
group (S—, Se—, and COO—) and the strength of its bonding
to the substrate. Thus, the naphthalene-based monolayers of
this study provide a suitable model system to test a possible
correlation between the stability and electric conductivity in
SAMs.

2.2. Stability Analysis (SIMS and TP-SIMS)

The SIMS spectra collected in the static mode for positive and
negative secondary ions are presented in Figure S2 in the Sup-
porting Information. For all analyzed samples, the spectra of
both negative and positive secondary ions exhibit signals associ-
ated with the complete molecule (M), different molecular frag-
ments, and molecule-metal clusters, such as MAg and M,Ag.
Whereas emission of the complete molecule directly identi-
fies a monolayer, the emission of molecule-metal clusters is
a well-known SIMS fingerprint of molecules chemisorbed on
metal substrates.'>/] To probe the stability of the molecule~
metal bonding we were following the established methodology,
applied previously to NC-NapS/Au and NC-NapSe/Au.l'”] The
data shown in Figure 3b represent the relative intensity of the
[M—HJ", [M]*, and [M+H]" signals, associated with the com-
plete molecules (M). As schematically illustrated in Figure 3a,
the emission of such ions is a consequence of breaking the
chemical bond between the molecule and metal substrate
triggered by the impact of the primary ions. The efficiency
of this process depends both on the stability of the chemical
bond, which has to be terminated to allow for emission, and
the efficiency of ionization of the emitted fragment, which is
presumably similar for NC-NapS and NC-NapSe.'”! As shown
in Figure 3b, the intensity of the [M—-H]", [M]*, and [M+H]*
signals for NC-NapS/Ag is higher than that for NC-NapSe/Ag,
which indicates higher stability of the Ag—Se bond compared
to Ag—S in these SAMs. At the same time, this statement is
fully consistent with analogous experiments conducted recently
for a homologous series of hybrid, aromatic-aliphatic SAMs,
CH;—(CgH,),—(CH,),—S(Se)/Ag (BPnS(Se)/Ag; n = 2-6),13
which underlines its general character for both aromatic and
aliphatic SAMs on Ag(111). Following the same line of argu-
ments, the lowest intensity of the [M—H]J*, [M]*, and [M+H]"
signals observed for NC-NapCOO/Ag (Figure 3b) may indicate
that bonding stability of these SAMs is even higher compared
to NC-NapSe/Ag. As we discuss below, the interpretation of this
type of data for the NC-NapCOO/Ag is not that straightforward.
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Figure 3. SIMS data analysis. Schematic drawings of bond scission between the anchoring group (S—, Se—, or COO—) and silver substrate a) or the
rest of the molecule c). b) The intensity of the [M—H]*, [M]*, and [M+H]" signals corresponding to the emission of the complete molecules for NC-NapS/
Ag (blue bars), NC-NapSe/Ag (red bars), and NC-NapCOO/Ag (green bars). d) Analogous data for the emission of the molecules without anchoring
group (which is denoted as X). The signals are normalized to the total intensity of the respective spectra. The error margins can be estimated at £5%.

In the next step, we analyzed the emission of positive sec-
ondary ions related to the fragment without the bonding group,
ie., [(M—S/Se/COO)—HJ", [(M—S/Se/COO)J*, and [(M—S/Se/
COO)+H]* (Figure 3d). The release of these fragments requires
the scission of the chemical bond between the anchoring group
(S/Se/COO) and the adjacent carbon atom of the naphthalene
backbone (as schematically indicated in Figure 3c). Comparing
the intensities of the respective signals for NC-NapS/Ag and
NC-NapSe/Ag (Figure 3d) we can conclude a higher stability of
the S—C bond than that of Se—C. Thus, similar to the behavior
of the analogous SAMs on Au(111),1 stronger involvement of
the Se anchoring group into the bonding with the Ag substrate
compared to S, comes at the price of lower stability of the Se—C
bond compared to S—C. Again, we note that this observation if
fully consistent with the results of the analogous SIMS analysis
conducted recently for the homologous BPnS(Se)/Ag series.[!’]

In contrast, as shown in Figure 3d, the relative intensity of
the [(M—COO)—H]J*, [(M—COO)J*, and [(M—COO)+H]J* signals
varies strongly depending on the type of the secondary ion,
being either lower or higher than the analogous signals for NC-
NapS/Ag and NC-NapSe/Ag. This observation indicates that the
ionization probability for each of these fragments emitted from
the NC-NapCOO/Ag is different from the analogous fragments
emitted from NC-NapS(Se)/Ag. Therefore, in this particular
case, the measured emission intensity cannot be used for esti-
mating relative stability of the respective chemical bonds. In
other words, as pointed also above, the correlation between
the chemical bond stability and the efficiency in secondary
ion emission is only possible for systems which have similar
electronic structure to ensure similar ionization efficiency
of the emitted fragments, as it is the case for the SAMs with
Se— and S— anchoring groups. This observation also implies
that the comparably small signal associated with the emission
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of the complete molecule from NC-NapCOO/Ag, discussed
above, cannot be attributed to the higher bonding stability of
this system compared to NC-NapS(Se)/Ag. In fact, as will be
discussed below, additional analysis indicates a higher stability
of the Ag—S(Se) bond compared to Ag—carboxylate one.

Let us now discuss the thermal stability of the naphthalene-
based SAMs. The analysis was conducted in situ by monitoring
the SIMS signals upon the temperature ramping (3.75 K s7) in
the range from room temperature up to 700 K (TP-SIMS). Two
types of secondary ions were simultaneously analyzed in these
experiments, i.e., the [M]  signal (Figure 4a,b) corresponding
to the emission of the complete molecules and the [AgX;]
signal (Figure 4c) related to the anchoring group (X = S, Se,
O). To ensure that these signals were not affected by possible
ion-induced damage of the sample, control measurements at
room temperature were conducted exhibiting no change during
the entire time needed for the data collection (see Figure S3
in the Supporting Information). The [M] signal was used to
monitor the surface coverage for the particular monolayer
as a function of the sample temperature, to gain quantitative
information such as desorption temperature (Tp), and desorp-
tion energy (Ep). The [AgX,] signal was used as an additional
source of qualitative information on the relative stability of the
anchoring group bonding with the Ag substrate and with the
rest of the molecule. To calculate the desorption temperature
(Tp), the original [M]" data (Figure 4a), normalized to the values
measured at room temperature, were differentiated as shown
in Figure 4b. Accordingly, the Ty value depends strongly on
the anchoring group with the highest, medium, and the lowest
value for NC-NapS/Ag, NC-NapCOO/Ag, and NC-NapSe/Ag,
respectively. The value of Ty for NC-NapS/Ag (=555 K) is par-
ticularly high, suggesting surprisingly high thermal stability of
this system compared to other types of SAMs formed on noble
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Figure 4. Thermal stability analysis using TP-SIMS. a) Normalized inten-
sities (1) of the [M]™ signal for NC-NapS/Ag (blue triangles), NC-NapSe/
Ag (red circles), and NC-NapCOO/Ag (green squares) as functions of
the temperature. Black solid lines are spline functions fitted to the data
points. b) Derivatives (d//dT) of the aforementioned spline functions
in a) for NC-NapS/Ag (blue line), NC-NapSe/Ag (red line), and NC-
NapCOO/Ag (green line). The characteristic desorption temperatures
(Tp) are indicated. In c) open symbols indicate the [AgX,]™ (X =S, Se,
0) signal for NC-NapS/Ag (blue triangles), NC-NapSe/Ag (red circles),
and NC-NapCOO/Ag (green squares) as functions of the temperature.
To correlate these signals with the monolayer desorption process, the
corresponding onsets of a given desorption processes are indicated by
the vertical dashed lines (the color code is analogous to the [AgX,]™ data).

metal substrates and analyzed to date. However, considering
the different rates of temperature ramping applied in former
and current studies, which directly influence the observed
Tp value, we calculate (using the Redhead formulal®® with a
heating rate of 3.75 K min™' and a typical frequency factor of
10" Hz used in most of previous SAM analysis®®3%) the
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value of the desorption energy Ep of =1.69 eV, which can then
be directly compared to other desorption experiments (taking
the same value of the frequency factor in the Redhead formula).
As a first system in this context, the basic alkanethiolate SAM,
hexadecanethiol on Ag(111) (HDT/Ag) was tested (see Figure
S4 in the Supporting Information). A Tp of =468 K obtained
for HDT/Ag corresponds to Ep of =1.42 eV, which turned out
to be in excellent agreement with the previous thermal desorp-
tion studies for alkanethiols on Ag substratel*! reporting Ep, of
~1.43 eV. Both =E, values are noticeably lower than that for NC-
NapS/Ag underlining the higher thermal stability of the latter
system compared to typically used alkanethiols on the same
substrate.

As a next step, NC-NapS/Ag can be compared to its analog
on the Au substrate, i.e., NC-NapS/Au, for which a Tp of =448
K was measured at the same experimental conditions, cor-
responding to an Ep of =1.35 eV."™ Such a large difference
in desorption energy for the thiols on these two substrates
(=0.34 eV) is surprising in view of the previous thermal des-
orption studies for alkanethiols on Au and Ag for which less
different values of desorption energy were reported, i.e., =1.32/%
and =1.43 eV, respectively. Even more surprising is, however,
the fact that the Ep value of =1.69 eV, obtained here for NC-
NapS/Ag, is higher than the values reported for most of N-het-
erocyclic carbenes (NHC) SAMs on Au and Cu substrates, i.e.,
~1.643"] and =1.58 eV,>* respectively, which are currently con-
sidered*’! as probably the most thermally and chemically stable
SAMs on noble metals. The only exception in this context is
the very recent data obtained for highly-ordered NHC SAMs on
Au substrate, for which a desorption energy of =1.89 eV was
reported.!l However, as we discuss in detail below, the NHC
SAMs exhibit extremely low conductivity in contrast to the
monolayers studied here.

Additional information on the thermal stability of the
naphthalene-based SAMs is provided by the data presented in
Figure 4c, where the onset of the desorption process, monitored
by the [M]™ signal, is compared with the behavior of the [AgX;]
signal. For NC-NapS/Ag, the intensities of the [M]~ and [AgX,]~
signals correlate with each other indicating that the desorption
process involves mainly the removal of the complete molecules
and, therefore, is controlled by the stability of the Ag—S rather
than the S—C bond, with the former being the weakest link in
this system, characterized by the desorption energy of =1.69 eV,
derived in the present study.

As to NC-NapSe/Ag, the comparably low value of the Ep
(=1.41 eV) obtained here is most likely characteristic of the Se—C
bond, which is the weakest link in the system. Such interpreta-
tion is consistent with the behavior shown in Figure 4c, where
the onset of the desorption process, emphasized by the drop
of the [M]™ signal, is accompanied by a rapid increase of the
[AgSe,]” signal stemming from the Se atoms remaining on the
substrate after the Se—C bond cleavage. We note at this point
that whereas the [AgS,]” signal drops to zero level at =600 K
indicating complete removal of S atoms from the Ag substrate,
the [AgSe,]™ signal intensity remains high even at 700 K, which
hints toward a particularly strong bonding of the Se atoms to
the Ag substrate, consistent with the formation of Ag,Se alloys
in this temperature range even at very low Se concentration,*?!
in contrast to respective Ag,S or Ag,0 compounds.*!
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The lower thermal stability of NC-NapSe/Ag compared to
NC-NapS/Ag is also consistent with the lower stability of the
Se—C bond compared to S—C as we concluded from the SIMS
data. Consequently, we would like to stress again that increased
involvement of the Se anchoring group compared to S into
bonding with the metal substrate is achieved at the price of
lowering stability of the subsequent chemical bond between
the anchoring atom and the rest of the molecule which, impor-
tantly, is the weakest link of NC-NapSe/Ag, dictating their
thermal stability.

As to NC-NapCOO/Ag, the bonding geometry in this case
is more complicated with both oxygen atoms in the carbox-
ylic group equally involved into the bidentate ionic bonding
with the Ag substrate as concluded from our spectroscopic
data. The correlation of the thermal and bonding stability
at the molecule-metal interface is much more difficult to
derive for this system considering the ambiguity in the inter-
pretation of the static SIMS data pointed above. However,
the TP-SIMS data presented in Figure 4c show that the onset
of the monolayer desorption process, marked by the drop
of the corresponding [M]™ signal, is accompanied by a drop of
the [AgO,]” signal. Similar to NC-NapS/Ag, such a behavior
indicates that thermal desorption of NC-NapCOO/Ag involves
the removal of oxygen, and, therefore, is controlled by the sta-
bility of the Ag—carboxylate bond with the corresponding des-
orption energy of =1.52 eV. This value is lower than that for
NC-NapS/Ag (=~1.69 eV) indicating, thus, a lower stability of
the Ag—carboxylate bond compared to Ag—S.

Summarizing this section, the bond stability analysis, con-
ducted for NC-NapX/Ag (X = S, Se, COO) by a combination of
SIMS and TP-SIMS experiments, indicates the following sta-
bility relations: 1) Ag—Se > Ag—S > Ag—carboxylate, 2) Ag—Se
> Se—C, 3) Ag—S < S—C, 4) Ag—carboxylate < O—C (carboxy-
late), and 5) Ag—carboxylate < C—C (carboxylate-rest of the
molecule). The weakest links in NC-NapS/Ag, NC-NapSe/Ag,
and NC-NapCOO/Ag are the Ag—S, Se—C, and Ag—carboxylate
bonds, corresponding to desorption energies of =1.69, =1.41,
and =1.52 eV, respectively.
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2.3. Stability Simulations (DFT)

Whereas the involvement of adatoms upon the adsorption of
thiols is widely accepted for Au(111),4# their possible impor-
tance for Ag(111) is much less recognized,™! providing a basis
for one of our two models considered in current simulations,
i.e., reconstructed Ag(111) surface with two adatoms per unit
cell (another model is the flat, unreconstructed surface; see
Figure 5). Considering, however, lack of experimental data
regarding adatoms for carboxylic acid SAMs, we limited the
current calculations to NC-NapS/Ag and NC-NapSe/Ag. To cal-
culate the energies associated with breaking of Ag—S(Se) and
S(Se)—C bonds we assumed that both SAMs form the same
commensurate, high density, rectangular (3 x 3) structure
with two molecules in the unit cell arranged in a herringbone
pattern (see Figure 5). This structure mimics that of the analo-
gous SAMs on Au(111)"™ and is well justified by the film thick-
nesses and molecular tilt angles reported here. Even though
tilt angles and the molecular twist are not reproduced by the
simulations, the theoretical models of the molecular structure
are expected to be good enough to monitor the energetics of the
systems.

For the reconstructed Au(111) with two Au adatoms per (3
x \/3) unit cell, previous studies indicated an adsorption struc-
ture of NC-NapS(Se) molecules in the form of an alternating
chain of adatoms and anchoring atoms (S/Se), with each
anchoring atom binding to two adatoms and each adatom
binding to two anchoring atoms (see Figure 7 in ref "), How-
ever, in the current analysis for Ag(111) surface, a different, but
similar structure for S (Figure 5a—c) and Se (Figure S5a—c, Sup-
porting Information) was found as a lowest energy configura-
tion, where only one of two molecules in the unit cell binds
to two adatoms while the other is bonded to one adatom and
one surface atom (Figure 5a). The bond-breaking energies (as
an averaged value for two molecules in the unit cell) for this
structure and the structures obtained for the unreconstructed
Ag(111) substrate are summarized in Table 2. Note, how-
ever, that in view of the complexity of the systems and a large

Figure 5. DFT simulations for NC-NapS/Ag. Top and side views of the NC-Nap$S adsorbed on adatom-decorated a—c) and adatom-free d—f) Ag(111)
surface after geometry optimization. The rectangular (3 x V/3) unit cells contain two molecules in herringbone arrangement and two a—c) or none d—f)
Ag adatoms. In panels a) and d) only the docking groups and the Ag adatoms are displayed in order to show their relative positions. Different chemical

species are marked by different colors: Ag—silver, Ag adatoms—purple, S—yellow, C—gray,
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H—uwhite, and N—blue.
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Table 2. Energetics of studied systems obtained from the DFT calculations: bond-breaking energies (Ex_y, X=S or Se, Y = Ag or C) together with the

order of the bonding energies.

Unit cell reconstruction 2 Adatoms None
Bond Ag—S Ag—Se s—C Se—C Ag—S Ag—Se S—C Se—C
Ex_y [eV] 2.870 2.947 3.039 2.701 2.631 2.673 3.181 2.855

Order S—C > Ag—Se > Ag—S > Se—C

S—C>Se—C=Ag—Se > Ag—S

amount of the assumptions, including a temperature of 0 K in
our simulations, these values should be taken as tentative only.

Keeping the above limitations in mind, we note as a first
observation that for both anchoring groups (S and Se) the
more efficient bonding to the metal substrate is obtained for
the adatom-reconstructed surface than for the unreconstructed
one, with slightly higher bonding energy for the Se case.
Importantly, for both anchoring groups the increased strength
of bonding to the reconstructed Ag(111) substrate is correlated
with reduced strength of bonding between the anchoring group
and the rest of the molecule. The same effect was suggested
by the calculations for Au(111) substrate,"™ confirming thus
the general mechanism discussed above, in which increased
involvement of the anchoring group into the bonding to the
metal substrate is achieved at the price of lowering stability of
the subsequent chemical bond between the anchoring atom
and the rest of the molecule. As a next observation we point
out that the S—C bond in NC-NapS/Ag is significantly stronger
than S—Ag, which is fully consistent with the thermal stability
experiments, and this effect is independent of the reconstruc-
tion of the Ag(111) substrate. In contrast, for the NC-NapSe/
Ag system the change of the Ag(111) substrate from unrecon-
structed to reconstructed reverses the stability relation between
the Se—C and Ag—Se bonds. Consequently, our calculations for
NC-NapSe/Ag are only consistent with the experimental TPD
data for the model assuming the involvement of the adatoms.
In addition, comparing the stability of the Se—C (2.701 eV) and
Ag—Se (2.947 eV) bonds within this model with the respec-
tive energies obtained for NC-NapS/Ag on unreconstructed
(3.181 eV for S—C and 2.631 eV for Ag—S) and reconstructed
(3.039 eV for S—C and 2.870 eV for S—Ag) substrate, the higher
thermal stability of NC-NapS/Ag compared to NC-NapSe/Ag,
defined by the lowest energy bond, is consistent with DFT
calculations only for NC-NapS/Ag on reconstructed Ag(111)
substrate (see bond stability order in Table 2). Thus, the DFT
calculations not only confirm the analysis of molecule-metal
interface stability based on the SIMS and TP-SIMS data, but
also indicate the importance of the adatom adsorption model
for NC-NapS/Ag and NC-NapSe/Ag.

2.4. Conductivity Analysis (EGaln Measurements)

The final goal was the study of the electric transport proper-
ties of NC-Nap(S/Se/COO)/Ag in the large-area EGaln junc-
tion,[* which is currently one of the most commonly used
approaches applied to this purpose.” The top metal electrode
in such a junction is formed by the eutectic Galn liquid metal
alloy which is covered by a spontaneously formed, thin (=0.7 nm)
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and conductive layer of Ga,03.°?! As schematically presented in
Figure 6a, this layer forms a natural barrier for metal diffusion
across the monolayer preventing short-cutting.“%l Due to its rela-
tively simple design, the EGaln method delivered a large amount
of data for different types of SAMs such as thiolates,“*#] carboxy-
lates,®* or alkynides.®*) The summary of the EGaln junction
data for NC-NapX/Ag (X = S, Se, COO) is presented in the top,
middle, and bottom rows of Figure 6, respectively. Following the
standard approach, verified by our own experiments, these data
were obtained with a cone-shaped EGaln electrode using flat Ag™s
substrates prepared by the template stripping (TS) method.>%
For all the samples, current density J(V) [A cm™] measurements
were conducted as a function of the applied voltage in the range
from -0.5 to +0.5 V with the bottom Ag electrode (substrate)
grounded. To acquire sufficiently large data statistics, =2000 J(V)
traces were collected for each analyzed system by forming =50
independent Ag"™/SAM//Ga,03/EGaln junctions (here the “//”
accounts for van der Waals contact between the SAM and Ga,03
layer) and using 5 different samples for each type of the SAM
(the exact numbers of traces are given in Figure 6).

The plots derived from the average of all traces obtained for
NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag are pre-
sented in Figure 6b,f,j, respectively, in the typically used, semi-
logarithmic fashion. To compare the conductivity of the SAMs
studied here with the analogous values for other monolayers
investigated by the same method, log|J(V)| values for —0.5 and
+0.5 V are presented as histograms in Figure 6¢,d,g,h k] for NC-
NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag, respectively. All
these histograms are nearly normally distributed and, therefore,
could be fitted with the Gaussian function to calculate the corre-
sponding mean values log|J(V)| and the standard deviations 0j,.
To analyze the level of possible asymmetry of the log|J(V)| curves
for +0.5 and —0.5 V bias voltages, the rectification factor, r* =
U( + 0.5)I/lJ(-0.5)|, was calculated from every measured J(V)
trace. The respective histograms of log|r*| data were fitted with
the Gaussian functions to determine the mean values log|r*| and
its standard deviations 0jos as shown in Figure 6e,i,m for NC-
NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag, respectively.

Before discussion of the above results, we would like to point
out that the level of statistics (=2000 traces) presented here is
noticeably higher than most of the EGaln data sets published
to date, with at the same time very narrow data distributions,
which altogether confirms high quality and reproducibility of
our measurements as well as reliability of the results. As a first
observation, we note that the mean values of the log|J(+0.5V)|
obtained for NC-NapS/Ag (=2.90), NC-NapSe/Ag (=2.88), and
NC-NapCOO/Ag (=2.74) are nearly indistinguishable within the
range of the respective standard deviations (0jog 0.11-0.27). The
mean values of log|J(=0.5V)| exhibited similar behavior and were
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Figure 6. Electric conductivity analysis by EGaln junctions measurements. a) Schematical drawing of the EGaln junction. In (b), (f), and (j) logl/(V)I
plots for NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag, respectively, are presented. The error bars represent the standard deviation of the mean
values. Histograms of log|/(—0,5V)| ¢,g,k), log]/(+0,5V)| d,h,l), and log|r| e,i,m) are presented for NC-NapS/Ag c,d,e), NC-NapSe/Ag g—i), and NC-
NapCOO/Ag k-m). n) Comparison of the electric conductivity of NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag with those of alkanethiols and

oligophenylthiols on Ag(111). See text for details.

nearly identical to the above values, which results in the rectifi-
cation factor (log|r'| close to zero (within its standard deviation)
as demonstrated by the respective histograms of this param-
eter shown in Figure 6e,i,m. Considering the significant dipole
moment of the —CN group (3.6 D)** and theoretical models!!
indicating permanent dipole moment as a potential source of
the rectification effect in thin organic films, one could probably
expect a non-unity value of the rectification factor for the SAMs
studied here. However, the recent systematic study!’® of the
dipole-moment-induced rectification in SAMs on Ag using the
EGaln junctions indicates that for dipole moment located rela-
tively far from the Ag electrode (as it is the case here, with —CN
being the tail group of the SAMs) and the voltage range limited
to £0.5 V, a very little if any rectification factor is expected—in
full agreement with our data.

Adv. Electron. Mater. 2021, 7, 2000947 2000947 (10 0f13)

89:3455169317

The transport properties of the naphthalene-based SAMs can
be compared to those of alkanethiolsl? and oligophenylthiols*%!
on Ag substrate as shown in Figure 6n where the respective
log|J(+0.5V)| values are presented as functions of the molecule
length d defined (as in the reference data) from the anchoring
(S, Se, or O) to distal atom of the given system. The data for the
reference SAMs are presented by the straight lines in accord-
ance with the observed linear behavior following the simplified
Simmons equation describing tunneling process

J = Jo-107Pér203 “
with log|Jol = 3.7 and B = 0.73 A for alkanethiols/Agl®! and

log|Jol = 3.0 and B = 0.30 A" for oligophenylthiols/Ag.*? As
shown in Figure 6n and emphasized in the inset of this figure,
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the current density of all three naphthalene-based SAMs is by
more than an order of magnitude higher than that of the ref-
erence oligophenylthiol SAMs with the backbone of the same
length d. Following former theoretical analysis,?*’l we suppose
that such a difference in the current density stems from a better
conjugation of the naphthalene backbone compared to oligo-
phenyls and the spreading of the relevant molecular orbitals
over the entire molecule, including the anchoring group and
the bond to the substrate.

The similar electric conductivity of NC-NapS/Ag and NC-
NapSe/Ag mimics the behavior of NC-NapS/Au and NC-NapSe/
Au, for which the dynamics of the charge transfer turned out
to be independent of the anchoring group.!% Such a behavior
for both substrates can be correlated with the bond stability at
the molecule-metal interface. Namely, according to the SIMS
data, the higher strength of the Ag(Au)—Se bond compared
to Ag(Au)—S is achieved at the price of lower stability of the
subsequent Se—C bond compared to S—C. The tunneling pro-
cess, responsible for the charge transfer across the SAMs, takes
place through both Ag(Au)—S(Se) and S(Se)—C bonds. One can
then reasonably assume that strengthening of the former bond
accompanied by the weakening of the latter causes only a redis-
tribution of the charge density within the Ag(Au)—S(Se)—C
“linker” and, as the whole, does not change the total probability
of the charge carrier tunneling. Considering that the S— and
Se— docking groups are chemically similar, NC-NapS(Se)/
Au(Ag) represent suitable model systems to verify the above
hypothesis.

NC-NapCOO/Ag is an extension of these model systems to
SAMs with chemically different bonding to the substrate (ionic
instead of covalent) and different bonding geometry (bidentate
instead of monodentate). Whereas the SIMS data do not allow
an unequivocal conclusion regarding the charge redistribution
for NC-NapCOO/Ag, bond stability oscillations accompanied
by a redistribution of the charge density can nevertheless be
assumed on the basis of our previous data for the BPnCOO/
Ag series where such a behavior was distinctly observed.’ This
redistribution minimizes the effect of the special character of
COO—Ag bond, so that the conductivity of NC-NapCOO/Ag
becomes similar to that of NC-NapS/Ag and NC-NapSe/Ag, as
shown in Figure 6n. This simple, phenomenological model is
consistent with the literature data for both aliphatic®***% and
aromatic (oligophenyl)*3 SAMs showing similar conductivity
for different docking groups such as thiols, carboxylic acids, and
alkynes, as well as, for different substrates, such as Au and Ag.

3. Conclusions

NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag, featuring
the same backbone and the tail group and differing by the
docking group only, were studied in the context of their thermal
stability and electric transport properties, looking for possible
correlation between these parameters. Extensive spectroscopic
analysis of these SAMs showed that they have a well-defined
and similar structure, which allow us to attribute possible dif-
ferences in their thermal stability and conductivity to the mol-
ecule-substrate interaction controlled by the anchoring group
(S—, Se—, or COO—). The thermal stability analysis revealed
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that NC-NapS/Ag is the most stable system, emphasized by
the desorption energy of =1.69 eV, which is not only higher
than those for NC-NapSe/Ag (=1.41 eV) and NC-NapCOO/Ag
(=1.52 eV) but even higher than the values reported for the most
of monolayers based on NHC, considered currently as the most
stable SAMs on noble metal substrates (=1.64 for the Au and
=1.58 eV for the Cu substrate). The analysis of the experimental
data brings out that the thermal stability of a particular SAM is
not necessarily defined by the anchoring bond strength but by
the “weakest link” within the molecular framework, which was
explicitly defined for all three SAMs studied. This conclusion
was fully reproduced by the results of the dedicated DFT calcu-
lations indicating also the key role of Ag adatoms in controlling
both the strength of bonding to the substrate and the “weakest
link” in the system.

In contrast to the differences in the thermal stability, the con-
ductivity of all analyzed SAMs was found to be nearly identical,
and about an order of magnitude higher as compared to oli-
gophenyl SAMs of the same thickness. The independence of
the conductivity on the type of docking groups was explained
by redistribution of the charge density between the adjacent
bonds at the molecule-substrate interface, so that a stronger
bond between the docking group and substrate is accompanied
by a weaker bond between the docking group and backbone,
with the entire effect on the charge transport efficiency being
equalized.

The ultimate temperature stability and superior electric trans-
port properties of NC-NapS/Ag makes this particular system
highly attractive for applications in organic and molecular elec-
tronics and organic photovoltaics, as far as Ag electrodes are
utilized and their engineering by SAMs is required. Although
the most recent study demonstrated that highly-ordered NHC
SAMs on Au can exhibit even higher thermal stability (desorp-
tion energy of =1.89 eV), these monolayers, based on specific
Au—C bond formation, are highly insulating with conduct-
ance lower by more than 5 orders of magnitude compared to
highly conductive NC-NapS/Ag system of the same length.[*!
The high thermal stability extends the operation range of the
respective devices, allowing to disregard their heating during
the operation, including that imposed by external conditions.
It also releases limitations during the assembly of devices, with
the deposition and annealing steps frequently requiring high
temperature. The superior electric transport properties of NC-
NapS/Ag are also of advantage for metal electrode modification,
warranting better charge transport through the organic—metal
interface and decreasing the contact resistance. Finally, along
with the NC-functionality, other dipolar groups can be used
allowing efficient tuning of the work function at the interfaces
involving Ag electrodes.>®!

4. Experimental Section

All experimental details are provided in the Supporting Information file.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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2. Experimental Methods

SAM Preparation. The absolute ethanol (99.8%), used as a solvent in all experiments, was
purchased from POCH (Poland) and used after degassing (usually 5 cycles of freeze-pump-
thaw procedure). The synthesis of 6-cyanonaphthalene-2-thiol (NC-NapSH) and 6-
cyanonaphthalene-2-selenoacetate NC-NapSeAc used for the respective SAMs formation is
described in the previous publication.! 6-Cyano-2-naphthoic acid (NC-NapCOOH) was
purchased from Enamine Ltd and used without further purification.

Several sample series were fabricated for the different experiments. For the XPS, NEXAFS
spectroscopy, static SIMS, and WCA measurements, the Ag(111) substrates were prepared by
evaporation of approx. 100 nm of silver (rate = 0.7 nm/s, room temp.) onto polished single-
crystal silicon (100) wafers (ITME, Warsaw) primed with 4 nm of chromium to improve the
adhesion of the silver layer. For the temperature-programmed SIMS (TP-SIMS) analysis, the
Ag(111) substrates were prepared by evaporation of ~100 nm of silver (rate = 0.7 nm/s, temp.
~260°C) on mica substrates. For the EGaln measurements, the Ag'™ substrates were prepared
using the template stripping method described by Whitesides et al.[?]

For the SAM formation, the Ag(111) substrates were immersed at room temperature into 1 mM
ethanolic solution of the respective compound for either 24 hours in the case of NC-NapS/Ag
and NC-NapSe/Ag) or 5 min in the case of NC-NapCOO/Ag, as this deposition time turned out
to be optimal®! in this type of SAM system. After incubation all samples were removed from
the solution, rinsed with pure solvent, and dried under nitrogen. The characterization was
performed immediately after the sample preparation except for the experiments at the
synchrotron (see below), which were carried out after a few days of storage.

XPS. The measurements were performed with a monochromatized Al K. source (E = 1486.6
eV, MX-650 VG Scienta) and VG SCIENTA R3000 hemispherical analyzer. The spectra were
recorded at the normal emission geometry; the energy step was 0.15 eV; and the base pressure
in the analytical chamber was 5x10°® mbar. The overall energy resolution of the spectra was
estimated at ca. 1.15 eV, based on the full width at half maximum (fwhm) of the Ag 3ds2 peak
(the natural fwhm of this peak is ~0.4 eV)[“. The inelastic background was subtracted using the
Shirley method, and the photoemission peaks were fitted using the convolution of the Gaussian
and Lorentzian functions with adjustable weights. The binding energy (BE) scale was
referenced to the Ag 3dsi2 peak at 368.2 eV.1 To fit the S 2psi2,12 and Se 3par.12 doublets we
used a pair of peaks with a branching ratio of 2:1 (ps2/p12), and spin-orbit splittings (verified
by fit) of ~1.18 eV (S 2psi2/2p112) and ~5.8 eV (Se 3par2/3p1r).



In addition to the laboratory XPS measurements, analogous experiments at the synchrotron
radiation facility BESSY Il in Berlin, Germany were performed, prior to the NEXAFS analysis
(see below). The parameters of the beamline, experimental station, and the spectrometer can be
found in literature.l™ The respective data agree well with the laboratory ones and are only
presented in the Supporting Information (Figure S1), to avoid repetitive discussion of the same
characteristics and parameters.

NEXAFS Spectroscopy. The measurements were performed at the HE-SGM beamline
(bending magnet) of the synchrotron radiation facility BESSY Il in Berlin, Germany. This
beamlines provides linearly polarized synchrotron light with a polarization factor of ~90 %.
The spectra were collected at the carbon and nitrogen K-edges in the partial electron yield
(PEY) mode with retarding voltages of —150 V and —300 V, respectively. The incidence angle
of the X-rays was varied between the normal (90°) and grazing (20°) incidence geometry to
monitor the linear dichroism effects, which are representative of molecular orientation in the
SAM samples.! The energy resolution was ~0.3 eV at the C K-edge and ~0.45 eV at the N K-
edge. The photon energy scale was referenced to the pronounced n* resonance of HOPG at
285.38 eV.Pl The C K-edge spectra were corrected for the PE dependence of the incident photon
flux and reduced to the standard form with zero intensity in the pre-edge region and the unity
jump in the far post-edge region. The N K-edge spectra are shown as measured.

WCA Measurements. The advancing WCA measurements were conducted with the Rame-
Hart goniometer, model 200, using ultrapure water (~18 MQ). The experiments were performed
under ambient conditions (temperature = 21 “C, humidity = 25%), with the needle tip in contact
with the drop. Averaged values of at least 50 measurements at different locations on each
sample are reported.

SIMS and TP-SIMS Measurements. The SIMS and TP-SIMS experiments were performed
using a time-of-flight (TOF) SIMS V system (IONTOF GmbH, Germany) with pressure in the
analytical chamber at the level of 5x1071° mbar. During data acquisition, the primary beam of
the 30 keV Bi* ions was scanned over a 500 pm x 500 pm area (256 x 256 data points) of the
sample. Both positive and negative secondary ions were detected by a multichannel plate
(MCP) detector after passing the reflectron TOF mass spectrometer. Before the analysis, all
spectra were normalized to the respective total number of counts. For the TP-SIMS
Measurements, the temperature of the samples was linearly ramped at a rate (B) of 3.75 K/min
from room temperature up to 700 K. The SIMS measurements were performed simultaneously

with the sample heating, with a one-minute delay between individual scans. For the thermal



desorption analysis, the emission intensities of the respective secondary ions were normalized
to the intensity measured at room temperature.

DFT. All calculations were performed using spin-polarized density functional theory (DFT)
with the projector augmented waves (PAW)® and van der Waals corrected functional (vdW-
DF)I1 available in VASP (Vienna ab-initio simulation package).’®! The optPBE-vdW
implementation of the vdW-DF method was used.[®! To model the system, periodic boundary
conditions and the repeated slab approach were employed representing the substrate by four
(111) layers of Ag. Periodic replicas of the slab were separated by a vacuum gap of 25 A in
order to avoid the interaction between the replicas. All the atomic positions, except the bottom
layer, were relaxed by a conjugate gradient method until the largest force in any direction was
below 0.01 eV/A. During the geometry optimization the Ag atoms in the bottom layer were
fixed in their bulk positions. The calculations were performed in the rectangular (3xV3) surface
unit cell with the bulk Ag lattice constant of 4.149 A. The plane-wave energy cutoff for all
calculations was set to 700 eV. The Brillouin zone was sampled by a 4x8x1 Monkhorst-Pack
k-point grid including the T point.'% The convergence criterion for the total energy in the self-
consistency cycle was set to 10° eV.

The (3xV3) unit cell for the NC-NapS(Se)/Ag monolayers, which was analyzed here, contains
6 Ag atoms per layer and two molecules arranged in herringbone fashion. Two models of the
Ag(111) surface were considered: (i) bare surface with no adatoms and (ii) surface decorated
with Ag adatoms (two adatoms per unit cell, which gives an adatom coverage of 1/3
monolayer). More than twenty initial geometries for each molecule type were checked starting
either from bare or adatom-decorated relaxed surfaces and placing the docking groups in fcc-
hollow sites with the molecules exhibiting slight tilt to the surface normal (about 10°) and
rotation by £30° and +210° along their long axis. The rotation angles were chosen to maintain
the 60° angle between the molecules to give their herringbone arrangement. To verify that the
final geometries are the lowest energy structures, the relaxed geometries were crosschecked
against the replacement of docking atoms. This means that relaxed geometries of NC-
NapS/Ag(111) served as initial guess for NC-NapSe/Ag(111), and vice versa. We also checked
the structural models of the molecules on Au(111) surface found in ref (1],

Following former studies™!! the energies (Ex-v) for the bond-breaking between the docking
atoms S or Se (X) and either the Ag surface or adjacent C atom () were calculated as the
differences in total energy between the isolated molecular fragments (Emol-fragment,x-v) plus the
energy of the Au(111) surface (Esurtx-v) eventually containing adsorbed S or Se atoms and the

energy of the system with adsorbed molecules (Esam-bonded):



Ex-y = Emol-fragment, X-Y + (Esurf,X-Y — ESAM-bonded)/z. (1)

In general, Esurf,x-v contains also contribution from the Ag adatoms, if present. The factor of 1/2
gives the average energies per molecule since each unit cell contains two molecules. Note that
all above energies require fully relaxed geometries of the corresponding subsystems, which
have been obtained in a periodic boundary fashion with the (3xV3) unit cell, except for the Emol-
fragment,X-Y, for which the rectangular cell of 12x16x20 A3 was used.

EGaln Measurements: The EGaln setup for the conductivity measurement was similar to that
described by Whitesides et al.'? For every new junction a fresh EGaln tip was prepared, and
only tips without any irregularities (controlled by optical microscopy) were used to form
junctions. Following analysis performed by Whitesides et al.,[** the contact area between the

tip and the samples exceeded 1500 pm? for all junctions.



2. Synchrotron-based XPS data
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Figure S1. C 1s (a), N 1s (b), S 2p (c), Se 2d (d) and O 1s (e) XP spectra of NC-NapS/Ag, NC-
NapSe/Ag, and NC-NapCOO/Ag. The spectra were acquired at the synchrotron; the primary
photon energy is given in the panels. The C 1s and N 1s spectra are characteristic of the
molecular backbone and terminal nitrile group, respectively, underlining the proper
organization and similar packing density in the monolayers. The S 2p, Se 3p, and O 1s spectra
are characteristic of the anchoring groups in NC-NapS/Ag, NC-NapSe/Ag, and NC-
NapCOO/Ag, respectively. They only exhibit the signals of the properly bound docking groups,
with no other features perceptible.



3. SIMS data
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Figure S2. The S-SIMS spectra. In (a), (b), and (c) the negative spectra for NC-NapS/Ag,
NC-NapSe/Ag, and NC-NapCOO/Ag are presented, respectively. In (d), (e), (f) the positive
spectra for NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag are presented, respectively.

Characteristic secondary ions for analyzed SAMs are indicated by arrows.
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Figure S3. SIMS control measurements. In (a), (b) and (c) normalized signal of complete
molecule [M] as a function of number of scans for NC-NapS/Ag, NC-NapSe/Ag, and NC-
NapCOO/Ag, respectively. In (d), (e) and (f) normalized signal of [AgXz] (X = S, Se, O)
metal—anchoring group cluster for NC-NapS/Ag, NC-NapSe/Ag, and NC-NapCOO/Ag,
respectively. Measurements were performed without heating program at room temperature
for the total number of scans (100) which is larger than used for complete thermal analysis

of the respective samples.



4. TP-SIMS data
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Figure S4. Thermal stability analysis for reference system — hexadecanethiol (HDT) on
silver substrate. In (a) the normalized signal of complete molecule ([M], M = C16H33S) as
a function of temperature for HDT SAMs on silver. Black line is the spline function fitted
to the data points in order to process them. In (b) derivative of the aforementioned spline

functions. The characteristic desorption temperature (Tp) is indicated. In (c) control
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5. DFT calculations
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Figure S5. DFT simulations for NC-NapSe. Top and side views of the NC-NapSe
adsorbed on adatom-decorated (a-c) and adatom-free (d-f) Ag(111) surface after geometry
optimization. The rectangular (3xV3) unit cells contain two molecules in herringbone
arrangement and two (a-c) or none (d-f) Ag adatoms. In panels (a) and (d) only the docking
groups and the Ag adatoms are displayed in order to show their relative positions. Different
chemical species are marked by different colors: Ag — silver, Ag adatoms — purple, Se —

green, C — gray, H — white, and N — blue.
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Abstract

Self-assembled monolayers (SAMs) of N-heterocyclic carbenes (NHCs) on metal
substrates are currently one of the most promising systems in context of molecular-
scale engineering of surfaces and interfaces, crucial for numerous applications.
Interest in NHC SAMs is mainly driven by their assumingly higher thermal stability
compared to thiolate SAMs most broadly used at the moment. Most of the NHC
SAMs utilize imidazolium as an anchoring group for linking molecules to the metal
substrate via carbene C atom. It is well established in the literature that standing up
and stable NHC SAMs are built only when using bulky side groups attached to
nitrogen heteroatoms in imidazolium moiety, which, however, leads to monolayers
exhibiting much lower packing density compared to thiolate SAMs. Here, by
combined X-ray photoelectron spectroscopy, near-edge X-ray absorption fine
structure spectroscopy, and temperature-programmed secondary ion mass
spectrometry analysis, we demonstrate that using NHCs with small methyl side
groups in combination with simple solution-based preparation leads to the formation
of aromatic monolayers exhibiting at least double surface density, upright molecular
orientation, and ultra-high thermal stability compared to the NHC SAMs reported
before. These parameters are crucial for most applications, including, in particular,
molecular and organic electronics, where aromatic SAMs serve either as a passive
element for electrode engineering or as an active part of organic field effect

transistors and novel molecular electronics devices.



Introduction

Self-assembled monolayers (SAMs)Y? provide a versatile tool for engineering of
surfaces and interfaces and are commonly used for numerous applications in
biotechnology,®* molecular/organic electronics,>® and many other areas of modern
science and technology. The key requirements in this context are (i) dense molecular
packing, (ii) upright molecular orientation, and (iii) high thermal and chemical stability.
Currently, most of SAM applications involving metal substrates rely on using thiolates
(Figure 1a),%27 however, an alternative direction was proposed®-*! which exploits N-
heterocyclic carbenes (NHCs). This development is based mainly on experimentall®-
12 and theoretical'®* studies indicating significantly higher thermal and chemical
stability of NHC SAMs compared to thiolates.'® With few exceptions,6-18 NHC SAMs
reported so far are formed using imidazolium moiety which links NHC molecules with
the metal substrate through carbene C atom (Figure 1b-d).1*-2! The experimental
data?-?% and density functional theory (DFT) calculations!42224.25 indicate that the
molecular orientation in the NHC SAMs - either upright (Figure 1b) or planar (Figure
1c) toward the substrate - is predominantly determined by the size of side groups
attached to nitrogen heteroatoms in this moiety, such as methyl (Me), ethyl (Et) or
isopropyl (iPr). The packing density and bonding configuration are impacted
accordingly, which defines a range of possible applications of the NHC SAMs. With a
very few exceptions,?>3 which were later debunked both by spectroscopic?3?* and
microscopic?® analysis, it was concluded that upright-oriented and thermally stable
monolayers are only formed by NHCs with bulky side groups (Figure 1b), whereas
short methyl substituents lead to flat-oriented NHC-Au-NHC complexes exhibiting
very low surface density (Figure 1c). Following these conclusions, BIMP/Au (see

Figure 2) with bulky isopropyl side group has currently become the most widely



analyzed NHC platform for functionalization of metal substrates'?.11.14.22-24.31 gnd
nanoparticles.3?32 The most recent microscopic analysis?? of BIMP'/Au shows
molecular footprint (~57.5 A?) which is almost 3 times larger than that for thiolate
SAMs on the same substrate (~21.5 A?).2 Such a low packing density, associated
with the bulky side groups, results in low density of functional tail groups at the SAM-
ambient interface, noticeably diminishing the chemical and physical impact of the
functionalization and hindering thus the potential of NHC SAMs for surface and
interface engineering (Figure 1b). Therefore, it is urgently needed to find a strategy
for the formation of NHC SAMs having packing density and, consequently, a
functionalization ability comparable to those of thiolates and unfolding, at the same

time, the expected potential of NHCs in terms of thermal stability (Figure 1d).

To address this fundamental problem, we analyze a series of three NHC SAMs on
Au(111) (Figure 2) based on imidazolium (IM) unit with short Me side groups and
different number n of benzene moieties coupled to this unit in acene fashion: IM (n =
0), BIM (n = 1) and NIM (n = 2). In contrast to the vacuum deposition approach used
in most of the previous studies, these SAMs were prepared by immersion procedure,
which was one of the key points to achieve the results reported below. The fabricated
SAMs with Me side groups are compared with a similarly prepared monolayer with
bulky side groups, BIMP"/Au, considering the most basic parameters, such as
packing density, film thickness, molecular inclination, and thermal stability. Our study
provides direct experimental evidence that, contrary to the commonly established
model, specifically designed NHC molecules with short side groups can not only form
upright-oriented monolayers but also have packing density comparable to that of
thiolate SAMs. Moreover, the thermal stability of such optimized NHC SAMs is

drastically improved compared to the commonly applied BIM®P" monolayers. On the



a) _ thiols b NHCs @ NHCs d) NHCs

density: high bulky side groups small side groups small side groups
thermal §tabilwiy: low density: low (flat complexes) density:high
functionalization: easy thermal stability:high/low? density: ultra low ’? thermal stability:ultra-high
functionalization: easy thermal stability: high/low? functionalization: easy

XEXR NI EK functionalization: difficult

If}(j;jj Sggg Yeveyete cj:\;c__:\ﬁ 3T d)g?? ggg

Figure 1. Schematic comparison of structure, density, and thermal stability of
thiolate and imidazolium-based NHC SAMs on Au. (a) High-density
aliphatic/aromatic thiolate SAMs allow a versatile control of the SAM-ambient
interface (by flexible selection of functional tail group, X) but have low thermal
stability.” (b) Upright-oriented NHC SAMs with large side groups allow the same
control of the SAM-ambient interface as thiolates but have much lower packing
density and do not give any gain in thermal stability. (c) Flat-oriented NHC-Au-NHC
complexes formed by NHC with small side groups have very low density, a problem
with control of the SAM-ambient interface, and probably similar thermal stability as
thiolates. (d) Optimized upright-oriented NHC SAMs with short side groups unite the

advantages of all above systems and have high thermal stability in addition.

basis of this analysis, we propose an alternative concept for the formation of

functional NHC SAMSs.

Methods

Detailed description of the synthetic protocols and information on materials and

methods can be found in the Supplementary Information.



Syntheses. All NHCs were synthesized according to literature protocols.

Sample preparation. For XPS, NEXAFS spectroscopy, and contact angle
measurements, silicon wafers covered with ~100 nm of gold served as substrates.
For SIMS measurements, mica substrates with ~100 nm of gold were used, in view
of the higher thermal stability of this substrate type compared to Au/Si. Note that both
AuU/Si and Au/mica substrates are most typical and frequently used polycrystalline
gold supports for the fabrications and characterization of SAMs, exposing
predominantly Au(111) surface and mimicking excellently Au(111) single crystals in
regard to SAM properties and characteristics.? These supports are also directly
relevant for applications, in which the respective deposition routes can be easily
adapted. The samples were prepared by immersing substrates in 1 mM solutions of
the SAM precursors for 20 hours. Degassed THF and absolute ethanol were used as
solvents for NHCs and thiols (reference systems), respectively. Preparation of the

samples was performed in argon-filled glovebox.

XPS measurements. Al Ka (E= 1486.6 eV) source and VG SCIENTA R3000
spectrometer were used for the XPS measurements. The binding energy scale was
referenced to the Au 4f72 peak at 84.0 eV. The inelastic background was subtracted
using the Shirley function. Additional XPS measurements were performed at the

synchrotron; see SlI for details.

NEXAFS measurements. The measurements were performed at the HE-SGM
beamline of the synchrotron radiation facility BESSY Il (Berlin, Germany). The
spectra were acquired at carbon and nitrogen K-edges. X-ray incidence angle was
varied to monitor the linear dichroism effects linked to orientation of the molecules in

the monolayers.



SIMS measurements. TOF SIMS V system (IONTOF GmbH) equipped with a 30
keV Bi* ion source and a time-of-flight analyzer was used. During the TP-SIMS
measurements, the temperature was linearly increased from room temperature to
750 K at a constant rate () of 3.75 K/min. The emission intensities were normalized

to the room-temperature values before the analysis.

Surface energy analysis. For the calculation of the surface energies, measurements
of the contact angles of water and diiodomethane were performed. The acquired data
were statistically processed to obtain mean values and standard deviations that were

used for the surface energy calculations using the Fowke’s method.

Results and discussion

Spectroscopic analysis of the structure and bonding configuration. Successful
adsorption of the NHC molecules on the substrate for all four SAMs is directly
confirmed by the static secondary ion mass spectrometry (SIMS) which shows a
strong emission of positive secondary ions corresponding to complete molecule (M*)
and molecule-metal clusters (MAu*, M2Au*, M2Auz*, MAus*). The respective signal is
generally considered as a “fingerprint” of SAMs with individual molecules chemically
bound to a metal substrate (SI; Figure S19).343% In contrast, for all these SAMs, the
emission of corresponding negative molecular ions is negligible. Following former
analysis® it is known in SIMS that the emission resulting from breaking of well-
defined bond with an ionic character predominantly leads to ionization of the emitted
fragments according to the partial charge in this bond, therefore, the preferable
emission of M* in contrast to M- indicates ionic character of the covalent molecule-

metal bond (C—Au) for all analyzed NHC SAMs, with the positive charge accumulated



at the carbene C atom. This conclusion is consistent with the DFT calculations3:36:37
for NHC SAMs showing significant electron donation from the carbene carbon to gold

substrate.

To analyse the thickness, density, and bonding configuration of the NHC SAMs, X-ray
photoelectron spectra (XPS) in the C 1s, N 1s, and Au 4f ranges were taken (Figure
2). The C 1s spectrum for the shortest member of the series, IMMe/Au, exhibits a
single symmetric peak at the binding energy (BE) of ~286.0 eV, in agreement with a
former XPS study for this monolayer.?® Interestingly, the terminal C atom of
protonated (= chemically symmetric) imidazole has a higher (by ~1.2 eV) BE
compared to two other C atoms in this moiety, so that the respective component in
IMMe/Au is shifted,38 as a consequence of bonding to the substrate and screening
effects, resulting in only one peak for all three C atoms. In contrast, for the
monolayers containing one (BIMM¢/Au and BIM*"/Au) or two (NIMMe/Au) benzene
moieties, this peak becomes asymmetric and two components are needed to fit the
spectra properly. It is then logical to assume that the first component corresponds to
the imidazolium unit, and the second is related to the carbon atoms in the benzene
rings and more bulky side groups. Setting the intensity ratio of both components (on
the basis of stoichiometry corrected by the respective attenuation factors (see Sl for
details) and fixing the position of the first component at ~286.0 eV, we obtained the
position of the second component, which for BIMMe/Au, NIMMe/Au and BIMP"/Au
turned out to be ~285.0 eV. Importantly, this position corresponds to a BE shift of ~0.9
eV in comparison to the BE typical of aromatic3® or hybrid aromatic-aliphatic*°
thiolate/selenolate SAMs (~284.1 eV). This shift stems most likely from an
electrostatic effect*! caused by the charge rearrangement at the molecule-metal

interface upon modification of the bonding group from thiols/selenols to carbene, and
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formation of the respective dipole layer. The direction of this shift is consistent with
the charge transfer from the carbene carbon to the gold substrate, confirming the
conclusion of the SIMS analysis.

The N 1s spectra of all NHC SAMs exhibit a single component, which suggests a
chemical equivalence of both N atoms in imidazolium unit. This component is located
at ~401.0 eV for IMMe/Au but shifted to ~400.5 eV for the other NHC SAMs analysed
here (Figure 2). Note that all these values are higher than those known for amino
group (~399-400 eV).*? Generally the respective shift, which has the same direction
as for the C 1s peak, could also be ascribed to dipole layer formation. However, the
difference in its magnitude for IMMé/Au and the other NHC SAMs indicates an
increased interaction of nitrogen n-electron system with the metal substrate in the
latter case?* or, probably, a change in molecular organization and bonding

configuration in the SAMs.

Table 1. Overview of the parameters for the analyzed NHC SAMs.

Parameter IMMe BImMe NIMmMe BIM™"
Effective thickness” (A) 7.5(20.4) 8.2(x0.4) 10.8(x0.5) 9.0(zx0.5)
Average tilt angle (C K-edge) (°) 27.9(x3) 27.7(x3) 24.2(x3) 20.9(x3)
Average tilt angle (N K-edge) (°) 23.2(x4) 20.0(x4) 23.1(x4) 14.3(x4)
Mol. footprint (relative to Azo-3)™ 0.94(x0.19) 1.19(x0.24) 1.12(x0.22) 1.85(+0.37)
Mol. footprint (A?) ™ 23.2(14.6) 29.3(x5.9) 27.5(25.5) 45.6(19.1)
Desorption temperature (K) 461(x9) 621(x10) 623(x11) 454(+8)
Desorption energy (eV) 1.40(x0.02) 1.90(x0.03) 1.91(x0.03) 1.38(+0.02)
Surface energy (mJ/m?) 54.7(+6.8) 48.4(+4.9) 47.7(x5.0) 47.7(x5.3)

*Errors were estimated as ~5% of the values
“Errors were estimated as ~20% of the values

Note that apart from the major peaks described above, some of the C 1s and N 1s

spectra in Figure 2 contain weak shoulders at the high binding energy side of the
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main peaks. These shoulders are most likely related to residual contamination,
trapped solvent molecules and, probably, a comparably small amount of physisorbed
molecules survived the post-preparation-washing. Such species are frequently found
in different SAMs and do not affect their quality and parameters, as far as the

respective contributions are small, which is the case here.

As a next step, the effective thickness of the monolayers was calculated on the basis
of the C 1s/Au 4f intensity ratio following well-established procedure*® with previously
reported attenuation lengths** and using hexadecanethiolate/Au as a reference
system (see Sl for details). The obtained thicknesses are compiled in Table 1 and,
for all monolayers, are relatively close to the geometric molecular lengths shown in
Figure 2, suggesting that these are indeed monolayers, comprised of upright-
oriented molecules. Significantly, the effective thickness of BIMP"/Au (~9.0 A) is the
same as in the recently published?? report for this system. At the same time, the
thickness values for all SAMs studied differ distinctly from that for the flat-oriented
NHC monolayers (~1.7 A), reported in the same study.?? Apart from this distinct
difference, the exact thickness values in Table 1 should be taken with a grain of salt
since the attenuation lengths of the photoelectrons used for our calculation refer to

alkanethiolate monolayers and can be somewhat different for the NHC SAMs.

To estimate the packing density we calculated the relative molecular footprint (MF),
i.e. the area per individual molecule in the NHC SAMs in comparison with the
reference monolayer of azobenzene thiol (CsHs-N=N-CsHa4-(CHz2)3-SH, Azo-3) on
Au(111) which was previously characterized by molecularly-resolved scanning
tunnelling microscopy (STM).4°> The MF was determined assuming the proportionality
of the N 1s signal to the packing density of the molecules on the surface and using

the known packing density of the Azo-3 system (24.6 A?) as the reference.*> For all

11



MF calculations, the attenuation of the N 1s signal by the given monolayer was taken

into the account (see Sl for details).

The obtained MFs are presented in Table 1 as both relative and absolute values and
show that, within the given precision (~20%), the packing densities of IMMe, BIMMe,
and NIMMe on Au are similar to each other and close to that of the reference Azo-3
system. Apart from the absolute MF values for the Me-substituted SAMs, their
similarity contradicts a possible planar geometry, which will impose a progressively
increasing MF with the increasing length of the molecular backbone at going from
IMMe to BIMMe and further to NIMMe, For a rough approximation of such scenario, we
can assume the structure reported for IMMe-Au-IMMe complexes?® and simply rescale
it for BIMMe and NIMMe, which gives us MFs of ~48.4, ~67.5 and ~86.5 A2 for IMMe/Au,
BIMMe/Au, and NIMMe/Au, respectively, in obvious contrast to the experimental data.
The only way to resolve this contradiction is to assume an upright adsorption
geometry in all these SAMs. This conclusion is additionally confirmed by the roughly
double MF value (~46.0 A2) obtained by us for BIMP/Au, which is not far away from
the recently reported STM-derived value?? (~57.5 A2?) for this system.

The XPS provides yet another, and independent, indication that NHC-Au-NHC
complexes are not formed in our case. It was shown previously?* that formation of
planar IMMe-Au-IMMe complexes is associated with an additional, higher (by ~1.1 eV)
BE component of the Au 4f peaks, corresponding to Au adatoms in these complexes.
Our high-resolution Au 4f72 XP spectra of IMMe/Au do not exhibit this additional
component as shown in Figure S16.

In addition to the above analysis, the issue of molecular orientation in the NHC SAMs

was addressed by NEXAFS spectroscopy, which was also useful to verify the

12
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Figure 3. NEXAFS analysis. (a) C K-edge NEXAFS spectra of the NHC SAMs measured
at an X-ray incidence angle of 55° (to exclude orientational effects) along with the
difference between the spectra acquired at the normal (90°) and grazing (20°) incidence
(to monitor orientational effects). (b) The ratio of the n1* resonance intensities as a
function of the incidence angle (black circles). The best fits are shown by the red solid

lines and the respective average tilt angles are given; the curves corresponding to slightly
different tilt angles (+ 2°) are shown for comparison (black dashed lines). (c) Schematic of

the molecular orientation in the NHC SAMs.

chemical composition of the monolayers. The respective C K-edge data are

summarized in Figure 3, while complementary N K-edge data can be found in the SI.

The C K-edge spectrum of IMMe/Au in Figure 3a is dominated by the

characteristic*®*” n1* resonance of imidazole at ~286.5 eV, accompanied by a weak
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n2* resonance at ~288.6 eV and a variety of overlapping c*-resonances. Note that
the position of the n1* resonance agrees perfectly with a recent NEXAFS study of the
same system?* and the spectrum of protonated imidazole.*” The spectra of BIMM¢/Au
and BIMP"/Au exhibit the characteristic n* signature of benzimidazole,*® i.e. a strong
n1* resonance at ~285.1 eV and a weaker ©* resonance at ~286.7 eV, linked to the
n1* resonance of imidazole. Note that the positions of the ©* resonances agree well
with a recent NEXAFS study for a BIM-based SAM on Pt(111).28 The spectrum of
NIMMe/Au exhibits the characteristic n* signature of naphthalene,? i.e. a double r*
resonance at 284.65 eV and 286.1 eV. Thus, the chemical identity of the NHC SAMs
is confirmed. Complementary information is provided by the N K-edge spectra
(Figure S17), which show only one n1* resonance at 401.7 eV for IMMe/Au, and two
n* resonances at 401.7 eV and ~403 eV for BIMM¢/Au and NIMMe/Au and somewhat
lower energies for BIMP/Au. Note that the resonance at 401.7 eV is generally
observed in the spectra of NHC SAMs,?2426-28.49,50 gccompanied sometimes by a
further n* resonance at 399-399.7 eV,26-2849.50 ggsociated in some cases with a
specific side-substitution and, alternatively, characteristic of a non-substituted N atom
of imidazole.*®4” The absence of the latter resonance and the presence of the
resonance at 401.7 eV in our spectra suggest the expected chemical equivalence of
both N atoms in imidazolium unit of the SAM-forming molecules, similar to the
protonated form of imidazole.*” The appearance of the additional n* resonance at
~403 eV in the BIM and NIM case is most likely a consequence of a coupling of the
n* orbitals of the imidazolium moiety with the substrate, involving both or only one
nitrogen atom being in closer proximity to the substrate because of possible
molecular twist. Such a scenario seems to be supported by the recent DFT

calculations of the projected density of states (PDOS) for the n* orbitals of nitrogen
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atoms of BIMMe and BIM®" on Au(111).%" Accordingly, certain adsorption
configurations of these molecules lead to appearance of two components of the r*
orbital separated by c.a. 1.1-1.5 eV®' which is quite close to 1.2-1.3 eV visible in our

data. A more detailed discussion of the N K-edge data can be found in the SI.

Both C and N K-edge spectra exhibit pronounced linear dichroism, i.e. a dependence
of the intensity of the characteristic absorption resonances on the X-ray incidence
angle, 6. As shown by the difference spectra in Figure 3a and the spectra in Figure
S$17, the intensity of the n* resonances at the normal X-ray incidence is higher than
that at the grazing geometry. In view of the orientation of the E vector of the primary
X-rays (p-polarization) and the orientation of the n* orbitals with respect to the
molecular backbone (perpendicular to the aromatic rings), this relation suggests an
upright molecular orientation in all NHC SAMs studied. The exact values of the
average molecular tilt angles in these monolayers could be found by fitting the
angular dependences of the ©* resonance intensity by suitable theoretical curves for
a vector-like orbital with the tilt angle as fitting parameter (see Sl for details). The
respective curves are presented in Figure 3b for the C K-edge data and in Figure
S$18 for the N K-edge data. The derived average molecular tilt angles are marked in
the figures and compiled in Table 1; in agreement with all other data, these values
correspond to an upright molecular orientation in all SAMs studied, as also
schematically illustrated in Figure 3c. Note that the tilt angle values derived from the
C and N K-edge data differ to some extent but correlate with each other within the
giving error bars. This difference is related to the limited accuracy of the
measurements and the data evaluation procedure as well as to the low signal-to-
noise ratio of the N K-edge spectra. Note also that it cannot be excluded that the

molecules are not only tilted but also twisted to some extent, which can result in a
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slight correction of the exact angle values (see Sl for details). Finally, note that the
derived average tilt angle values are close to that reported for NHC SAM with

ethylene side groups (30° + 6°), also prepared by immersion procedure.®

Thermal stability analysis. Temperature-programmed secondary ion mass
spectrometry (TP-SIMS)%? was used to probe thermal stability of the NHC SAMs in
this study. Surface coverage was monitored as a function of temperature using the
signal of M2Au™ molecular ions as a fingerprint parameter. The results of these
experiments are summarized in Figure 4, with well-defined step-like behaviour for all
four SAMs (Figures 4a and 4d). To enable identification of the desorption
temperature (Tp), derivative of the M2Au™ signal was calculated (Figures 4b and 4e),
and the corresponding peaks were fitted by the Gauss function. According to derived
values, the NHC SAMs can be separated into two groups: BIMP"/Au and IMMe/Au with
a Tp of ~455 K and BIMMé/Au and NIMMe/Au with a much higher Tp of ~620 K (as
indicated by vertical dashed lines in Figure 4). As known, desorption temperature
measured in a particular experiment depends on the applied heating rate, and
therefore, our To values cannot be directly compared with the results of former
temperature-programmed desorption (TPD) experiments for NHC'"2% and thiolate53-5*
SAMs on Au. This comparison is, however, possible in terms of the desorption energy
(Ep), which can be calculated using Redhead formula (assuming a typical value of
1013 Hz for the preexponential factor as also used in former analysis).'-2353 The
corresponding Ep value for BIMP/Au and IMMé/Au is ~1.4 eV and for BIMMé/Au and
NIMMe/Au is ~1.9 eV (Table 1). These values imply that thermal stability of the NHC
SAMs dramatically depends on the molecular design and, surprisingly, the commonly
applied BIMP/Au system exhibits desorption energy which is similar to the values for

thiolate SAMs on Au (Ep ~1.2-1.4 eV), obtained in the former TPD%3 and TP-
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Figure 4. Thermal stability analysis by TP-SIMS. (a,d) Normalized M;Au* signal (M -
complete NHC molecule) as a function of temperature for BIMMé/ NIMVe (a) and IMMe/
BIMP" (d) SAMs on Au. Solid lines represent spline function fitted to the data. (b,e)
Derivatives (dI/dT) of the data shown in (a) and (d), respectively, with the indicated Tp
values determined by fitting the respective peaks with Gauss function (solid line). The
accuracy of Tp is given by standard deviation. (c,f) Normalized CsHs* signal as a function

of temperature for BIMMe/ NIMMe (c) and IMM¢/ BIMP" (f) SAMs on Au.

SIMS3%:52.55 gxperiments and evaluated in the same way, with the same
preexponential factor (10'3 Hz). Comparison of the Ep values for BIMMé/Au and
BIMP/Au shows that this parameter increases drastically (by ~0.5 eV) at the
shortening the side groups of the same molecular backbone. However, this is not the

only structural parameter responsible for ultra-high thermal stability of NHC SAMs.
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The data obtained for IMMé/Au demonstrate that despite short side groups applied in
this system, the characteristic Ep has similar, low value as for BIMP/Au.
Consequently, it is a combination of short side groups, enabling a high packing
density, and an extended molecular backbone, promoting stronger intermolecular
interaction and thus specific molecular organization at the molecule-metal interface,
which makes BIMMe/Au and NIMMe/Au exceptionally stable. Whereas the fingerprint
spectroscopic features of BIMMe/Au, NIMMe/Au and BIMP/Au, such as the shift of the
N 1s peak in XPS (Figure 2c¢) and the splitting of the n* resonance in N K-edge
NEXAFS (Figure S17), manifest different molecular organisation and, probably,
different bonding configuration than in IMMé/Au, the low packing density of BIMP"/Au

renders this system only moderately stable.

The low (BIMP/Au and IMMe/Au) or high (BIMMe/Au and NIMMe/Au) thermal stability of
NHC SAMs correlate with the specific character of the desorption process in these
systems. As a representative marker in this context, the emission of CsHs" ions (m/z
= 41), was monitored. The intensity of the respective signal is presented as a function
of temperature in Figures 4c and 4f. Importantly, the emission of CsHs* ions for the
NHC SAMs exhibiting low thermal stability (IMMe/Au and BIM®™/Au) occurs not only
below but also well above the drop in the M2Au* signal at To ~ 455 K. This means that
the desorption process in these monolayers does not necessarily proceed via
desorption of complete molecules but involves molecular fragmentation, with the
subsequent emission of smaller fragments, such as CsHs*, at higher temperatures. In
contrast, for the NHC SAMs with high thermal stability (BIMMe/Au and NIMMe/Au),
CsHs* emission is not perceptible for temperatures higher than the drop in the M2Au*
signal at Tpo ~620 K, suggesting molecular desorption as the predominant

temperature-induced process. Interestingly, the pronounced CsHs" desorption peak
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for BIMP/Au at Tp ~537 K (Figure S21) corresponds to Ep ~1.64 eV which exactly
matches the desorption energy reported in the previous TPD study for BIMP7/Au,
where corresponding analysis was not conducted by monitoring the emission of the
complete molecular ions but by using CsHs* or even smaller fragments.'23 This
difference in analytical approach can, therefore, explain the significantly higher value
of desorption energy (Ep ~1.64 eV) reported earlier' for BIMP"/Au, compared to the
current experiments (Ep ~ 1.40 eV). We also note that for all NHC SAMs the
emission of the CsHs" is visible also at temperatures below the characteristic
desorption temperature of the monolayer. However, with the exception of BIMP/Au,
the CsHs* signal does not increase or remain constant but decreases progressively in
this temperature range, with constant level of the M2Au* emission at the same time,
which is rather characteristic of desorption of a contamination than molecular
decomposition. The respective advantageous hydrocarbons could be adsorbed on
the samples during the given ex situ preparation, considering in particular the
hydrophilic character of the NHC SAMs, as documented by the surface energy
values presented in Table 1 and Table S2. Small contamination does not affect the
film thickness significantly, but can be readily detected by an extremely sensitive

technique such as SIMS.

Conclusions

In summary, in-depth analysis of the film thickness, packing density, and molecular
inclination in custom-designed series of model NHC SAMs on Au(111) unequivocally
demonstrates that, contrary to the well-established opinion,422-25 application of short
methyl side groups attached to the nitrogen heteroatoms of imidazolium allows for

fabrication of upright-oriented monolayers without formation of flat-lying NHC-Au-NHC
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complexes. We stress at this point that in all former studies,??-2° in which laying-down
orientation of NHCs with methyl side groups on Au was reported the analyzed
monolayers were deposited under vacuum conditions, in contrast to solution-based
approach used in the current experiments. The application of this procedure to the
NHCs with methyl side groups allowed in the current approach to roughly double the
packing density of NHC molecules on Au, rendering it close to the densities of the
archetypical thiolate SAMs. We note at this point that the structural differences for NHC
SAMs prepared by vacuum and solution based deposition were also reported before
on Pt(111) surface but indicated, contrary to our data, a lower packing density (not
quantified) for the liquid phase preparation.?® However, besides using different, and
much more reactive, Pt(111) substrate, the former study?® was conducted for NHC
SAMs with the large 2,4-dinitrobenzole side group in contrast to short methyl side

groups analyzed in the current experiments.

The most striking result of the current optimization of NHC SAMs is their thermal
stability. Our experiments demonstrate that the reduced size of the side groups (from
bulky isopropyl to small methyl) in combination with the extension of the molecular
backbone (from imidazolium to benzoimidazolium or naphthaleneimidazolium) result
in dramatic increase in thermal stability of NHC SAMs, emphasized by 165 K
increase in the desorption temperature (at the given heating rate), ~0.5 eV increase

in the desorption energy, and the lack of molecular fragmentation.

Altogether, the obtained results provide well-defined concept of molecular design and
the preparation procedure, paving the way to the fabrication of densely packed and
thermally ultra-stable functional aromatic SAMs on the NHC basis. Such SAMs can
be particularly useful for applications in organic and molecular electronics where the

high thermal stability of functional monolayers becomes frequently critical considering
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(i) thermal processing steps during the assembly of a particular device® and (ii)
overheating problems related to a poor heat transport at the molecule-metal interface
due to the mismatch between the vibrational density of states of the organic and
inorganic parts of the molecule-metal junction.% Whereas non-substituted molecules
were used in the present basic study, different substitutions can be performed,
making, at the given packing density and upright molecular orientation, a desired
chemical and physical impact for a particular surface or interface. The suggested
solution-based preparation procedure simplifies the assembly of devices, making the

use of NHC SAMs attractive also in this regard.
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1. Synthetic protocols
1.1. General considerations

All reagents and solvents were analytical grade and purchased from commercial sources
(Merck/Sigma Aldrich, Fisher Scientific) and used as received. The procedures for the
preparation of benzimidazole and 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide were reported
in our previous paper.! Synthesis of the Azo-3 compound is described elsewhere.? The NMR
spectra were acquired on a Bruker Avance Il spectrometer at 300 MHz and JEOL 400 MHz
spectrometer. Chemical shifts are reported in delta (&) units, expressed in parts per million (ppm)
downfield from the internal standard — tetramethylsilane or relatively to solvent residual peak.
The high resolution mass spectrometry (HRMS) analysis was performed using MicroTOF Il
mass spectrometer (Bruker, Bremen, Germany) equipped with the time of flight (TOF) analyzer.
The MS detection was performed using the positive ion mode (ESI*), and the profile spectra
were acquired within the mass range 50-3000 m/z. The ESI conditions were as follows:
nebulizer pressure 0.4 bar, dry gas 4.0 L/min heated up to 180°C, and capillary voltage — 4500
V. Mass calibration was carried out using sodium formate clusters according to the procedure
given by a manufacturer. Data were collected by Compass DataAnalysis 3.2 software (Bruker).
Expected ions attributed to analytes [M]* were predicted by the IsotopicPattern software (Bruker,

Germany). Prior the analysis samples were dissolved in water (LC-MS grade, Sigma-Aldrich).

1.2. Syntheses of 1,3-disubstituted imidazolium iodides

1.2.1. Synthesis of 1,3-dimethyl-1H-imidazol-3-ium iodide

[N\> CHgl N/+
$ o Lo
| DCM N

\

The synthesis was performed in accordance with the previously reported method.® Five grams
(60.9 mmol) of 1-methylimidazole was dissolved in 15 mL of DCM and the resulting solution was
cooled to 0 °C using an ice bath. Then, 13.0 g (91.6 mmol, 1.5 eq) of methyl iodide was diluted
with 15 mL of DCM and added dropwise to the vigorously stirred solution of 1-methylimidazole
solution. After the addition was complete, the reaction mixture was left for an hour to reach room
temperature. All volatiles were removed using a rotary evaporator and the resulting pale-yellow
paste was dried in vacuo, to afford 13.37 g (98%) of the title compound as an off-white powder,
which was sufficiently pure to be used in the next reaction. The *H and *C NMR spectra are in

agreement with the data previously reported. 3
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1.2.2. Synthesis of 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium iodide

| N
g uany oL
H K,CO4
CH4sCN )\

This compound was synthesized accordingly to the method previously reported,* with a 96%
yield. *H NMR (300 MHz, DMSO-ds) 8 10.84 (s, 1H), 7.90-7.84 (m, 2H), 7.70-7.65 (m, 2H), 5.25
(hept, J = 6.7 Hz, 2H), 1.89 (d, J = 6.7 Hz, 12H). **C NMR (75 MHz, DMSO-ds) & 139.4, 130.9,
127.2, 114.1, 52.5, 22.3. The NMR spectra are in agreement with the reported data. 4

1.2.3. Synthesis of 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium iodide
NH N /
2 HCOOH OO \> 1) NaH/CHgl/0 °C N>
Ny
reflux ” 2) CH3l/THF/reflux N

a) 1H-naphtho[2,3-dlimidazole

To a 50 mL round bottom flask 2.00 g (12.6 mmol) of naphthalene-2,3-diamine and 30 g (600
mmol, 47.4 eq) of formic acid were added. The reaction mixture was heated to reflux for 12
hours under a constant flow of argon gas. Then, the reaction mixture was transferredto a 1 L
beaker, using 100 mL of water. Under vigorous stirring solid potassium carbonate (40 g) was
added in small portions. Caution: the neutralization of formic acid results in strong foaming,
hence the use of a 1 L beaker was necessary. After that, a saturated aqueous solution of
potassium carbonate was added dropwise to the mixture to adjust the pH of the solution to
around 7.5-8.5. The precipitate was filtered using a glass-fritted funnel and washed thoroughly
with distilled water and dried in vacuo yielding the crude product as a light-brown powder. The
crude product (1.63 g) was submitted to the next step without purification. *H NMR (300 MHz,
DMSO-dg) & 12.52 (bs, 1H), 8.49 (s, 1H), 8.12 (m, 2H), 8.06- 7.97 (m, 2H), 7.42-7.33 (m, 2H).
The 'H NMR data are in agreement with the data previously reported.®

b) 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium iodide

The crude product from the previous step (1.50 g) was suspended in 20 mL of dry THF and
cooled to 0 °C using an ice bath. Then, 380 mg of sodium hydride (60% oil suspension, 9.50
mmol, 1.07 eq) was added in 3 portions and the reaction mixture started to evolve hydrogen
gas. When gas evolution ceased, 1.90 g (13.38 mmol, 1.5 eq) of methyl iodide was added
dropwise, using a syringe. The reaction flask was removed from the ice bath, closed with a

rubber septum and the stirring was continued for 4 hours. Then, an additional portion of methyl
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iodide was added (4.43 g, 31.21 mmol, 3.5 eq) and the reaction mixture was refluxed overnight.
All volatiles were removed on a rotary evaporator and the solid residue was purified, using flash
chromatography (SiO2/CHCI;:CH;OH = 15:1), yielding the title compound as an off-white powder
(1.98 g, 68.5%). *H NMR (300 MHz, DMSO-ds) 5 9.80 (s, 1H), 8.60 (s, 2H), 8.25-8.17 (m, 2H),
7.70-7.63 (m, 2H), 4.18 (s, 6H). 3C NMR (75 MHz, DMSO-ds) d 142.6, 141.2, 137.4, 130.0,
129.2, 103.9, 31.5. The 'H and *C NMR data are in agreement with the data previously
reported.®

1.3. General procedure of hydrogen carbonates synthesis using ion-exchange resin
1.3.1. Preparation of hydrogen carbonate exchange resin

To a double-necked 500 mL round bottom flask 150 mL of Amberlyst A26 resin (0.83 meg/mL,
Sigma Aldrich) was added with 250 mL of distilled water (The resin volume was measured using
a graduated cylinder). Next, carbon dioxide generated from dry ice in a suction flask was
introduced to the resin suspension using a glass tube ended with sintered glass. The sinter was
placed near the bottom of the flask to ensure thorough agitation of the resin beads, as the
magnetic stirring causes the beads to disintegrate. The vigorous flow of carbon dioxide was
maintained for 1 hour and during this time, the color of the resin beads was changing from pink
to pale pink. Then, the carbon dioxide stream was stopped and the pH of the suspension was
measured after 10 minutes and after 60 minutes. When pH was still slightly acidic (ca. 6), then
the resin was ready for ion-exchange reactions. Otherwise, the bubbling of carbon dioxide was
continued. The aqueous suspension was filtered using a glass sinter funnel and resin beads
were resuspended in methanol (on the frit) and filtered again. The washing procedure was
performed three times to ensure the removal of most of the residual moisture from the resin.
The methanolic suspension was transferred to a graduated cylinder and left to settle. This
allowed to estimate the concentration of base sites in the obtained resin. The unused hydrogen
carbonate resin prepared with this method was stored under methanol at 0 °C for 6 months

without noticeable deterioration of its properties.

1.3.2. General protocol for the iodide exchange reaction

To the bottom of a graduated pipette a plug of cotton was introduced, followed by diatomaceous
earth (ca. 3 mm thick layer) and the second plug of cotton. This ensures a slow flow of the eluant
through the resin. On the top of the cotton plug calculated volume of hydrogen carbonate ion
exchange resin (5-6 eq with respect to the organic iodide) was introduced as a suspension in

methanol and allowed to settle. The packed pipette was then washed with a fresh portion of
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methanol (5-8 bed volumes). Then, the appropriate organic iodide was dissolved in a minimal
volume of methanol and added dropwise on the top of the resin bed (1 drop/2-3 seconds). After
all the solution passed through the resin, an additional portion of methanol was introduced (10
bed volumes) to ensure that the product is completely washed out. The methanolic solutions of
the products were evaporated using a rotary evaporator and the solid residues were dried in
vacuo yielding corresponding hydrogen carbonates in good yields (63-76%) as white powders
except for 1,3-dimethyl-1H-imidazol-3-ium hydrogen carbonate which proved to be very
hygroscopic and was isolated as a sticky gum-like solid. The *H and **C NMR spectra of the
obtained hydrogen carbonates were virtually the same as for the corresponding iodides, and
therefore were inconclusive in terms of the purity of the obtained products. The minute amounts
of the iodine present in the samples were undetectable using standard elemental analysis.
Therefore, the obtained products were used directly for the preparation of the samples on gold.

No iodine contamination was confirmed using XPS spectroscopy.

1.3.3. Synthesis of 1,3-dimethyl-1H-imidazol-3-ium hydrogen carbonate

/ /
N Amberlyst-A26, HCO3; form N
[ T [ » HCOy
N* CH3;0H N*
\ \
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The compound was obtained in 69% yield (98 mg) in form of a colorless sticky gum-like solid.
The sample deteriorates in aqueous solution. *H NMR (400 MHz, D,0O) & 7.37 (s, 2H), 3.85 (s,
6H). 3C NMR (101 MHz, D;O) & 164.61, 126.35, 38.57. HRMS (ESI+): m/z calc. for CsHoN,*
[M*]: 97.0760, found: 97.0756. Elemental analysis calculated for C¢H10N-Os: C, 45.57; H, 6.37;
N, 17.71. Found: C, 45.42; H, 6.45; N, 17.63. The 'H and *C NMR data are in agreement with
the data previously reported.’
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Figure S1. "H NMR spectrum of 1,3-dimethyl-1H-imidazol-3-ium hydrogen carbonate in D20O.
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Figure S2. *C NMR spectrum of 1,3-dimethyl-1H-imidazol-3-ium hydrogen carbonate in
D.0.
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Figure S$3. HRMS (ESI*) spectrum of 1,3-dimethyl-1H-imidazol-3-ium hydrogen carbonate.
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1.3.4. Synthesis of 1,3-dimethyl-1H-benzo[d]imidazol-3-ium hydrogen carbonate

/ /

N Amberlyst-A26, HCO3 form N
Lo - (I veer

N* CH3;0H N*

\ \

The compound was obtained in 65% yield (122 mg) in form of a colorless powder. *H NMR (400
MHz, DMSO-d¢ + D-O) &6 7.87 (dd, J = 6.3, 3.0 Hz, 2H), 7.64 (dd, J = 6.3, 3.0 Hz, 2H), 3.99 (s,
6H). 13C NMR (101 MHz, DMSO-ds + D,0) 6 132.52, 127.69, 114.07, 33.91. HRMS (ESI+): m/z
calc. for CoH1aN,* [M*]: 147.0917, found: 147.0914. Elemental analysis calculated for
C10H12N203: C, 57.69; H, 5.81; N, 13.45. Found: C, 57.46; H, 5.89; N, 13.41.

REZLIFAN
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Figure S4. 'H NMR spectrum of 1,3-dimethyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate in DMSO-ds + D,0O.
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Figure S5. C NMR spectrum of 1,3-dimethyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate in DMSO-ds + D20O.
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Figure S6. HRMS (ESI*) spectrum of 1,3-dimethyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate.
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1.3.5. Synthesis of 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium hydrogen

carbonate
/ ) /
N Amberlyst-A26, HCO3 form N
) ) Hoos
N* CH3OH N*
\ \

The compound was obtained in 63% yield (146 mg) in form of a colorless powder. *H NMR (400
MHz, DMSO-ds + D20) & 8.35 (s, 2H), 8.11 (dd, J = 6.4, 3.3 Hz, 2H), 7.60 (dd, J = 6.4, 3.3 Hz,
2H). *C NMR (101 MHz, DMSO-ds + D,0) 6 159.47, 131.78, 129.17, 127.66, 111.39, 33.99.
HRMS (ESI+): m/z calc. for Ci3HisN2* [M*]: 197.1073, found: 197.1076. Elemental analysis
calculated for C14H14N20Os: C, 65.11; H, 5.46; N, 10.85. Found: C, 64.93; H, 5.53; N, 10.80.
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Figure S7. '"H NMR spectrum of 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium hydrogen
carbonate in DMSO-ds + D,0O.
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Figure S8. *C NMR spectrum of 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium hydrogen
carbonate in DMSO-ds + D20O.
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Figure S9. HRMS (ESI*) spectrum of 1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-ium
hydrogen carbonate.

S12



1.3.6. Synthesis of 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen

carbonate

N Amberlyst-A26, HCO5™ form N
el - (I weos
N* CH30H N*

The compound was obtained in 76% yield (167 mg) in form of a colorless powder. *H NMR (400
MHz, DMSO-dg) & 8.14 (dd, J = 6.3, 3.1 Hz, 2H), 7.67 (dd, J = 6.3, 3.1 Hz, 2H), 5.10 (hept, J =
6.8 Hz, 2H), 1.64 (d, J = 6.8 Hz, 12H). *C NMR (101 MHz, DMSO-ds) 6 158.73, 140.40, 130.64,
126.39, 114.10, 50.75, 21.50. HRMS (ESI+): m/z calc. for CizHigN2" [M*]: 203.1543, found:
203.1544. Elemental analysis calculated for C14H20N203: C, 63.62; H, 7.63; N, 10.60. Found: C,
63.45; H, 7.66; N, 10.52.
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Figure S10. '"H NMR spectrum of 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate in DMSO-ds.
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Figure S11. *C NMR spectrum of 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate in DMSO-ds.
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Figure $12. HRMS (ESI*) spectrum of 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium hydrogen
carbonate.
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2. Sample preparation

For X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, and advancing contact angle (ACA) measurements, substrates were
prepared by evaporation of ~100 nm gold (rate ~0.1 nm/s) onto polished single-crystal silicon
wafers (100) (ITME, Warsaw, Poland) with approx. 5 nm chromium interlayer to improve the
adhesion of the gold layer. For SIMS measurements (both static and temperature-programmed),
substrates were prepared by evaporation of ~100 nm gold (rate ~0.15 nm/s) onto mica (grade
V1, Ted Pella, USA) at approx. 300°C. The freshly evaporated substrates were cut into small
pieces and placed immediately in respective 1 mM solutions of the SAM-forming molecules. For
the formation of NHC SAMs, THF (anhydrous, Sigma Aldrich) was used as a solvent, while
absolute ethanol (POCH, Poland, 99.8%) was used for the formation of Azo-3 (the synthesis is
reported elsewhere?) and 1-hexadecanethiol (Alfa Aesar) SAMs. The solvents were degassed
before use in the Schlenk apparatus (5-6 cycles of the freeze-pump-thaw procedure). Incubation
of all samples was carried out in a glovebox (MBraun) filled with argon (<5 ppm O and <5 ppm
H.0), at room temperature for ~20 h. Before analysis, samples were removed from solutions

and rinsed with pure THF (NHCs) or ethanol (thiols), and dried under the nitrogen stream.

3. XPS analysis
3.1. Measurement details

XPS data were acquired on a VG SCIENTA R3000 hemispherical analyzer using a
monochromatized Al Ka (E= 1486.6 eV) source. The system operated at a base pressure of
approx. 5-10° mbar. The spectra were collected in normal emission geometry with the overall
resolution of the spectra (based on Au 4f7;; peak) of ~ 1.14 eV. Before the analysis, the inelastic
background in all spectra was subtracted using the Shirley function and the binding energy scale
was referenced to the Au 4f7, peak at 84.0 eV. All of the fits were performed using pseudo-Voigt

profiles.
3.2. Fitting of the C 1s spectra

The C 1s signals for examined NHCs (except for IMM®) could be considered as composed of two
components: C-N and aromatic/aliphatic. The aromatic and aliphatic components might be
treated as one peak due to the minor difference between the positions of these peaks. To
properly determine the position and shape of a C-N component, the C 1s signal for IMMe could
be employed, as it represents the pure C-N signal. Therefore, the C 1s signal for IMMe was fitted
with a single peak. The obtained peak position (286.1 eV) and FWHM (1.78 eV) were

subsequently used in the analysis of other carbenes in the series.
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Another parameter determined to fit the C 1s signals for NHCs was the ratio between the
intensity of the aromatic/aliphatic and C-N components. The ratio was calculated assuming the

exponential attenuation of the signal:

C1s
C-N a\
less Yie{c—N}€xp (_71)

d;
Iar./al. Zi e{ar./al} €XP (_ 71)

where I%,, are the intensities of C 1s signal for i-th component, 1 is the mean free path of

electrons and d; is the distance from the i-th carbon atom to the surface.

The attenuation length 1 was calculated using the standard formula: 1 = 0.3 E,%%*, where the
Ex is the kinetic energy of electrons.? According to that formula, the mean free path of 28 A was

determined.

The distance from the i-th carbon atom to the surface (d;) was determined using the geometrical
distances (vide Figure S13) and tilt angle of the molecule. As shown in Figure S14, the real
distance from the carbon atom to the surface (d) is related to the geometrical distance (dggo)
with the cosine function: d = dg;gocos @, where « is the tilt angle of the molecule that was

obtained from NEXAFS measurements at the C K-edge.
The determined ratios between two C 1s signal components are shown in Table S1.

Table S1. Calculated ratio between the intensity of the aromatic/aliphatic and C-N component
of C1s signal for examined NHCs.

NHC BIMMe | NIMMe | BIMP"

147/l 1€V | 0,876 | 1.831 | 1.676
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During the fitting, the only parameters that were fixed were: the position of the C-N peak (286.1
eV) and its FWHM (1.78 eV), and the ratio between C-N and the aromatic/aliphatic peak’s

intensity (vide Table 1).
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Figure S13. Geometrical dimensions of NHCs and Azo-3 used in calculations of
attenuation. The distances were calculated using ViewerPro software. The molecule’s structure
was optimized before measuring the distances. The obtained values take account of the

hydrogen radius.
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Au (111)

Figure S14. The schematic representation of the relation between geometrical distance
and the real distance to the surface. The tilt angle a was determined using the NEXAFS
measurements.

3.3. Calculation of the SAM thickness

The effective thickness (d) of the monolayer was experimentally determined by measuring the

intensity of C 1s (I¢15) and Au 4f (I4,45) signal and employing the equation:

1 —ex (_d—z)
ICls _ p ACls

—K :
Lyyar exp (_/1 d )
Audf

where 4; is the attenuation length for C 1s / Au 4f signal (vide supra), z is the distance from the
gold surface to the first carbon atom (2.1 A for NHCs?) and K is a constant depending on the
equipment specification. The K constant was determined to be 0.0613 using the HDT

(hexadecanethiol) on the gold surface as a reference.

3.4. Calculation of the molecular footprint based on the N 1s signal

The molecular footprint (MF) of NHCs was determined assuming the proportionality of the XPS
N 1s signal (I} ) to the density of molecules on the gold surface and using reference SAM with
known structure and molecular density (Azo-3). However, the nitrogen signal is exponentially
attenuated by the backbone of the molecule, so the measured signal (I¥53) is connected with

the real signal (I3%%) by the equation:

d;
R = e ) exn(-5),

i
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where d; is the distance from the i-th nitrogen atom to the surface. It is the real (not attenuated)
signal that might be an indicator of the density of the molecules, so the attenuation factor must

be incorporated into the final formula:

dNHC

Azo:real Azo: XPS - /

MFypc  In7s _ In7s 2e A

MFAZO INHC:real NHC: XPS _dAZOI/ _dAZOII/ ’
N 1s [le e A+e A

where 1; is the attenuation length for N 1s signal (23.6 A) 8, d; is the distance from the nitrogen
atom of NHC and Azo-3 (with two distinguishable atoms | and Il) to the surface. Distances were
calculated using geometric distances (vide Figure S13: blue lines) scaled by the cosine of the
tilt angle derived from the NEXAFS data (vide Figure S14).

3.5. Spectra of Azo-3 SAMs
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Figure S15. XPS data for Azo-3/Au. C 1s, N 1s and Au 4f spectra of the reference Azo-3
SAM on Au(111).

4. Synchrotron-based HRXPS and NEXAFS spectroscopy analysis
4.1. Measurement details

The synchrotron-based XPS and NEXAFS spectroscopy experiments were carried out at the
HE-SGM beamline (bending magnet) of the synchrotron storage ring BESSY Il in Berlin using a
custom-designed experimental station.’® The measurements were performed at room

temperature and in ultra-high vacuum, at a base pressure of ca. 1x10° mbar.

The XP spectra were measured with a Scienta R3000 electron energy analyzer, in normal
emission geometry. The primary photon energy (PE) was varied between 350 and 580 eV

depending on the acquisition range. The energy resolution was ~0.3 eV at a PE of 350 eV and
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progressively lower at higher PEs. The binding energy (BE) scale was referenced to the Au 4f7

emission at 84.0 eV.%!

NEXAFS spectra were measured at the carbon and nitrogen K-edges in the partial electron yield
mode with retarding voltages of —150 V and —300 V, respectively. As the primary X-ray source,
linearly polarized synchrotron light (p-polarization) with a polarization factor of ~89 % was used.
The X-ray incidence angle was varied between the normal (90°) and grazing (20°) incidence
geometry to monitor the linear dichroism reflecting the molecular orientation in the SAMs.*2 The
energy resolution was ~0.3 eV at the C K-edge and ~0.45 eV at the N K-edge. The PE scale
was referenced to the pronounced 1* resonance of highly oriented pyrolytic graphite at 285.38
eV. The spectra were corrected for the PE dependence of the incident photon flux and reduced
to the standard form with zero intensity in the pre-edge region and the unity jump in the far post-

edge region.
4.2. Synchrotron-based XPS data

Even though with a higher energy resolution, synchrotron-based XP spectra, measured at a
noticeably lower excitation energy, were much strongly affected by the attenuation effects than
the laboratory ones, so that we took the laboratory data for the evaluation of the effective
thickness and packing density of the NHC SAMs (see the main manuscript). At the same time,
high-resolution Au 4f spectra, such as a representative spectrum of IMM¢/Au shown in Figure 4,
are well suitable to monitor formation or absence of NHC-Au-NHC complexes, involving the flat-
oriented NHC molecules and Au adatoms. As shown in this figure, the characteristic fingerprint
feature of the adatoms, expected at a BE of 85.1 eV,° is not perceptible in the spectra, so that
the formation of NHC-Au-NHC complexes can be excluded.

85.1eV
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Figure S16. Synchrotron-based Au 4fz, XP spectrum of IMMe/Au. The vertical dashed line
marks the reported binding energy of gold adatoms in NHC-Au-NHC complexes.® PE was set
to 350 eV.
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4.3. N K-edge NEXAFS spectroscopy data

The C K-edge NEXAFS spectroscopy data are presented and discussed in the main manuscript.
The N K-edge spectra (n*-resonance range) of the NHC SAMs acquired at the normal and
grazing incidence of the primary X-rays are shown in Figure S17. These spectra exhibit a single
7* resonance at ~401.7 eV for IMMé/Au, and two rt* resonances at ~401.7 eV and ~403.0 eV for
BIMMe/Au and NIMMeé/Au and at ~401.5 eV and ~402.7 eV for BIMP"/Au. Note that, generally, the
spectra of imidazole and benzoimidazole show two n* resonances, at 400.1 eV and 401.7 eV,
associated with the non-protonated and protonated nitrogen atoms, respectively.''® In
accordance with these assignments, the former resonance disappears upon the protonation of
both nitrogen atoms, possible, e.g., in solution experiments.' Thus, the absence of the
resonance at 400.1 eV and the presence of the resonance at 401.7 eV in the spectra of all NHC

SAMs of the present study suggests the expected chemical equivalence of both N atoms in the

T | T [ T l T
NEXAFS: N K-edge
——90°
—20°

l T
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@
=
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Figure S17. N K-edge NEXAFS spectra (n*-resonance range) of the NHC SAMs on Au(111)
acquired at the normal (90°; red lines) and grazing (20°; blue lines) incidence.
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imidazolium units of the adsorbed NHC molecules, similar to the protonated form of imidazole.'
However, whereas the n* resonance at 401.7 eV is the only prominent n*-like feature in the
spectrum of IMM¢/Au, it is accompanied by an additional =* resonance at ~403.0 eV in the spectra
of all other SAMs. The respective “splitting” of the n* resonance stems most likely from the
splitting of the related valence orbitals since there is only one N 1s peak in the XP spectra of the
BIMMe, NIMMeand BIMP" monolayers (see Figure 2c in the main manuscript), so that the relevant
core level is not split. It is questionable that such a splitting is related to the conjugation of the
electronic system of imidazolium with that of the adjacent phenyl ring,'® similar to the C K-edge
spectra of acenes.'®'” The splitting can rather be a consequence of a coupling of the n* orbitals
of the imidazolium moiety with the substrate, involving both or only one nitrogen atom being in
closer proximity to the substrate because of possible molecular twist. Such a scenario seems to
be supported by the recent DFT calculations of the projected density of states (PDOS) for the
n* orbitals of nitrogen atoms of BIMM® and BIM™ on Au(111)."® Accordingly, certain adsorption
configurations of these molecules lead to appearance of two components of the n* orbitals,
separated by c.a. 1.1-1.5 eV, which is quite close to 1.2-1.3 eV visible in our data.

Apart from the angular dependence (see below), the spectra of IMM®/Au agree well with the
previous data for this system® and with the data for an analogous, specifically substituted IM
SAM." No pre-edge feature, at a PE lower than that of n+* is observed, which is a further
argument against the formation of flat-oriented NHC-Au-NHC complexes in the present case.'®
In contrast to IMM¢/Au, the double-resonance structure of BIMMe/Au, NIMMe/Au, and BIMP"/Au is
different from that of BIMP/Au reported in literature.® In the latter case, only one n* resonance
was observed and an involvement of an Au adatom along with large molecular inclination was

proposed.

4.4. Calculation of the average tilt angles

The average tilt angles of the aromatic backbones in the NHC films were estimated by a
guantitative analysis of the angular dependence of the NEXAFS resonance intensity.'? For this
analysis, the n* resonances were selected as the most intense and distinct features in the
absorption spectra. In addition, the intensities of these resonances could be derived directly
from the NEXAFS spectra without an ambiguous fitting procedure. As soon as these intensities
| are known, the average tilt angle « of a particular ©* orbital with respect to the surface normal

can be derived from a standard expression for a vector-type orbital'?

(2, ©) = A{P x%[u%(e,cosz ®-1)3cos’ & —l)}+(1—P)(1/ 2)sin? a}

S22



6)/1(20°)

=32 _ 21 -

0sd BIM™

Frrrr 17T T T T T T T

20 40 60 80
Incidence angle (°)

Figure S18. The ratio of the n* resonance intensities as a function of the X-ray incidence
angle (black circuits). The best fits by the theoretical curves are shown by the red solid lines
and the respective tilt angles are given; the curves corresponding to the slightly different tilt
angles are shown for comparison (black dashed lines).

where A is a constant, P is a polarization degree of the X-rays, and @ is the X-ray incidence
angle. Considering that the transition dipole moments (TDMs) for the C1ls — =n* and N1s — &*
transitions are oriented perpendicular to the plane of the involved ring (= molecular backbone in
the NHC case), the tilt angle of a particular =* orbital is directly related to the tilt angle of the
molecular backbone B by the formula?
cos(a) = sin(B)cos(y)

where vy is the twist angle of the molecular backbone with respect to the plane spanned by the
surface normal and the molecular axis; y = 0 corresponds to the TDM;, laying in this plane. Since
y for the NHC SAMs is unknown, we tentatively set it to zero considering the presence of the

side groups hindering or at least limiting the twist. We keep however in mind that a slight twist
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is nevertheless possible, so that the real values of 3 can differ to some extent from the calculated
ones.

For simplicity, performing the fitting of the experimental data, we did not used the absolute
intensities, 1(©), but the intensity ratios 1(6)/1(90°), I(©)/1(55°), and [(®)/1(20°). The 1(®)/I(20°) fits
for the C K-edge data are presented in the main manuscript. The analogous data for the N K-

edge are shown in Figure S18.

5. SIMS analysis
5.1. Measurement details

SIMS experiments were performed using the TOF SIMS V system (IONTOF GmbH) equipped
with the time-of-flight analyzer. The pressure in the main chamber during the measurements
was about 5x101° mbar. The mass spectra (see an example in Figure S19) were collected using
a primary 30 keV Bi* ion beam that was scanned over a 500 um x 500 um area (raster size 128
x 128 and 256 x 256 pixels for S-SIMS and TP-SIMS, respectively). Secondary ions (both
positive and negative) ejected from the surfaces of the samples passed through the reflectron
TOF mass spectrometer before being recorded by a multichannel plate (MCP) detector. S-SIMS
measurements (10 scans) for both ion polarities were performed to verify the composition of a
given sample before each TP-SIMS measurement, during which the temperature was linearly
ramped from room temperature to 750 K at a constant rate (B) of 3.75 K/min. S-SIMS
measurements were carried out simultaneously with the heating of the sample, with a one-
minute delay between the scans. Prior to thermal stability analysis, the emission intensities of
secondary ions were normalized to the room-temperature emission. To ensure the “static”
regime during the thermal stability analysis, control measurements were performed, where the
intensities of the given fragments were monitored for 125 scans (raster size 256 x 256 pixels),
without heating of the samples (the longest thermal analysis consisted of 100 scans). All of these
measurements did not show any loss in the initial intensity of the signals (see Figure S20),
proving that the observed TP-SIMS profiles are strictly connected to the thermal degradation of

the monolayers and not to the degradation caused by the primary ion beam bombardment.
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5.2. Sample composition analysis
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5.3. Control measurements for thermal stability analysis
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Figure S20. SIMS control measurements. In (a), (b), (c), and (d) the intensity of emission
of M2Au* clusters as a function of subsequent scans for IMVe, BIMP", BIMMe, and NIMMe,
respectively. In (e), (f), (g), and (h) the intensity of emission of CsHs* fragments as a function
of subsequent scans for IMMe, BIMP", BIMMe, and NIMMe, respectively. All of the control
measurements were done at room temperature, without heating the samples. The
intensities of emission were normalized to the emission at the beginning of the experiment
(first scan). The total number of scans for all SAMs (125) is greater than for the total number
of scans (max. 100) required for complete thermal measurement. All collected profiles are
rectilinear thus ensuring the ‘static’ regime during thermal stability analysis and proving that
observed in TP-SIMS data drops of signals are not correlated with ion-induced damage of
the samples.
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Figure S21. Thermal stability analysis by TP-SIMS. (a) Normalized CsHs" signal as a function
of temperature for BIMP/Au. (b) Derivatives (dI/dT) of the data shown in (a) with the indicated
To = 537(12) K determined by fitting the respective peaks with Gauss function (solid line). The
accuracy of Tp is given by standard deviation.

6. Surface energy analysis
6.1. Measurement details

For the calculation of the surface energies of the NHC SAMs, the advancing contact angle (ACA)
measurements for ultrapure water (conductivity ~0.07 uS) and diiodomethane (Sigma-Aldrich)
were performed using a Rame-Hart goniometer (model 200), with the tip of the needle in contact
with the drops. The experiments were carried out under ambient conditions (temperature ~21
°C, humidity ~25%). The collected data (~400 CAs for each SAM) were statistically processed,
giving the mean values and standard deviations that were subsequently used for the surface

energy calculations relying on the Fowke’s method.
6.2. Results

Table S2. Summary of the advancing contact angle measurements.

Sy Advancing contact angles (°) Surface energy (mJ/m?)
H-0 CHal» Dispersive Polar Sum
IMMe 54(+3) 20(+3) 38.4(+1.6) 16.3(5.2) 54.7(+6.8)
BIMMe 73(2) 20(2) 43.2(+1.2) 5.2(+3.7) 48.4(+4.9)
NIMMe 74(+2) 22(2) 42.8(+1.3) 4.9(+3.7) 47.7(+5.0)
BIMP" 74(2) 22(3) 42.8(+1.6) 4.9(x3.7) 47.7(+5.3)
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