Diss. ETH No. 15714

Cavitand-, Fullerene-, and Porphyrin-
containing Langmuir Films: Preparation of

Mechanically and Optically Active Monolayers

A dissertation submitted to the
SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH

For the degree of

Doctor of Natural Sciences

Presented by

Federica Marotti

Dottore in Chimica
Universita “La Sapienza” di Roma, Italy

born May 21, 1972 in Rome, Italy

Accepted on the recommendation of
Prof. Dr. Frangois Diederich, examiner
Dr. Carlo Thilgen, co-examiner
Prof. Dr. Peter Walde, co-examiner

Dr. Jean-Louis Gallani, co-examiner

Zurich 2004






Ai miei genitori






“Cogito, ergo sum!”

René Descartes






Aknowledgements

I would like to thank Prof. Dr. Frangois Diederich for giving me the opportunity to work
on such an interesting and challenging project, and also for his guidance as well as for his
encouragement during my PhD Thesis. I greatly appreciated his enthusiasm as well as

the freedom I had in the execution of the project.
I sincerely thank Dr. Carlo Thilgen for accepting the co-examination of my Thesis and
for his rigorous and critical comments while proof-reading this manuscript. Thank you

very much; I know that it was hard time for you!

I am thankful to Dr. Jean-Louis Gallani for accepting the co-examination of my Thesis

and for helpful suggestions about the Langmuir and Langmuir-Blodgett technique.
Also, I would like to thank Prof. Peter Walde for being my co-examiner.

I would like to thank Becky Hof, and Dr. Davide Bonifazi for their critical proof-reading

of this manuscript.
I am grateful to /rma Ndf for all very accurate help with administrative problems.

I want to thank all the members of the ETH staff for the valuable services they provided.
In particular, Rolf Héfliger for the rapidity in performing HR-MALDI mass analyses.

I thank all the members of the Diederich’s group for their friendship and for creating a

very pleasant working environment.

Mergi a Dr. David Carcache (il mio toro preferito), it was a really pleasure to know you

and to share with you nice moments in- and out- the lab.



With you, Markus Frei and Kaspar Schéirer 1 shared a really great time and I really
enjoyed our “special” conversation; 7obias Welti for his prompt help in solving my
problems with the computers; Henry Dube for his help with Mopac and for his guidance
in cleaning the rotavap!

Dr. Olivier Enger, Dr. Nils F. Utesch, Dr. Nicolle Moonen, Dr. Severin Odermatt,
Markus Frei, Romain Siegrist, Marine Guillot, Dr. Fraser Hof, Becky and Sophie Hof,
Christine Crane, Vito Convertino, Dr. Nikos Chronakis, Dr. Jacob Olsen, Dr. Frieder
Mitzel, Dr. Delphine Felder, Dr. Peter Manini, Dr. Davide Bonifazi, Carmen Atienza,
and Lorenzo Alonso, 1 could never forget the nice time we had together in the chemistry

building, or outside of the ETH. You all made my life in Ziirich a real pleasure!

I am grateful to Christine Crane, Vito Convertino, and Dr. Raffaella Faraoni for their

friendship, I will keep you in my heart.

I would like to thank a very special person Dr. Nikos Chronakis, you always supported
me with your suggestions and your encouragement. I am really glad to have found a very

good friendship.

Un grazie immenso al Dr. Peter Manini per la sua grande amicizia e disponibilita e per
aver sopportato tutti 1 miei nervosismi. Porter6 sempre con me ogni istante passato

insieme.

Un ringraziamento speciale va al Dr. Davide Bonifazi: hai avuto un grosso peso in questa
tesi di dottorato. Grazie per le interessanti dicussioni e per gli innumerevoli spunti che
mi hai dato. E stato divertente e anche un po’ doloroso dividere I’ufficio con te; chissa se

zio Bruno ¢ dello stesso parere?

Grazie, grazie, grazie a Giulio Casi per la tua amicizia e ..... per le tue deliziose cenette;
Rudi Fasan (siamo gemelli!!!!!) che con il tuo sorriso (.....1 tuoi bei dentoni) e buon
umore hai rischiarato le giornate un po’ piu scure; Dr. Silvia Rasi per essermi stata

amorevolmente vicino quando non era poi tanto facile farlo; Dr. Salvatore Chessari per



le interessanti analisi sulla vita: ¢ stato un vero piacere condividere con te la mia
esperienza zurighese, sono molto contenta di averti conosciuto!

E non posso non dire GRAZIE alle mie due piu care amiche Dr. Paola Luci e Dr.
Francesca Vitali. Vi ringrazio per 1 bellissimi e significativi momenti che abbiamo
trascorso e continueremo a trascorrere insieme. Mi avete incoraggiato e supportato (e
anche sopportato) nei momenti belli cosi come in quelli brutti con un amore

incondizionato di cui solo una grandissima amicizia ¢ capace. Vi adoro!!!

E infine un grazie di cuore va a mio padre e mia madre che mi hanno insegnato ad amare
la vita ed ad accettare e fronteggiare con un sorriso le difficoltd, senza mai demordere.
Grazie per avermi sostenuto, senza perdere mai la fiducia in me, e per avermi amato

senza chiedere nulla in cambio.






Publications and Presentations

Publications

M. Frei, F. Marotti, F. Diederich, Chem. Commun. 2004, 1362-1363. Zn"-Induced
Conformational Control of Amphiphilic Cavitands in Langmuir Monolayers.

F. Marotti, D. Bonifazi, R. Gehrig, , R. Paulini, J.-L. Gallani, F. Diederich, manuscript in
preparation. [Fullerene- and Porphyrin-appendend Crown Ethers: Synthesis and
Preparation of Stable Langmuir and Langmuir—Blodgett Films.

Poster Presentations

M. Frei, F. Marotti, F. Diederich, “NMR and Langmuir Investigations of Conformational
Switching of Amphiphilic Grippers”, Kick off-Meeting for the 2™ phase of the National
Research Program, Bern, Switzerland, July 2003.



Table of Contents

Abbreviations i
Abstract v
Riassunto xi
1 Introduction 1
1.1 Organic Thin Films 1
1.2 General Account of Self-Assembly 2
121 Self-Assembled Monolayers (SAMs)
1.2.1.1 Self—-Assembled Monolayers of Cavitands 5
1.2.1.2 Self—Assembled Fullerene Monolayers of Fullerene and of Fullerene
Derivatives 8
1.2.1.3 Self—Assembled Porphyrin Monolayers 11
1.3  Langmuir and Langmuir—Blodgett Films 15
13.1 The History of Langmuir and Langmuir—Blodgett Films 15
132 Langmuir Monolayer Technique 17
1.33 Film Deposition: Langmuir—Blodgett Technique 21
134 Characterization and Properties of Monolayers 24
1.3.4.1 Brewster Angle Microscopy (BAM) 24
1.3.4.2 Grazing Incidence X-ray Diffraction 29
2 Langmuir Investigations into the Vase-Kite Conformational
Control of Amphiphilic Molecular Grippers 33
2.1 Introduction 35
2.2 Langmuir Monolayers of Amphiphilic Calix[4]arene- and Resorcin[4]arene-
Based Cavitands 39
2.3 Vase-to-Kite Conversion at the Air-Water Interface 46

23.1 pH-Induced Conformational Conversion at the Air-Water Interface 46

232 Langmuir Films of Resorcin[4]arene Cavitand 11 on Various lon-
Containing Subphases 48



24

2.5

2.6

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

233 Zn(11)-induced Conformational Control of Amphiphilic Cavitand 11

52

Conformational Transitions of Langnuir Monolayers of Resorcin[4]arene-

Based Cavitands bearing Polyethylene Glycol Chains at the Lower Rim
Langmuir Monolayers of Cavitands with Alkyl Chains at the Lower Rim

Conclusion

55

59

60

Fullerene-Ionophore Conjugates: Formation of Complexes with

Metal Cations at the Air-Water Interface

Introduction
3.1.1 The Structure of [60]Fullerene
312 Electrochemical Properties of Cgg
3.13 Spectroscopic Properties

Fullerene- and Crown Ether-containing Langmuir Films
321 Thin Film Fullerene-Based Materials

322 Langmuir Monolayers Containing Macrocyclic lonophores

Langmuir Monolayers of Fullerene-Ionophore Conjugates 35 and 36

33.1 Langmuir Monolayers of 35 and 36 on Pure Water and on 1M aq. LiCl,
CaCl,, NaCl, KCl, and CsCl as Subphases

Conclusion

63

64
64
66
67

67
67
73

76

77

85

Langmuir—Blodgett Multilayers of Porphyrin- and
[60]Fullerene-Containing Derivatives: Spectroscopic

Investigations
General account of Porphyrins
Thin Film of Porphyrin Derivatives

Langmuir—Blodgett Investigations of Porphyrin Derivatives

87
88
90

94

43.1 Porphyrin-Crown Ether Derivative 42: Langmuir and Langmuir—Blodgett

Films

94

432 Porphyrin-Crown Ether Derivative 43: Langmuir and Langmuir-Blodgett

Films

432 Porphyrin-Crown Ether-Fullerene Conjugate 44: Langmuir and
Langmuir—Blodgett Films

Conclusion

101

106

110



5.1

5.2

6.1

6.2

7

Towards Novel Fullerene-porphyrin Architectures: Attempted
Synthesis of Fullerene-sandwiching Macrocyclic Bis(Metallo

Porphyrin) and Pophyrin-Crown Ether

Attempted Preparation of Porphyrin-containing Macrocycles
5.1.1 Synthesis of Porphyrin 48
512 Toward the Synthesis of Macrocyclic Bis (Metallo Porphyrin) 58
513 Toward the Synthesis of Macrocyclic Porphyrin-Crown Ether 61

Conclusion

Experimental Part

General Instrumentation
6.1.1 Materials

6.1.2 Experimental Procedures

Langmuir and Langmuir—Blodgett Films
6.2.1 General Instrumentation

622 Experimental Procedures

Literature

113

116
116
117
118

122

123

123
123
124

132
132
133

143



Abbreviations

Abbreviations

A Angstrom (1 A =10-10m)

A area per molecule (A2)

AFM atomic force microscopy

aq. aqueous

5’-AMP- 5-adenosine monophosphate

BAC 5,11,17,23-tetra-tert-butyl-25,27-bis(2-aminoethoxy)-21,28-
dihydroxycalix[4]arene

BAM Brewster angle microscope

B.p. boiling point

c concentration

ca. circa

cal calorie (1 cal =4.814J)

calc. calculated

CAV cavitand

°C degree centigrade (0 °C =273.15 K)

CCD charge coupled device

cm centimeter

conc. concentrated

CT charge-transfer

0 chemical shift (NMR)

d thickness

DCC N,N’-dicyclohexylcarbodiimide

dL deciliter

DMAP N,N-dimethylaminopyridine

DMF N,N-dimethylformamide

DNA deoxyribonucleic acid

dppp 1,3-bis(diphenylphosphino)propane

€ extinction coefficient

K energy




Abbreviations

Eqp
e.g.
ET
eV
Fc

Fct

5’-GMP2-
GOX

HMO
HOMO
ie.

IPR

IR

ITO

Kcal

Am ax

LC

LE

LB
LUMO
m

m

M

M

MALDI-TOF

half-wave potential

exempli gratia (latin) — for example
electron transfer

electronvolt, 1 eV = 96.485 kJ mol-!
ferrocene

ferricinium

gram

surface tension

5-guanosine monophosphate
glucose oxidase

hour

Hiickel molecular orbital

highest occupied molecular orbital
id est (latin) — that is to say

isolated pentagon rule

infrared spectroscopy
indium-tin-oxide

joule

coupling constant (NMR)

Kelvin

kilocalorie

wavelength

longest wavelenght maxima (UV-VIS)
liter

liquid-condensed

liquid-expanded
Langmuir—Blodgett

lowest unoccupied molecular orbital
meter

medium (IR), multiplet (NMR)
molarity (moles L-1)

metal

matrix-assisted laser-desorption-ionization time-of-flight

i



Abbreviations

mg

mL

mm
mM
mN
MQ
mol

M.p.

Mv2+
MV**

P3DT
PEG 1000
PM3

ppm
PVNK
q
QCM
RNA
rt.

methyl

milligram

milliliter

millimeter

millimolar

milliNewton

megaohm

mole

melting point
11-mercaptoundecanol
methyl viologen dication
methyl viologen radical cation
millivolt

molecular weight
microliter

refractive index
Avogadro’s number
nanometer

nuclear magnetic resonance

n-octadecylamine

Osteryoung square wave voltammetry

surface pressure (mN m~1)
collapse pressure (mN m~1)
porphyrin

poly(3-dodecyl thiphene)
polyethylene glycol 1000
parameter model 3

parts per million
poly(N-vinyl carbazole)
quartet (NMR)

quartz crystal microbalance
ribonucleic acid

room temperature

i



Abbreviations

SA
SAM
SC-ISE
STM

Oa

™~

TFA
THF
TLC
1R
™V
uv

VIS
Vs.

VT

stearic acid

self—assembly monolayer
solid-contacted ion-selective electode
scanning tunneling microscopy
angle of incidence

wettability

Brewster angle

surface coverage

triplet

trifluoroacetic acid
tetrahydrofuran

thin layer chromatography
transfer ratio

tobacco mosaic virus
ultra-violet

volume

volt

visible

versus (latin) — against
variable temperature

weak (IR)

iv



Abstract

Abstract

The Langmuir technique is one of the most common methods for preparing two-
dimensional molecular assemblies. In this method, a solution of an amphiphilic compound in
a low-boiling solvent, usually immiscible with water, is spread on a water subphase. After
the solvent has evaporated, the amphiphilic molecules form a monolayer in which their
hydrophilic heads interact with the water subphase and the hydrophobic tails are directed
away from it. Compression of the monolayer on the water subphase leads to a reduction of
the area available per molecule (4), thus causing an increase in surface pressure (7). The
resulting n—A isotherm (surface pressure as a function of the molecular area at constant
temperature) provides information on the molecular packing within the monolayer, the
orientation of the headgroups, the molecular area requirement, and possible interactions with
molecules or ions dissolved in the aqueous subphase. The monolayer formed at the air-water
interface can be transferred onto a solid support (Langmuir—Blodgett deposition). Due to the
ease in assembling amphiphiles into a variety of thin films with defined composition,
structure, and thickness, the Langmuir and Langmuir—Blodgett (LB) techniques have allowed
the development of novel functional materials by many scientists.

In the first part of Chapter 1, the reader is introduced to the concept of self—assembly along
with its applications in the fields of self—assembled monolayers (SAMs) and molecular
recognition. This section is concluded with a description of significant examples of
self—assembled monolayers comprising resorcin[4]arene-based cavitands, fullerenes, and
porphyrins. The second part of Chapter 1 consists of a comprehensive description of the
Langmuir and Langmuir—Blodgett techniques as well as of Brewsfer angle microscopy
(BAM) as one of the most common methods to analyze the morphology of the Langmuir
films formed at the air-water interface.

The discussion of the research carried out in the context of the present thesis starts with
Chapter 2. After an introductory general account on the resorcin[4]arene-based cavitands,
their conformational properties are discussed along with the discovery of pH-promoted vase-
kite switching which we investigated at the air-water interface. Amphiphilic cavitand 11 and
velcrand 16 which, at room temperature, prefer the vase and kife conformation, respectively,
were spread on water to demonstrate that the Langmuir technique allows a distinction

between the two geometries at the air-water interface.




Abstract

The molecular area requirement obtained by extrapolating the linear part of the 7—4 isotherm
of cavitand 11 is 125 A2 which well reproduces the theoretical value expected for the vase
conformation (120 A2). In case of cavitand 16, the obtained value is 140 A2, about half of
the area calculated for the kite conformation (290 A2). This value suggests that 16 undergoes
dimerization, leading to the formation of velcraplexes at the air-water interface. The
conformational switching was investigated by spreading cavitand 11 on a water subphase
containing trifluoroacetic acid (TFA). Evidence for successful conformational control was
obtained by variations in the limiting molecular area which increases (from 125 A2 to 223
A2) by increasing the concentration of TFA in the aqueous subphase. The spreading
behavior of 11 was further investigated after addition of Zn(OAc); to the water subphase
which led to the discovery of a new Zn(1l)-promoted conformational switching. Molecular
modeling calculation and 'H-NMR spectroscopic investigations supported the formation of a
stoichiometric kife-cavitand-2 Zn(II) complex with each metal ion coordinating to two
neighboring quinoxaline nitrogen atoms. The last part of Chapter 2 describes investigations
on the influence of the length of the polyethylene glycol chain on the monolayer packing of
cavitands 12 and 13.
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Abstract

In particular, cavitand 13 with five glycol units in each of the four hydrophilic “legs”,
required a larger area per molecule at low pressure than cavitand 12, having only two such
units per “leg”. The different acyl groups also explain the behavior of monolayers in
experiments with high concentrations: No phase transition was observed with cavitand 12, at
high concentration, whereas in the case of cavitand 13, two transitions were detected. Five
glycolic units better approximate the limit case of PEG2000+ (notation referred to a PEG
polymer derivatized with a hydrophobic headgroup), the Langmuir films of which display
both transitions.

Chapter 3 starts with a general account of buckminsterfullerene and its main electronic and
spectroscopic properties along with its incorporation into Langmuir monolayers. The second
part of this Chapter is an investigation of the spreading behavior of fullerene-ionophore
conjugates 35 and 36 on pure water and on aqueous subphases containing the metal ions Li™,

Nat, K+, Cs*, and Ca2t,

The presence of the dibenzo [24]crown-8 ether unit(s) in 35 and 36 leads to an improvement
of the spreading behavior as compared to pristine Cgo (60 A2 (35) and 75 A2 (36)). The
areas per molecule are larger than in the case of unmodified buckminsterfullerene, even
though they are still smaller than the theoretical value expected for the carbon cage (86 A2).

The limiting molecular areas increase on subphases containing alkali metal chlorides or

vii
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CaCl,, particularly in the cases of KCl and CsCl, due to the complexation of the cations by
the crown ether moieties. The binding event leads to a conformational change of the crown
ether, which adopts a more extended conformation and becomes more hydrophilic which
provides a better anchoring on the subphase. The larger variation of the area per molecule
observed upon addition of Cs* ions is due to the greater stability of the corresponding
complex (logK = 3.78 in MeOH).

In collaboration with Dr. Jean-Louis Gallani (CNRS, Strasbourg), the spreading behavior of
porphyrin-(dibenzo[24]crown-8) conjugates 42 and 43, and of porphyrin-[60]fullerene-
(dibenzo[24]crown-8) conjugate 44 was investigated in detailed Langmuir studies performed

in order to investigate their spreading behavior (Chapter 4).
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The three porphyrin derivatives show different behavior within the monolayers. In
particular, conjugates 42 and 44 form more rigid monolayers than 43 and their spreading
behavior is strongly affected by the presence of Kt and Cs* ions in the water subphase. In
the case of compound 42, the isotherms show a phase transition corresponding to an
orientational change of the porphyrin during the compression. At low pressure, the porphyrin
unit of 42 lies horizontal on the water subphase and its area requirement becomes

predominant when compared to the crown ether moiety. Under compression, the molecules

viii
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approach each other and the porphyrin-porphyrin stacking causes the tetrapyrrolic system to
change orientation from parallel to normal with respect to the water surface. At higher
pressure, the molecular area of the crown ether predominates and the complexation of metal
ions becomes more important than in the case of derivative 43. In fact, in conjugate 43, the
porphyrin does not dramatically change orientation and it stays nearly horizontal during the
entire compression of the monolayer. It should be mentioned that the area occupied by a
horizontal porphyrin ring is larger than the area of the crown ether both in the absence and in
the presence of an alkali metal ion. Moreover, a flexible linker such as the malonate unit
between the hydrophobic and the hydrophilic part of 43, gives more degrees of freedom to
the molecule and, consequently, the corresponding monolayers are less rigid than those of
derivative 42. The UV-VIS absorption spectra of LB multilayers of derivatives 42 show
significant red-shifts of the Soref and O-bands, confirming extensive porphyrin-pophyrin
stacking. Conjugate 44 shows a strong influence of alkali ions in the water subphase on its
spreading behavior, even if the porphyrin is locked atop the fullerene in horizontal, tangential
position. The different behavior of 44 and 43 may be related to the fact that the fullerene
moiety increases the hydrophobic character of the molecule. Therefore, the complexation of
alkali metal ions by the crown ether moiety becomes important to reestablish a better balance
between the hydrophobic and the hydrophilic part of 44, thus leading to a better anchoring of
the molecule on the aqueous subphase. An even more pronounced red-shift of the Sorer and
(O-bands was observed for conjugate 44 compared to 43 as consequence of the well-known
attractive interactions between the fullerene moiety and the porphyrin. In accord with the
low transfer ratios and the poor quality of the LB multilayers, the absorption intensity for all
derivatives decreases with increasing numbers of depositions, showing that previously
deposited molecules are lost in subsequent dipping cycles. Upon depositing further layers,
no additional red-shifting of the Soref band was observed, suggesting that the exciton
interactions are a consequence of intermolecular interactions occurring within the layers
rather than between the layers.

The last part of this thesis, Chapter 5, consists of a comprehensive descriptions of the
attempts toward the synthesis of the [60]fullerene-sandwiching macrocyclic bis(metallo

porphyrin) and porphyrin-crown ether.
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Riassunto

Riassunto

La tecnica Langmuir € uno dei metodi piu conosciuti per preparare aggregati molecolari
bidimensioni. Nel suo modus operandi, una molecola anfifila sciolta in un solvente volatile e
immiscibile con I’acqua ¢ distribuita su una superficie acquosa. Dopo I’evaparazione del
solvente, le molecole anfifile formano un film nel quale la loro parte idrofila interagisce con
I’acqua e la testa idrofoba si dispone lontano dalla superficie acquosa. Una barriera mobile
comprime lo strato di molecole provocando una riduzione dell’area molecolare disponibile
(4) e un conseguente aumento della tensione superificiale (7). La curva della pressione in
funzione della variazione dell’area per molecola ¢ ricca di informazioni riguardanti la
capacita delle molecole di impacchettarsi all’interno dello strato, la loro orientazione, la loro
area e infine, le possibili interazioni con eventuali molecole o ioni dissolti nella fase aquosa.
Il Langmuir film pud essere trasferito dalla fase acquosa su un supporto solido (deposizione
Langmuir—Blodgett). Grazie alla possibilita di formare film sottili caratterizzati da un elevato
ordine, una controllata struttura e spessore, le due tecniche di Langmuir e Langmuir—Blodgett
(LB) hanno attratto I’attenzione di un elevato numero di scienziati interessati allo sviluppo di
nuovi materiali organici.

Nella prima parte del Capitolo 1, al lettore vengono presentati 1 concetti dell’aggregazione
spontanea, ¢ la loro applicazione nel campo del riconoscimento molecolare. Questo
paragrafo si conclude con la descrizione di selezionati modelli di aggregati spontanei,
costituiti da cavitandi, fullereni e porfirine. La seconda parte del Capitolo I consiste in una
approfondita descrizione di ambedue le tecniche di Langmuir e Langmuir—Blodgett e della
microscopia dell’angolo di Brewstfer, considerata uno dei piti comuni metodi di analisi della
morfologia degli strati molecolari formati all’interfaccia aria-acqua.

11 presente lavoro di ricerca inizia con il Capitolo 2 che contiene, nella sua prima parte, una
breve decrizione delle caratteristiche strutturali e delle proprietd chimiche di un gruppo di
molecole denominate cavitandi. La scoperta di un equilibrio tra una conformazione chiusa
(vase) rassomigliante ad un vaso e una aperta (kite) che ricorda un aquilone e della possibilita
di regolare 1’equilibrio attraverso variazioni di pH, ha suggerito lo studio del cambio
conformazionale all’interfaccia aria-acqua. Quindi, due cavitandi anfifili 11 e 16, 1 quali
adagiano rispettivamente nella conformazione a vaso e ad aquilone, sono stati distribuiti sulla
superficie dell’acqua con lo scopo di dimostrare che la tecnica Langmuir permette una

distinzione delle due conformazioni.
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L’area molecolare ottenuta dall’estrapolazione della parte linerare dell’isoterma n—A4, ¢ 125
A2 per il cavitando 11, la quale concorda perfettamente con il valore teorico corrispondente
alla conformazione a vaso (120 A2). Per il cavitando 16, invece, il valore trovato di 140 A2
che ¢& circa la meta del valore predetto per la conformazione ad aquilone (290 A2), suggerisce
che la molecola ¢ aggregata in dimeri, denominati velcraplessi. Alla luce di questi risultati,
I’equilibrio conformazionale ¢ stato studiato distribuendo il cavitando 11 sulla fase acquosa
contentente acido trifluoro acetico (TFA). Il cambio di conformazione da vaso ad aquilone ¢
stato evidenziato dalla variazione dell’area molecolare che aumenta (da 125 A2 a 223 A2) in
seguito ad un aumento di aciditd dell’acqua. L’ulteriore analisi dell’equilibrio
conformazionale del cavitando 11, su una fase acquosa contentente Zn(OAc),, ha portato a
scoprire che lo ione Zn(II) favorisce il cambio conformazionale dalla forma vaso alla forma
aquilone. Studi spettroscopici (\H-NMR) hanno confermato la formazione di un complesso
1 : 2 tra I’aquilone e lo ione Zn(1I) nel quale il metallo coordina una coppia di atomi di azoto
adiacenti. L’ ultima parte del Capitolo 2 presenta lo studio dell’influenza della lunghezza

della catena di glicole polietilenico sul film molecolare formato dai cavitandi 12 e 13.
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In particolare il cavitando 13, contenente gruppi idrofili costituiti da cinque unita di glicole
polietilenico, occupa a piccole tensioni superficiali, un’area molecolare piu grande del
cavitando 12 che ha solo due unitd di glicole polietilenico. La differente lunghezza delle
catene idrofile, spiega anche il comportamento dello strato molecolare ad elevate
concentrazioni: I’isoterma del cavitando 12 non presenta nessuna transizione a piu elevate
concentrazioni, mentre 1’isoterma del cavitando 13 presenta due transizioni a basse ed alte
concentrazioni. Evidentemente catene con cinque unita di glicole polietilenico approssimano
meglio sistemi tipo il PEG2000, per il quale entrambe le transizione sono evidenti.

1l Capitolo 3 inizia con un’ introduzione sul fullerene, le sue principali proprieta elettroniche
e spettroscopiche e la sua inclusione in strati molecolari di tipo Langmuir. La seconda parte
di questo capitolo presenta, invece, uno studio sistematico del carattere anfifilo di due
molecole 35 e 36, costituite dal fullerene coniugato con uno ionoforo, sulla fase acquosa

nella quale sono solubilizzati diversi ioni, come Lit, Na*, KT, Cs* e Ca2*+

La presenza dell’etere corona in entrambi 1 derivati del fullerene 35 e 36 influenza fortemente
le loro caratteristiche anfifile rispetto al fullerene puro. Infatti, I’area molecolare aumenta per
entrambi i derivati (60 A2 (35) and 75 A2 (36)) rispetto al puro Ceo, sebbene sia ancora
piccola rispetto al valore teorico della sfera del fullerene (86 A2). L’area per molecola

aumenta sensibilemente nel caso di KCI and CsCl solubilizzati nella fase acquosa, grazie alla
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formazione di un complesso tra i due ioni e ’etere corona. Questa complessazione favorisce
un cambio conformazionale della corona dell’etere, il quale adotta una piu estesa
conformazione e diventa piu idrofilo, ancorando meglio la molecola alla superficie acquosa.
La maggiore variazione dell’area molecolare osservata nel caso dello ione Cs™ ¢ legata alla
maggiore stabilita del suo complesso (logK = 3.78 in MeOH).

In collaborazione con il Dr. Jean-Louis Gallani (CNRS, Strasbourg) sono stati
dettagliatamente studiati gli strati molecolari formati da porfirine-etere corona coniugati 42 e
43 e porpfirina-etere corona-fullerene coniugato 44 all’interfaccia aria-acqua con lo scopo di

analizzare le loro caratteristiche anfifile.

Ar

Ar

Ar
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Tutti e tre 1 derivati delle porfirine mostrano un diverso comportamento all’interno dello
strato molecolare. In particolare, 1 derivati 42 e 44 formano film pia rigidi rispetto al
derivato 43 e il loro carattere anfifilo € fortemente influenzato dalla presenza degli ioni K e
Cs* nella fase acquosa. Nel caso del composto 42, le isoterme mostrano una fase di
transizione correlata alla diversa orientazione dell’anello porfirinico. Per il derivato 42, a
basse pressioni, la porfirina si dispone parallela alla superficie dell’acqua e la sua area
molecolare risulta predominare sull’area occupata dall’etere corona. In seguito alla

compressione, 1’anello della porfirina cambia la sua orientazione da orizzontale a verticale.
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Ad alte pressioni 1’area molecolare dell’etere corona risulta predominante e la
complessazione con gli ioni alcalini diventa piu significativa rispetto al derivato 43. Infatti in
43, la porfirina non cambia drammaticamente la sua orientazione e rimane circa orizzontale
durante tutta la compressione del film molecolare. Deve essere menzionato che 1’area
occupata da una porfirina disposta orizzontale ¢ piu grande dell’area dell’etere corona, in
assenza e presenza di metallic alcalini. La presenza del malonato come ponte tra le parti
idrofoba e idrofila conferisce piu gradi di libertd alla molecola con conseguente formazione
di film molecolari meno rigidi, rispetto al derivato 42. Gli spettri di assorbimento della
molecola 42, mostrano uno spostamento verso il rosso, della banda di Soret e delle band O,
confermando un forte stacking tra gli anelli porfirinici. Il composto 44 mostra una forte
influenza degli 1oni alcalini sulle sue caratteristiche anfifile, anche se la porfirina ¢ bloccata
dal fullerene in posizione orizzontale. Il diverso comportamento dei composti 44 e 43 puod
essere legato alla presenza del fullerene che aumenta il carattere idrofobo della molecola.
Quindi la complessazione con metalli alcalini diventa importante per ristabilire un migliore
bilanciamento tra la parte idrofoba e idrofila di 44. Lo spettro di assorbimento del derivato
44 mostra uno spostato verso il rosso delle bande O e di Soret piu evidente del composto 44,
a causa di un aggiuntiva interazione fra 1’anello porfirinico e il fullerene. In accordo con il
basso indice di trasferimeno e di conseguenza la bassa qualita dei multistrati molecolari (L.B
multilayers), I’intensita di assorbimento per tutti e tre 1 derivati della porfirina diminuisce
all’aumentare del numero di strati, mostrando che le molecole precedentemente depositate
sono perdute nei diversi cicli di deposizione. Dal momento che lo spostamento delle bande
O e di Soret ¢ indipendente dal numero di strati depositati, possiamo ipotizzare che le
interazioni intermolecolari avvengano all’interno dello stesso strato piuttosto che tra strati
contigui.

L’ultima parte di questo lavoro di tesi, i/ Capitolo 5, consiste nella descrizione dei tentativi
fatti per sintetizzare due molecole nelle quali il fullerene ¢ incapsulato tra due porfirine e tra

una porfirina e un etere corona.
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Chapter 1

1 Introduction

1.1 Organic Thin Films

Recently organic thin films have attracted considerable attention for the possibility of
transferring the optical, electronic, optoelectronic, and chemical properties of the adsorbed
molecules to a liquid or solid surface. Figure 1.1 is a schematic representation of the main
techniques for the preparation of thin films. The distinguishing feature of these methods is

self-organization; the molecules or ions adjust their own positions to reach a thermodynamic

minimum.

1. Self—Assembled Monolayers

2. Langmuir Films of
amphiphilic molecules at
liquid/air interface

3. Langmuir—Blodgett Films of
Langmuir films transferred
onto solid support

Figure 1.1 Overview of various preparation routes of crystalline organic thin films as reported
by Schreiber [1].




Chapter 1

1. Self—Assembled monolayers (SAMs) consist of two-dimensional films formed by

the spontaneous adsorption of molecules onto a surface [1-3].

2. Langmuir films consist of amphiphilic molecules spread at a liquid/gas interface

such as a water/air boundary [2].

3. Langmuir—Blodgett (LB) films are prepared by transferring Langmuir films to a

solid substrate [2].

Because this thesis deals with the preparation of Langmuir and Langmuir—Blodgett

monolayers, the following Sections give an overview of self—assembly including SAMs as

well as Langmuir and LB films.

1.2 General Account of Self—Assembly

Self—assembly may be defined as the spontaneous formation of complex defined

structures from pre-designed building blocks. In biology, particularly important examples of

self—assembly are: The formation of the double-stranded DNA [4] by association of two

complementary chains of DNA, the formation of the hemoglobin by self-association of four

subunits, and the formation of cellular membranes from phospholipids self—assembled in

bilayers [4]. The concept of self—assembly originated with studies on the tobacco mosaic

virus (TMV) and the enzyme ribonuclease. TMV is a virus consisting of a single type of

protein arranged in a helical fashion and encapsulating the viral RNA (Figure 1.2) [3, 5],

carrier of the genetic information.

Figure 1.2
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Self—assembly of the tobacco mosaic virus (TMV) as reported by Lindsey [3]. The
protein subunits predetermine the helical shape. All information for assembly is
contained within the constituting components.
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The virus is composed of 2130 identical protein subunits, each with 158 amino acid residues,
that form the viral protein coat around a single stretch of RNA. Experiments by
Fraenkel-Conrat and Williams [6] demonstrated the TMV could be dissociated into its
component parts and reassembled in vitro to reform the infectious virus particle. All the
information necessary to faithfully assemble the virus is built into the constituent parts,
which associate spontaneously with high specificity, control, and efficiency. In general,
biological self—assembly occurs under thermodynamic control allowing error checking! and
high fidelity and under the principle of positive cooperativity?.

Self—assembling motifs are not restricted to biology. Molecular crystals are self-organizing
structures. Micelles and bilayers composed of detergents and lipids display a rich variety of
self-organizing behaviors. Molecular recognition and supramolecular chemistry are active
fields of research concerned with noncovalent self—assembly, such as self—assembled

monolayers [7-9].

1.2.1 Self—Assembled Monolayers (SAMs)

Self-assembled monolayers (SAMs) are ordered molecular assemblies that form
spontaneously by chemisorption of functionalized molecules with a specific affinity of their
headgroups for the substrate [2]. They represent the most common class of non-biological
systems involving self-assembly. They are robust, relatively stable, and capable of providing
versatility, at both the molecular and the bulk levels. They offer a vehicle for investigating
specific interactions at interfaces, and stability of two-dimensional structures.

The constituting self—assembling surfactant molecules consist of three parts (/igure 1.3): The
first part is the headgroup. It causes the exothermic process of chemisorption on the surface
of the substrate. The energies associated with the process are on the order of tens of kcal/mol
(e.g. 40-45 kcal/mol for thiolates on gold). The second part is the alkyl chain. It is
responsible for the intermolecular distance, the molecular orientation, and the degree of order
in the film. The energies associated with the van der Waals interaction between alkyl chains
are on the order of 10 kcal/mol (e.g. 14 kcal/mol for octanethiol [10]). The third part is a tail
group that constitutes the outer surface of the film. The principal driving force for the

formation of these films is a specific interaction between the headgroup and the substrate

1 Malformed or defective subunits are excluded since they don’t have the required set of bonding sites for the
self—assembly.
2 The monomeric building blocks self-assemble to give the final aggregate but not intermediate structures.
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surface. Provided these interactions are strong, SAMs form stable films. Depending on the
structure of the molecules, these films can be disordered or well-packed (Figure 1.3). The
degree of order in monolayers is a product of many factors, including geometric aspects,

electrostatic, and dipole-dipole interactions within the monolayers.

— functional group
— spacer

—— surface-active headgroup

l Chemisorption

\ Substrate

Self-organlzatlon

il

Substrate _‘

l Self-organization

by

Substrate

Figure 1.3 Schematic illustration of the formation of SAMs of surfactant molecules on a solid
surface.

The most widely studied systems have been SAMs formed by chemisorption of alkanethiols
on gold. In 1983, Nuzzo and Allara [9] showed that dialkyl disulfides (RS-SR) form close-
packed and well-ordered monolayers due to strong Au-S bonds between sulfur atoms and
gold (~ 44 kcal/mol) [11]. This experimental finding, together with the considerations that
gold is an inert metal, and does not form stable superficial oxide layers, opened new and
interesting possibilities from an application point of view. Thin films containing functional
molecules are of high interest, owing to the possibility of transferring the properties of the

adsorbed molecules to a solid or liquid surface. In this context, some selected examples of
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SAMs containing functional molecules such as resorcin[4]arenes, fullerenes, and porphyrins

are described.
1.2.1.1 Self-Assembled Monolayers of Cavitands

Over the last two decades, different synthetic receptors for the binding and recognition
of neutral molecules were prepared. Among these, cavitands are a class of very interesting
and versatile molecular receptors. The complexation properties of cavitands were
extensively studied in the solid state [12, 13], in solution [14-16], and in the gas phase [17-
19]. Nevertheless, there are relatively few examples that describe the transfer of
self-assembled monolayers from the solution [20-22] phase to surfaces. Dalcanale and
coworkers reported self—assembly of coordination cages 3 and 4 from cavitand molecules 1

and 2 with [Pd(dppp)(CF3S03)2]? both in solution and immobilized on gold surface (Figure
1.4).
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2 R=Cetis G N
3, R, R' = CyoH15SC1oHar %
4, R =C4gH10SC1qH21; R'=CgHyg %
Figure 1.4 Molecular structures of cavitands 1 and 2 and, self—assembled cages 3 and 4, as

reported by Dalcanale et al. [23].

3 dppp = 1,3-bis(diphenylphosphino)propane
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Figure 1.5 shows two different approaches for the formation of SAMs on Au(111), the first
leading to homo-assembled, the second to hetero-assembled cages. The approach is the
direct incorporation of homo-“dimer” 3 (Figure 1.4), preformed in acetone, into the SAM of
11-mercaptoundecanol (MU) on gold. After extensive rinsing, the sample surface was
analyzed by atomic force microscopy (AFM) to measure the height of 3 (5.27 nm), as
schematically described in Figure 1.5 a. The second approach is the incorporation of hetero-
“dimer” 4 (Figure [.4) starting by insertion of cavitand 1 (Figure 1.4) into the MU SAM
(Figure 1.5 b) followed by cage self—assembly with the cavitand 2 (Figure 1.5 c¢). After
extensive rinsing, the monolayers were analyzed by AFM. The observed heights of cavitand
1 (1.87 nm) and cage 4 (3.96 nm) are consistent with the dimensions obtained by X-ray

analysis.
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Figure 1.5 Schematic representation of the insertion of a) homo-“dimeric” cages 3 and b) hetero-
“dimeric” cages 4 in a MU SAM, as reported by Dalcanale and co-workers [23].

The reversibility of the above-described metal-directed self—assembly can be exploited to
reversibly encapsulate guests in the surface-confined cages. Also, the formation of hetero-
“dimeric” cages from cavitands with different substituents at the lower rim and cavities of
different molecular dimensions in the upper part allows for new applications in the
preparation of nanoscale electronic devices. Cavitands with cavities of various sizes can be

used as chemical sensors. Schematically, a chemical sensor consists of both a sensing
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material, interacting with the species present in the environment, and a transducer which
converts the chemical informations into measurable data [24]. Dalcanale and co-workers
studied the formation of SAMs on gold with cavitand § (Figure 1.6) carrying four dialkyl

sulfide chains as a model system.

[5-Au(111)]

Figure 1.6 SAM of MeCav-thioether 5 reported by Dalcanale and coworkers [25].

They observed the response of cavitand S to different analytes by exposing the SAM to a
range of vapor concentrations between 0 and 2000 ppm. Cavitand 5 showed good selectivity
for three analytes, namely acetonitrile, nitromethane, and perchloroethylene as opposed to »-
hexane, benzene, and toluene. In the case of n-hexane, the insignificant response of the
sensor 18 related to van der Waals interactions between the alkyl tails of the cavitand and »-
hexane which may be preferred over interactions with the cavities [25]. The low affinity for
benzene molecules is presumably due to their inability to form host-guest complexes within
the small cavities. Recently, it was observed that aromatic vapors can be selectively
complexed with cavitands that have deeper cavities [26]. In particular, the same authors
observed that SAMs of a quinoxaline-bridged cavitand with its 8.3 A deep cavity and its
closed vase conformation preferentially responds to aromatic vapors. Apart from the
possibility to change the dimension of the cavity, the conformation of the cavity can also be
switched between vase and kite forms (see Chapter 2), as studied extensively by Cram et al.
[27]. Diederich and co-workers investigated the potential of this system as molecular gripper
for the manipulation of single molecules. The cavitand in the vase conformation should be
able to capture a molecule and hold it during translocation, releasing it upon changing to the

kite conformation. The authors prepared self—assembled monolayers of resorcinarene-based

7
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cavitand 6 (Figure 1.7) on gold. These monolayers showed a lower wettability* (8, (H20) =
97°) than those observed for simple alkanethiols terminated with methyl groups (6, (H20) =

111-114° [29]), because of the more hydrophilic character of the exposed cavitand moieties

(Figure 1.7).

[6-Au(111)]

Figure 1.7  Schematic representation of a SAM of resorcinarene-based cavitand 6 in the vase
conformation.

The characterization of this monolayer by scanning tunneling microscopy (STM) showed a
well-ordered monolayer and suggested that the cavitand is present in the vase conformation

[30]

12.12 Self—-Assembled Monolayers of Fullerenes and of Fullerene

Derivatives

Self—assembled monolayers of Cg and its derivatives have become a field of intensive
investigations [31-34] because of the interesting optical and electrochemical behavior of the

carbon sphere [33, 35-40]. Diederich, Pretsch, and co-workers prepared a gold electrode

4 The wetting contact angle or wettability () is measured by placing a small drop of a liquid (water or
hexadecane) on the horizontal substrate and measuring the angle subtended by the edge of the drop and the
substrate. Depending on the polarity of the surface and the liquid, the droplet may spread on the horizontal
substrate assuming different shapes and consequently different contact angles which provide information about
the polarity of the outer surface of the SAM (static experiment), as well as the packing of the monolayer
(dynamic experiment). 6, (H,O) is the contact angle formed by a drop of water on the horizontal substrate [2,
28].

8
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modified with redox-active SAM of a fullerene-alkanethiol conjugate 7 [41] (Figure 1.8).
This work resulted in the fabrication of a solid-contacted ion-selective electrode (SC-ISEs)
[42, 43].

Figure 1.8 Schematic representation of mixed SAMs of Cgp-derivative 7 and n-octanethiol on
gold, as reported by Diederich, Pretsch, et al. [41-43].

The monolayer was characterized by cyclic voltammetry, ellipsometry, contact angle, and IR
measurements. Since Cg( represents a bulky tail group, no dense packing of the molecule in
the aliphatic regions of the SAM structure can be expected. Then, to increase the stability
and the structural order of the SAM formed by 7, a mixed monolayer obtained through
incorporation of n-octanethiol molecules in the pre-formed SAM (Figure 1.8) was formed.
Contact angle measurements and cyclic voltammetry with the mixed monolayer indicated
that n-octanethiol molecules not only filled the uncovered hydrophilic Au surface, leading to
an enhancement of the packing density, but also replaced in part the electroactive
components. The surface coverage in 7 was reduced from 3.9 x 1010 mol cm—2
(homogeneous SAM) to 0.8 x 10710 mol cm—2 (mixed monolayer). This reduction had,
however, no effect on the response of the SC-ISEs [43]. Cyclic voltammetry measurements
exhibited a reversible one-electron reduction wave (£1/2 = —-680 mV vs. Ag/AgCl) which was
ascribed to the first fullerene-centered reduction, corresponding to the reported values for
SAMs of Cep on gold [33, 44, 45]. The second reduction was not observed, probably due to a
retro-Bingel reaction which results in the removal of the fullerene from the surface of the

electrode. However, when the system is more stable electrochemically than fullerene
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derivative 7, the second reduction wave is not as noticeable when the monolayer fully covers
the electrode surface. Mirkin et al. reported that the coverage-dependent electrochemical
responses of the fullerene-derived thiol are attributed to the relative amounts of free volume
available within the film [34]. When the monolayer undergoes sequential reductions, only
the portion that can incorporate charge-compensating ions will be electrochemically active.
As to the second reduction, the space available to counterions is generally reduced
significantly after the first reduction, thus leading to a reduction of the current.
Consequently, the presence of bulky groups in SAMs should favor the formation of
interstitial holes within the monolayer and lead to sufficient free space for charge-
compensating ions in electrochemical experiments. According to these experimental
findings, Fox and co-workers [46] prepared a self—assembled monolayer of fullerene

derivative 8 (Figure 1.9).

[8:Au(111)]

Figure 1.9 SAM of Cgp-derivative 8 bearing a thiol binding group suitable for adsorption on
Au(111), as reported by Fox et al. [46].

The presence of alkoxy chains on the aromatic rings produced a low-density monolayer as
suggested by the measured surface coverage (I'~ 0.991 x 1010 mol cm2). Consequently,

there is sufficient free space within the monolayer to incorporate enough charge-

10
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compensating ions to satisfy the requirements for fullerene dianion formation upon
electrochemical reduction of the film. Cyclic voltammetric measurements showed two well-
resolved reversible peaks (V1= -0.65 V, EVy=—1.04 V; vs. Ag/AgCl) for the first and second
fullerene-centered one-electron reductions [46]. Alternatively, a molecular recognition event
has been used to prepare a self—assembled fullerene-containing monolayer on Au(111).

Echegoyen and co-workers reported the first example of a monolayer of a crown ether-
fullerene conjugate by taking advantage of the ammonium ion-crown ether interaction
(Figure 1.10) [47]. The applied strategy involves the formation of a thiolated SAM
terminating in ammonium groups, followed by secondary self—assembly of a monolayer of a
fullerene-derived crown ether which is driven by the complexation of the latter by the
ammonium ions [48]. This specific interaction was confirmed by desorption experiments
that showed the fully reversible nature of the self-assembly process. The determination of
the surface coverage, was determined by Osteryoung square wave voltammetry (OSWYV) to

1.4 x 10~10 mol cm~2 which is close to the experimental value for well packed monolayers of

Cs0 (~1.9 x 10710 mol cm=2) [49].
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Figure 1.10  Schematic representation of SAMs of a crown ether-fullerene conjugate as reported by
Echegoyen et al. |47].

1.2.13 Self-Assembled Porphyrin Monolayers

Construction of a very efficient system for artificial photosynthesis is one of the most
important goals in the field of modern functional materials. In this context, the covalent
derivatization of SAMs by attachment of functional molecules has been pursued to construct
well-organized molecular assemblies containing photo- and electroactive units on gold

surfaces. A variety of examples using ferrocenes [50, 51], azobenzenes [52, 53], porphyrins

11
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[54-56], and fullerenes [33, 57-59] have been published. Uosaki and co-workers very
efficiently generated a photocurrent induced by visible light at a gold electrode modified by a
SAM depicted in Figure 1.11.

o0 _) oy,
_S_(CHz)mg_@

Figure 1.11 SAM of porphyrin derivative PCgFcC11SH.

The attached functional molecule includes porphyrin, ferrocene, and thiol units as
photoactive, electron-transporting/relaying, and surface-binding groups, respectively (Figure
1.11) [60]. According to the underlying idea, Uosaki et al. prepared a SAM with a
photoactive (S) and an electron-relay group (R) attached to a metal electrode (M). This
system is a good candidate to mimic the photosynthesis of natural systems when immersed in
a solution containing an electron acceptor (A), such as methyl viologen (MV), the redox
potential of which is much more negative than that of the relay (Figure 1.12). Since the
electrode potential is more negative than the redox potential of the ferrocene moiety, the
photoexcited electron of the porphyrin was transferred to the electron acceptor, the methyl
viologen dication (MV2+) which was reduced to the radical cation MV**. Then, the electron
transfer from the electrode to the vacant HOMO of the porphyrin took place via the ferrocene
group (Figure 1.12). The reverse electron transfer from the excited porphyrin to the gold

electrode was prevented because of the large distance between the two moieties [60].

12
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Figure 1.12 a) SAM containing a photoactive (S), an electron relay (R), and an electrolyte
solution containing an electron acceptor (A). b) Energy diagram for the
PCgFcCi1SH-modified gold electrode. Fc, F¢*, P, P*, and P* are ferrocene,
ferricinium cation, porphyrin, oxidized state of porphyrin, and excited state of
porphyrin, respectively, as reported by Uosaki et al. [60].

In the area of chemical sensors, porphyrins represent very attractive molecules [61, 62].
They are able to reversibly bind a large number of chemical compounds, thus mimicking
some biological activity, e.g. that of hemoglobin [63]. Porphyrins are stable compounds that
can coordinate to different metals, allowing the preparation of a wide range of sensors with
different selectivities. In this context, Paolesse et al. prepared a SAM of mercaptoporphyrins
9 and 10 (Figure 1.13) for quartz crystal microbalance (QCM) chemical sensors’ [65]. They
observed that the two porphyrins showed different orientations in the SAM, depending on the
number of sulfide groups at the peripheral positions of the macrocycles (Figure 1.13).
Porphyrin 9 with one SH group is oriented perpendicular to the gold surface, an orientation

which is assisted by possible 7~ interactions between macrocycles [54]. Porphyrin 10 with

four SH groups is oriented parallel to the gold surface [66].

3 The quartz crystal microbalance sensor is based on interaction between analyte and thin organic layers coated
on the surface of quartz crystal. The resulting mass changes on the sensor surface produce variation in the
fundamental frequency of the oscillating quartz disc [24, 64].
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Figure 1.13  Structures of mercaptoporphyrins 9 and 10, and their orientation in self-assembled
monolayers on gold.

Because of these distinct porphyrin arrangements, 9 and 10 showed different selectivities
toward analytes such as ethanol, triethylamine, and ethylenediamine. In case of ethanol and
triethylamine, the QCM frequency response to the analyte is approximately two times higher
with porphyrin 10 as compared to 9 because the orientation of 10 inhibits all #-m interactions,
thus allowing a stronger binding of the analytes. On the other hand, the orientation of 10
hampers the binding of bidentate ligands such as ethylenediamine, showing a lower
sensitivity (factor ~ 1.8) than 9 for this analyte.

In the context of chemical sensors, Cahen et al. [67] reported a new type of eletronic sensor
able to detect NO at concentrations down to 1 uM in physiological solution (pH = 7.4) at
room temperature. This device is constituted of hemin molecules self—assembled together
with benzoic acid on a GaAs surface to which they are attached through two carboxylate
groups (Figure 1.14). Due to the presence of only two binding groups, the iron-porphyrins
are oriented perpendicular to the surface. The sensor MOCSER (molecular controlled
semiconductor resistor) consists of a transducer (GaAs/Al,Ga)As, a conducting n-GaAs layer,
and an ultra-thin insulating layer covering the conducting layer [68]. The 1 : 1 mixed

monolayer (hemin/benzoic acid) is adsorbed on the surface of n-GaAs substrate.
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Figure 1.14  Binding of NO to a layer of hemin/benzoic acid molecules on n-GaAs surface, as
reported by Cahen et al. [67].

This sensor works in a such way that when molecules or ions of the analyte bind the receptor
sites of the molecules, the current through the device changes. In particular, upon injection
of the NO-releasing solution the current rapidly increases and saturates in less than about 10
min. The device with a pure hemin monolayer adsorbed, also responds to NO, but the signal
is smaller than with 1 : 1 mixed monolayer. This indicates that addition of benzoic acid
spacers enhances the NO binding rate to the hemin, probably because they prevent the

porphyrin-porphyrin interactions [69].
1.3 Langmuir and Langmuir-Blodgett Films
1.3.1 The History of Langmuir and Langmuir—Blodgett Films

Historically the study of monomolecular films began in the eighteenth century with an
astute observation of Benjamin Franklin, an American politician, during his visit to England
[70] where he carried out simple experiments spreading a small quantity of oil on a pond in
Clapham [71]. Later on, Rayleigh estimated that the films of oil were between 10 and 20 A

thick, very close to the thickness of monomolecular film of fatty acids.
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Extra&t of a Letter to Doflor srowNRICG. from

Doftor FRANKLIN,.
London, Nov. 7, 1773

At length being at cLAPHAM where there is, on
the common, a large pond, which I obferved to be
one day very rough with the wind, I fetched out a
cruet of cil, and dropt a little of it on the water,
faw it {pread itfelf with furprizing fwiftoefs upon the
furface ; but the effeft of fincothing the waves was not
produced; for I had applied it firft on the leeward
fide of the pond, where the waves were largeft, and
the wind drove my oil back upon the thore. 1 then
went to the windward fide, where they began to
form; and there the oil, though not more than a tea
fpoonful, produced an inftant calm over a fpace feveral
yards fquare, which fpread amazingly, and extend-
ed itfelf gradually till it reached the lee fide, making
all that quarter of the pond, perhaps half an acre,
as fmooth as a looking-glals,

Figure 1.15

In thefe experiments, one circumflance fruck me
with particaler forprize.  This was the (udden, wide,
and forcible fpreading of & drop of oil on the face of
the water, which I do nor know that any body has
hitherta confidered.  If & drop of oil is put on =
pulithed marble whle, or v a looking-glas that lies
horizantally 3 the drop remains in its place, fpresd-
ing wery little. But when put on wager it ipreads
inttantly many feet round, becoming fo thin as to
produce the prifmatic colours, for a conliderable fpace,
and beyond them o much thinner as to be invifible,
except in its effcét of imoothing the waves at 2 much
greater diffance. It feemy a5 if 8 mutoal repulbon
bovworn i particles took place s foon as it touched
the water, and arepullion (o firong as to aft on other
bodies fwimming on the furfaee, as flraws, leaves,
chips, dcc. forcing them to recede every way from
the drop, a5 from 2 center, feaving a large clear fpace.
The quantity of this foree, and the ditsnee to which
t will operate, 1 have not yet afcertained 3 but I ihink
ita ;;;;xri:;tus enquiry, and L with o woderfland whence
it arifes.

Part of Benjamin Franklin’s original paper [71].

Modern investigations of molecular films began with the experiments of Agnes Pockels. By
the time she wrote a famous letter to Lord Rayleigh [72], she had invented many of the
techniques which are now standard “tools of the trade”. She described her design of a
rectangular water basin filled with water to the brim, with a strip of metal (tin) laid across it,
just in contact with the water. Thus, by moving the strip, she could vary the area of the water
surface. In this way she studied the variation in the surface tension of an oil-contaminated
water surface [72]. Finally, in 1917, Irving Langmuir developed a number of new techniques
including the surface film balance. In this device, a movable float separates a clean water
surface from the area covered by a thin film; the deflection of the float provides a direct

measure of the forces involved [73-75]. A schematic diagram of the Langmuir’s surface film

balance is shown in Figure 1.16 [74].

Langmuir’s original film balance [74]. A, B, and C are paper strips; M is a meter
stick, and T is the trough.

Figure 1.16

16



Chapter 1

Langmuir confirmed that films of fatty acids on water have the thickness of a single molecule
(monolayer) and he also concluded that these molecules are orientated with their polar
functional groups immersed in the water surface and the long non-polar hydrocarbon chain
directed nearly perpendicularly to the water subphase [74]. Langmuir studied the properties
of monolayers of a long-chain carboxylic acid at the air-water interface and observed that the
surface density of these molecules is independent of the length of the fatty acid chain. In
1919, Blodgett, under Langmuir’s guidance, succeeded in producing the first multilayer films
on a solid support [76-78], which are now referred to as Langmuir-Blodgett (LB) films.
These films are distinct from Langmuir films, a term reserved for a floating monolayer.
After this brief historical introduction, the Langmuir and Langmuir—Blodgett techniques,
together with analytical methods used to characterize organic thin films, are discussed in the

following Sections.

1.3.2  Langmuir Monolayer Technique

Certain organic molecules will orient themselves at the interface between a gaseous and
a liquid phase in such a way as to minimize their free energy [79-81]. The resulting film is
one molecule in thickness and it is commonly called a monomolecular layer or simply a
monolayer. Most monolayer materials are applied to the water surface by first dissolving
them in suitable solvent. This solvent should be capable of dispersing the molecules of the
film-forming material at the air-water interface and then evaporating completely to avoid
film contamination. Usually the spreading solvents should be volatile, immiscible with
water, and have a boiling point ranging between 40 and 80 °C. When the solution is applied
to the water surface, spreading takes place until the surface pressure has risen to an
equilibrium value. This equilibrium spreading pressure corresponds to the spontaneously
generated pressure when the bulk solid is placed in contact with the water surface. A
comparison may be drawn with the vapor pressure of a bulk solid. An equilibrium vapor
pressure exists for the solid in presence of its vapor. If this vapor pressure is exceeded, i.e.
the vapor becomes supersaturated, deposition onto the solid surface will occur. Analogously,
if the surface pressure is greater than the equilibrium spreading pressure, small droplets or
lenses will form on the water subphase. The quantity of amphiphile that needs to be spread

on the water subphase to form a stable, fully covered monolayer is given by equation /./:

¢ = (Am x My) / V x Ao x Na (1.1)
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where c is the concentration of the spreading solution (g mL-1), Ay, the theoretical molecular
area (nm2), My, the molecular weight (g/mol), J the volume of the spreading solution (mL),
Ao the area of the Langmuir trough occupied by water (nm2), and Na Avogadro’s number
(mol™1).

In a typical Langmuir experiment, a dilute solution of an amphiphilic molecule such as
stearic acid in a volatile solvent is spread drop by drop on the water subphase. The
monolayer spreads spontaneously over the clean water surface to cover the available area of
the trough. One or more movable teflon barriers placed across the trough serve to vary the
area of the monolayer. As the solvent evaporates, a monolayer is formed as dictated by the
amphiphilic nature of the molecules. In case of stearic acid, the headgroups (-CO,H) are
immersed in the water and the tail groups (C17H3s-) remain outside. When the distance
between the stearic acid molecules is large, their intermolecular interactions are small and the
monolayer has relatively little effect on the surface tension of the water. When the
compression of the monolayer by the barrier system starts, the molecules of the amphiphile
begin to repulse each other. This two-dimensional analog of the pressure of a gas is called

surface pressure 7 and is given by equation /.2,

T=y0-Y (1.2)

where yg 1s the surface tension of the pure liquid and y the surface tension of the film-covered
surface. The most common method to monitor the variation of the surface pressure is the
Wilhelmy balance technique which consists of a thin plate, usually glass, quartz, mica, or
platinum, suspended in such a way as to cross the gas/liquid interface. The forces acting on
the plate are related to gravity and surface tension. The spreading of amphiphiles on the
water subphase affects the surface tension and, consequently, the force acting on the plate.
The resulting variations are recorded as a plot of surface pressure vs. water surface area
available per molecule. Since the measurements are usually carried out at constant
temperature, the resulting plot is known as pressure—area isotherm. The isotherm is recorded
by compressing the molecules at the air-water interface until a close-packed monolayer is

reached (Figure 1.17).
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a)

b) c)
i 4} N

Figure 1.17  Monolayer of stearic acid on a water surface: a) expanded, b) partly compressed, and
¢) close-packed.

The shape of the isotherm is characteristic of the molecule forming the film and, hence, it
provides a two-dimensional “fingerprint”. It can provide valuable information on the
stability of the monolayer at the water-air interface, the reorientation of molecules in the two-
dimensional system, phase transitions, and conformational transformations. The
pressure—area isotherm usually consists of three distinct regions [82] shown in Figure 1.18
as G, L, and S. In the low pressure region (G) the molecules behave as a two-dimensional

gas; they are far enough apart on the water surface to undergo only weak interactions with

their neighbors (Figure 1.17 a).
60—

Surface Pressure (mN/m)

Area per Molecule (A?)

Figure 1.18  Surface pressure (m) vs. area per molecule (A2) for stearic acid as reported by
Mifiones et al. [83]. G = gas phase, L = liquid phase, and S = solid phase.
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For an ideal two-dimensional gaseous phase, the molecules should have negligible size
compared to the interface area and, thus, should obey equation /.3 for an ideal two-

dimensional gas:

nd = kT (1.3)

where 7 is the surface pressure (mN m~1), 4 the area per molecule (nm?2), & is a constant of
the gas (8.3143 J mol~! K-1), and 7'is the temperature (K).

As the surface area of the monolayer is reduced from its initial value, there is a gradual
increase of surface pressure which corresponds to a phase transition. In the “liquid” state (L),
generally called expanded monolayer phase, the hydrocarbon chains, which were originally
distributed near the water subphase (Figure 1.17 a), are lifting away (Figure 1.17 D),
assuming a more regular orientation with their polar groups in contact with the subphase. In
the expanded phase, the area per molecule varies considerably with the surface pressure.
There is no apparent relation between the observed molecular area and the dimensions of the
constituent molecules. As the molecular area is progressively reduced, the intermolecular
distance between the molecules decreases, leading to an increase in surface pressure, and
condensed phases may appear. The inflection point observed at ~ 20 mN m~! for stearic acid
(see isotherm in Figure 1.18) represents the transition to an ordered solid-like arrangement of
the two-dimensional array of molecules. In this condensed monolayer state (S), the
molecules are closely packed and oriented with the hydrocarbon chains pointing away from
the water surface (Figure 1.17 c). If this portion of the isotherm is extrapolated to zero
surface pressure (dotted line in Figure 1.18), the intercept gives the area per molecule that
would be expected for the hypothetical state of a close-packed layer at zero surface pressure.
This value of ~ 22 A (n-alkanoic acid) [83-85] is close to that occupied by a stearic acid
molecule in a single crystal, thus confirming the interpretation of a compact film as two-
dimensional solid. The monolayer can be further compressed to values that are considerably
higher than the equilibrium spreading pressure. The surface pressure continues to increase
with decreasing surface area until a maximum is reached and the area of the monolayer
decreases if the pressure is kept constant, or the pressure drops if the film is held at constant

area. This point is referred to as collapse. The collapse pressure 7 is reached when the film

irretrievably loses its monomolecular form. The forces exerted on the monolayer become too
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strong for confinement in two dimensions, and molecules are ejected out of the monolayer, as

illustrated in Figure 1.19.

RN

LR
BN
el

C

Figure 1.19  Schematic representation of the monolayer at: a) 7 <7, b) m =7, and ¢) 7> 7. 7 =
surface pressure and 7 = collapse pressure.

In case of stearic acid the collapse of the monolayer is due to the formation of disordered

multilayers (/igure 1.19 c) [86-88].
1.3.3 Film Deposition: Langmuir-Blodgett Technique

The Langmuir-Blodgett (LB) technique, first introduced by Langmuir and extensively
applied by Blodgertt [76, 78, 89, 90], involves the vertical movement of a solid support (glass,
quarz, silicon) through the monolayer/air interface (Figure 1.20) [91, 92]. The surface
pressure value that gives best Langmuir—Blodgett depositions depends on the nature of the
monolayer. In general, organic thin films are transferred at the surface pressure
corresponding to the “solid” phase, i.e. 20-40 mN m~! in the case of fatty acids. As the film
is removed from the water surface, the surface pressure decreases, due to the smaller number

of molecules remaining at the air-water interface.
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a) b)

A

HIH e

Water Substrate

Figure 1.20 Schematic representation of the Langmuir—Blodgett technique. a) Firstly, a Langmuir
film is formed at the air-water interphase, and b) secondly a solid substrate is passed
through the interface to form a LB film on its surface [93].

Because the transfer process and the quality of LB films are dependent on the surface
pressure applied during the deposition, the pressure is maintained constant by moving the
barrier to reduce the area available to the amphiphiles [93, 94]. The rate at which a slide can
be withdrawn from the water phase depends partly on the rate at which the liquid film drains
off the monolayer/slide interface and partly on dynamic properties of the monolayer on the
water subphase. A highly viscous monolayer will be unable to adjust itself to maintain a
homogeneous film close to a rapidly moving substrate, leading to unsatisfactory deposition
[95, 96]. The deposition of the monolayer can occur during emersion from or immersion into
the water surface of the slide, depending on the hydrophilic or hydrophobic character of the
solid support. If the used slide has a hydrophilic surface, the transfer of the monolayer will
occur during the emersion. Then, the hydrophilic headgroups are turned toward the
hydrophilic surface of the slide, leading to a hydrophobic surface of the LB film. On the
other hand, if the substrate is hydrophobic, the deposition of the thin film will occur during
the immersion, and the hydrophobic alkyl chains will interact with the surface, and the slide
becomes hydrophilic. With each additional layer transferred from the air/water interface onto
the solid support, the latter changes its character from hydrophobic to hydrophilic. If the
deposition starts with a hydrophilic substrate, the slide becomes hydrophobic after the first
deposition and the second monolayer will be transferred during the immersion [2]. This
process, in which layers are deposited each time the substrate moves across the phase
boundary, is known as Y-type deposition [76] (Figure 1.21 a). As a result, the interactions
between adjacent monolayers are either hydrophobic-hydrophobic or hydrophilic-hydrophilic

[2] and, therefore, an even number of layers is deposited during a complete cycle. Figure
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1.21 b and ¢ picture two other deposition types, affording so-called X- and Z-type LB
multilayers. In these cases transfer occurs only when the slide enters (X) or leaves (Z) the
subphase, the choice of protocol depending on the nature of the monolayer, the substrate, the
subphase, and the surface pressure. During the deposition of an individual LB layer, the
surface area of the Langmuir monolayer on the water surface decreases due to the loss of
molecules to the substrate. A simple diagnostic parameter of the deposition, the transfer ratio

TR, 1s defined as (equation /.4) [97]:

TR=A1 /AT (1.4)

where, Ay, is the decrease in Langmuir monolayer surface area, and A7 1s the total surface
area of the solid substrate (slide). According to conventional wisdom, a 7R =1 is indicative
of good deposition. The acceptance of the value of unity as ideal, however, reflects the
assumption that the deposition process simply consists of transferring the constituent
molecule from the water subphase to the solid support. This assumption is incorrect because
the LB transfer is a complicated process in which the amphiphilic molecules generally

attempt to reach a new thermodynamic minimum as they interact with the solid surface [98].

a) Y-type

b) X-type c) Z-type

ééé Sieisissiaiies
T
DI _osebsosebsbses

Figure 1.21 Structures of: a) Y-, b) X-, and ¢) Z-type LB multilayers [92].
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Since the LB film deposition technique allows the preparation of highly ordered monolayers
with a dense packing and precisely controlled thickness, LB monolayers have been used for
immobilization of enzymes and other biomolecules in the development of various types of
biosensors [99-107]. A biosensor is an analytical device which uses the specific interaction
of the analyte with a biological molecule along with a physicochemically incorporated
transducer to convert a molecular recognition event into an optical/electrochemical signal.
Recently, Malhotra and co-workers [108] studied the immobilization of urease on LB films
of poly(N-vinyl carbazole)/stearic acid with the intent of building a urea biosensor. The
immobilization was achieved by transferring the monolayer of PVNK/SA/urease from the
pure water surface onto the indium-tin oxide (ITO) coated glass plates. When the sensor is
placed in a solution containing urea, the latter reaches the immobilized enzyme by diffusion
and 1s decomposed to ammonium and bicarbonate ions. Detection of the ammonium ions
was achieved by potentiometric measurements using an ammonium ion selective electrode.
The detection limit and sensitivity of such an electrode were found to be 5 mM and 10
mV/mM, respectively. The same authors also prepared LB films of poly(3-dodecyl
thiophene)/stearic acid (P3DT/SA) as part of a glucose biosensor [109]. The desired
enzyme-containing monolayer was prepared by dispersing glucose oxidase (GOX) together
with P3DT/SA on the water subphase to form a Langmuir film. The latter was transferred
from the water subphase onto ITO-coated glass plates, and the activity of the immobilized
GOX was measured by amperometry. The sensing process is based on the catalytic oxidation
of glucose by GOX, followed by an amperometric determination of HyO which is a product
of the oxidation. This biosensor can be used for the estimation of glucose concentrations of

100 and 400 mg/dl.

1.3.4 Characterization and Properties of Monolayers

This Section concentrates on the characterization of Langmuir—Blodgett monolayer films
on solid support, by the techniques used in the context of the present thesis: Brewster angle

microscopy, and grazing X-ray diffraction.

1.3.4.1 Brewster Angle Microscopy (BAM)

Brewster angle microscopy (BAM) [110, 111] has been shown to be a powerful method

to visualize the morphology of amphiphilic monolayers on a microscopic scale. The
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principle of the microscope is based on the fact that the reflectivity of an interface between
two media of refractive indices 1 and n, depends on the polarization of the incident light
and the angle of incidence, 6. For a Fresnel® interface and for light polarized in the plane of
incidence (p-polarization), there is an angle, called Brewster angle 6p, for which the
reflectivity vanishes (tanfp = ny/n1). At this specific angle of incidence, the dipole moments
induced in the second medium by the incident beam point exactly in the direction of

reflection. Thus, the dipoles do not radiate in this direction and the reflectivity vanishes

(Figure 1.22).

Direction of the
reflected Beam
x4

p-polarisation

Incident beam

Surface

Dipolar moments in
the second medium
Refracted beam

Figure 1.22 Schematic representation of the Brewster angle for the p polarization, as reported by
Meunier [112].

For real interfaces, however, the refractive index n does not change quickly from one
medium to the other and, secondly, these interfaces have a certain roughness. As a
consequence, the reflection is minimal (the reflectivity at a surface of pure water is 1.2 x
10-8) but it does not vanish completely at the Brewster angle. The (low) intensity of the
reflection at the Brewster angle is strongly dependent on the interfacial properties. The
presence of a surfactant monolayer leads to a change in the refractive index » and, thus, to a
measurable change in reflectivity (Figure 1.23) [110, 111] which is related to the thickness of

the interface, its actual roughness, and the anisotropy of the monolayer [113].

6 A Fresnel interface is an interface without roughness and for which the refractive index changes quickly from
the refractive index of the lower phase, 1, to the refractive index of the upper phase, ny [110].
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reflection

no reflection

tan 6g = ny/n;y

Brewster's law (1815)

Figure 1.23  Schematic representation of Brewster’s law at the air-water interface in the absence
(left) and in the presence (right) of a thin film.

As an example, a layer with a thickness of 10 A and a refractive index of 1.4 increases the
reflectivity by a factor of 35. Consequently, the difference between a two-dimensional
gaseous and a condensed phase of a Langmuir film will also be detected easily by BAM
microscopy. Figure 1.24 shows a BAM image of a two-dimensional gas and a liquid phase
coexisting in a Langmuir film of a fatty acid. The contrast between the two phases is very
large because the surface densities of the fatty acid are very different in each of them [112].
The “gas” phase, with its relatively low density of molecules, appears in black whereas the

liquid phase shows a much higher reflectivity.

50 po

Figure 1.24 ~ BAM image of a two-dimensional gas/liquid interface of a fatty acid, as reported by
Meunier [112]. Gas phase = dark (black) and liquid phase = bright (white).

The Brewsfer Angle Microscope is schematically shown in Figure 1.25.
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laser diode CCD

Figure 1.25 Schematic view of a Brewster angle microscope. The CCD (charge coupled device)
is a camera which converts the incident light to images with a lateral resolution of
about < 20 um. The analyzer filters out the residual s-component background of the
beam.

The Brewster angle microscope is operated with a laser diode as a light source (laser diode, A
= 660 nm). The interface is illuminated at Brewster angle incidence (53° for the air-water
interface) with a radiation that is nearly p-polarized (the electrical field vectors of the beam
are in the plane of incidence) [114]. The light reflected from the monolayer passes through
an analyzer, which filters out the residual s-component (component that is perpendicular to
the plane of incidence) background, and is then transformed by a CCD camera into BAM
images with a lateral resolution <20 pm. The BAM image in Figure 1.26 b corresponds to
the structure shown in Figure 1.26 a and represents the coexistence between an isotropic
liquid expanded (LE) and a tilted liquid condensed (LC) phase. Figure 1.26 b reveals the
presence of three distinct regions: The dark areas evidence the water subphase from which
practically no light is reflected (see Figure 1.24), the gray areas correspond to the LE phase,
and the brighter areas (white zones) to the condensed phase. The presence of an additional
analyzer (a polarizer in the reflected beam) allows the detection of the in-plane optical
anisotropy of the film which is induced by molecular tilt. Molecules differently tilted within
the monolayer lead to different reflectivities [81, 115]. In Figure 1.26 c, each LC domain is
subdivided in circular sectors differing in reflectivity. This is commonly attributed to
different azimuthal orientations of the aliphatic chains inside each sector. The contrast
between the regions with different brightness can be modified by simple rotation of the
analyzer. The rotation angle of this additional analyzer corresponds to the tilt angle of the
molecules within the monolayer. Then from the variation of the angle it is possible to

determine the molecular orientation within the monolayer.
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hydrophobic legs hydrophilic head group

©)

Figure 1.26  Arginino-triglyceride surfactant: a) molecular structure: BAM observations of a
Langmuir monolayer of an arginino-triglyceride surfactant in the LE-LC coexistence
region with the analyzer at 0° (b), and 60° (c) to maximize the inner texture, as
reported by Ignés-Mullol et al. [116].

The calibration of the BAM used for the present thesis was accomplished using stearic acid
(SA) as an amphiphile. The monolayer of SA exhibited a 7—A 1sotherm (Figure 1.27 a) with
a characteristic change in slope at 20 A2Z/molecule and 7 = 25 mN m~!, which reflects the
transition from the liquid phase to the solid phase. When the linear part of the isotherm,
corresponding to the solid-condensed phase, is extrapolated to zero pressure, the area per
molecule is determined to 22 A2, which is consistent with the values reported in literature
[83]. Figure 1.27 b shows BAM images of the stearic acid thin film that describe the
morphology of the Langmuir monolayer at different points of the 74 isotherm. In picture 1,
the bright islands represent SA molecules within the monolayer while the dark zones
correspond to the water subphase. Upon compression, the bright areas gradually fuse to give

a uniform image (picture 2) at the point where the liquid condensed phase appears.
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Figure 1.27  Langmuir layer of stearic acid at the air/water interface: a) pressure—area isotherm
recorded at 25 °C, and b) BAM images corresponding to the points designated as 1,
2, 3, and 4 in the 7—A4 isotherm.

This homogeneous image persists between points 2 and 3 even though the transition from
liquid condensed to solid phase occurs at 25 mN m~1. At a surface pressure of ca. 37 mN
m~! image 3 shows bright spots, indicating the formation of small condensation nuclei or
germs corresponding to the start of the monolayer collapse. These spots cluster (image 4)
and fuse as the surface pressure is further raised, evidencing collapse of the monolayer.
These results are in full agreement with those reported by Seoane et al. [83], demonstrating

the accuracy of the employed instrument.
1.3.42 Grazing Incidence X-Ray Diffraction

X-Ray diffraction techniques have been extensively used in order to determine the
monolayer thickness of LB films [117-119]. When electromagnetic radiation impinges on
the surface of a material, a portion of it will be refracted and the rest reflected. The reflection
at the surface and interfaces is due to the different reflective indices in the layers. Reflection

therefore occurs at the top and the bottom of the surfaces of the film (Figure 1.28).
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Figure 1.28  Schematic representation of X-Ray diffraction at a layered surface as reported by
Datta [120].

The interference between the rays reflected from the top and the bottom of the film surfaces
results in interference fringes (Kiessig fringes). The period of these fringes and the fall
intensity are related to the thickness of the layer, whereas the interference is angle-dependent.
Under the condition of Bragg’s law (the angle of incidence is equal to the angle of reflection)

equation /.5 (Bragg’s law) allows the calculation of the thickness of the layers:
ni=2dsin (1.5)

where 7 is an integer (n =1, 2, 3, etc.....), A the wavelength of the incident X-ray beam, 6

the angle of incidence, and d the thickness of the layer.

Figure 1.29 shows an X-ray reflectivity spectrum of a LB layer of a fullerene derivative, as

reported by Gallani et al. [121].

Intengity/au,
=
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Figure 1.29  X-ray reflectivity spectrum of a LB layer of a fullerene derivative on silicon. The
line is a fit to the data points [121].

The number of the Kiessig fringes depends on the transfer of the layer onto solid support. In

fact, in Figure 1.29 the presence of only two Kiessig fringes is consistent with the low
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transfer ratio that the authors observed (~ 0.75). Using a simulation or the least-square fit of
the reflectivity pattern, they obtain accurate measurements of thickness and interface

roughness for mono and multilayers.
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2  Langmuir Investigations into the Vase—Kite Conformational

Control of Amphiphilic Molecular Grippers

The studies of the monolayers of several amphiphilic cavitands (Figure 2.1) at the air-

water interface are discussed in this Chapter.

Figure 2.1 Chemical structure of amphiphilic cavitands in vase (11-15) and in kite (16) form.

The Chapter is divided into six sections:

* Section 2.1 is an introduction giving a general account of the properties of cavitands
and their applications.

* Section 2.2 describes the Langmuir investigation of the amphiphilic behavior of
molecular grippers on pure water subphase.

» Section 2.3 presents a comprehensive investigation of the vase-to-kite conversion of

cavitand 11 at the air-water interface.
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Section 2.4 describes the influence of the length of polyethylene glycol chain on the
spreading behavior of cavitands 12 and 13.
Section 2.5 describes the spreading behavior of cavitands 14 and 15.

Section 2.6 gives a brief summary of the key findings of Sections 2.3-2.5.

34



Chapter 2

2.1 Introduction

Recent efforts in chemical switching focused on the development of systems in which
large changes in molecular or supramolecular geometry are induced by redox processes, light
irradiation, or host/guest complexation. Representative examples are rotaxanes and
catenanes [122-128], or calixarene ionophores, which undergo a large conformational change
upon cation complexation [129]. Among the most fascinating systems, featuring two
dramatically different, reversible, and switchable geometries, are the so-called cavitands.
The name cavitand was given by Cram in 1982 [130] to a class of synthetic organic
compounds that define a cavity large enough to accommodate other molecules or ions. These
bowl-shaped macrocycles are readily synthesized by bridging the hydroxy groups of
neighboring aromatic rings of resorcinarenes. Cram [131] made a breakthrough in the
methodology to construct various kinds of cavitands [12, 17, 27, 130, 132-135] from
Hogberg’s resorcinarenes (commonly called octols) [136, 137], which are easily obtained in
high yield by the acid-catalyzed condensation of resorcinol with aldehydes [138] (Scheme
2.2).

HO OH +
o
R

Scheme 2.2 General synthesis of Hogherg’s resorcinarenes.

As a consequence of the non-planarity of resorcinarenes, it was found that octols can in
principle exist as a mixture of four possible configurational diastereoisomers. Different
relative configurations of the substituents at the methylene bridges of a resorcin[4]arene can
lead to cis-cis-cis (ccc), cis-cis-trans (cct), cis-trans-trans (ctt), or trans-cis-trans (tct)

arrangements (Figure 2.3).
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P

ccc cct ctt tct

Figure 2.3 Possible configurational diastereoisomers of Hogberg’s resorcin|4 ]arene.

In the condensation of resorcinol with benzaldehyde [136, 139] only two diastereoisomeric
tetrameric macrocycles are observed. One is a C4y-symmetric isomer’” with all four
substituents in axial position and cis-configuration (ccc) and the other a Cop-symmetric
isomer adopting a chair-like conformation (c#f) (Figure 2.3). The final diastereoselectivity of
the condensation is controlled by the difference in the solubilities of the two macrocyclic
products and the reversibility of the carbon-carbon bond formation [141]. The precipitation
of the less soluble isomer (ccc) constitutes a thermodynamic sink, shifting the reaction
equilibrium entirely toward its formation as the final product. Because of the reversibility of
the reaction, Abis et al. [142] observed that the kinetically favored (ctf) isomer converts
rapidly to the thermodynamically more stable (ccc) isomer. The intramolecular hydrogen
bonds between the eight hydroxy groups make the macrocycle more rigid stabilizing the Coy-
symmetric boat conformations. Reaction of the OH groups of resorcinarenes with other
residues, for example (hetero)aryl halides, creates cavitands and velcrands® (Figure 2.4)
which are particularly attractive molecules because the rims of the bowls can be varied by
different substituents R2 and bridging groups R3 (Figure 2.4) [143]. These modifications

allow for shaping of the cavity and manipulation of the solubility of the cavitands.

7 The average C4y-symmetry results from two rapidly interconverting boat conformers with Coy-symmetry
[140].

8 Velcrands represent a class of cavitands that dimerize to form molecular velcro-like systems due to the
presence of a methyl substituent ortho to both ether functions of each benzene ring.
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Figure 2.4 Possible structural modifications of cavitands by introduction of substituents R? or
bridges R3.

If R3 is a polycyclic aromatic spacer, a much deeper cavity results which is interesting for
host/guest complexation. Receptor 17 (Scheme 2.5) was thus prepared in good yield starting

from the corresponding octol and 2,3-dichloroquinoxaline [27, 132].

Oi N ICI CSQCO3
N”Cl (CH3).SO

R=CH3

Scheme 2.5 Synthesis of cavitand 17 containing quinoxaline-2,3-diyl bridges.

In this cavitand, the quinoxaline moieties act as conformationally mobile flaps. In one
conformation the flaps come together in a nearly parallel array, resembling a vase with Cyy-
symmetry. [14, 15, 17, 144, 145]. When the flaps are more or less orthogonal to the
symmetry axis, a kite type conformer® with a large flat surface results [27]. As described by
Cram, the resonance of the methine proton in the skeleton of the octol is highly

conformation-dependent, with a difference in chemical shift (Ad =2 ppm) between vase (6 ~

5.5 ppm) and kife conformers (6 ~ 3.7 ppm) [27]. VT (variable temperature) 1H NMR

? The kite conformer exists as equilibrium between two conformers kite 1 and kite 2. The symmetry of both
conformers is Coy. Nevertheless, the equilibrium kite 1 — kite 2 is fast on the NMR time scale at room

temperature. Thus, the 'H-NMR spectrum of the kite conformer is dynamically averaged and indicates an
apparent fourfold symmetry for the macrocycle [146].
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spectroscopy in CHCIl3 showed that at elevated temperatures (>3 18 K) the vase conformation
is preferred, whereas the kife conformation dominates at low temperatures (<213 K). This
unique conformational behavior is related to the release of solvent molecules into the bulk
solvent during the kite-to-vase conversion: The kife conformer is in contact with more solvent
molecules than the vase conformer on account of its more extended surface. The higher
degree of solvation in the kife form is stabilizing enthalpically but destabilizing entropically.
At low temperatures, the favourable enthalpy of solvation overrides both the unfavourable
entropy of solvation and the greater strain in the kite conformation. As the temperature rises,
the unfavorable entropy effect becomes more important and the equilibrium is shifted
towards the less strained vase conformation [27, 132]. Diederich et al. [146] estimated the
thermodynamic parameters (AH and AS) for the equilibriation between vase and kite

conformational states. The authors calculated AH and AS for the vase — kite transition to be

ca. —6 kcal mol~! and —26 cal mol~! K-!, respectively, confirming that the transition between
vase and kite form is enthalpy-driven at low temperature, as predicted earlier by Cram and
co-workers [27]. Thanks to the vase—kite interconversion, such cavitands can be integrated
into suitable devices where they should be able to capture, by complexation, a single
molecule in the vase form, hold it during a possible translocation and finally release it upon
switching to the non-complexing kite conformation. Because of this potential application,
investigation of the various ways to induce the conformational switching is of high interest.
Diederich et al. [147] have recently made a breakthrough in this context when they
discovered that, at room temperature, the vase-to-kite conversion can also be induced by
protonation with common organic acids such as CF3COOH. In this case, the change in
molecular geometry can be attributed to the protonation of the mildly basic quinoxaline N-
atoms, resulting in an electrostatic repulsion among the cationic cavitand walls in the vase
form. The switching is reversible and the vase can be regenerated by neutralization with
K,CO3. The acid-induced vase-to-kite switching is accompanied by a "H-NMR upfield shift
of the methine proton from ~5.5 to ~3.7 ppm. The binding properties of switchable cavitands
(see Section 1.2.1.1) were investigated in the solid state, in the gas phase, and in solution [13,
14, 148-151]. The adsorption on a metal surface [15, 23, 152-158] would be very interesting
for single-molecule manipulation [159-162]. Some examples of Langmuir monolayers of

cavitands are given in the following Section.
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22 Langmuir Monolayers of Amphiphilic Calix[4]arene- and

Resorcin[4]arene-Based Cavitands

It is known that amphiphilic resorcin[4]arene-derived cavitands form self-assembled thin
solid films at the air-water interface [163-165]. In these films, the orientation of the
molecules is defined by the way head and tail of cavitand molecules interact with the water
subphase in Langmuir monolayers [166]. Similarly, the interactions with the solid substrate
define the structure of Langmuir—Blodgett monolayers [164]. The possibility of forming
well-organized films of receptor molecules (the vase conformers) extends possible
applications of cavitands in the field of molecular recognition and supramolecular sensors
[167-171]. Furthemore, the possibility of introducing different functional groups at the lower
rim of cavitands delivers a great variety of receptors.

The Langmuir film technique can be used to control molecular recognition events at the air-
water interface [169, 172, 173]. Such experiments can be performed by spreading a solution
of hosts, for example cavitands, on a water subphase containing the species to be recognized.
Variations in the collapse pressure and in the measured area per molecule, which can be
shifted either to smaller or to larger values compared to the isotherm obtained on pure water
as a subphase, are a proof that a molecular recognition event takes place. Recently, Liu and
co-workers [170] studied the properties of monolayers of 5,11,17,23-tetra-fert-butyl-25,27-
bis(2-aminoethoxy)-26,28-dihydroxycalix[4]arene (BAC) at the air-water interface and their
recognition capacity for 5>-AMP~ and 5°-GMP2~. Figures 2.6 a and b show m-4 isotherms
of BAC in the presence of 5°-AMP- and 5’-GMP2-, respectively, on water as a subphase. On
pure water, the isotherm of BAC shows a compression plateau (25-40 mN m~!) which
indicates orientational change of the calix[4]arene at the air-water interface. The authors
hypothesized that the molecules assume two kinds of orientation: One is parallel, with the
calix[4]arene disposed with its lower rim anchoring into the aqueous subphase, and the other
orientation is perpendicular with the calix[4]arene disposed with the lateral side contacting
with the water subphase. After spreading, the molecules adopt a parallel orientation and
upon compression they re-orient toward the perpendicular orientation. In the presence of
nucleotide in the water subphase, the area per molecule at the lower pressure gets larger and
the compression plateau gets longer, evidencing that interactions between BAC and 5’-AMP-

and 5°-GMP2- occurred.
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Figure 2.6 A Isotherms of monolayers of BAC in presence of a) 5°-AMP~ and b) 5°-GMP2~ at
the air/water interface, as reported by Liu et al. [170]. The corresponding interaction
patterns are shown on the right for ¢) 5>-AMP~ and d) 5°-GMP2-.

Comparison between Figures 2.6 a and b reveals that the monolayers in contact with the 5’-
AMP--containing subphase possess a larger molecular area, while those on the 5’-GMP2—-
containing subphase have a higher compression plateau. This suggests that the interaction
modes between BAC and the two nucleotides are different. The authors proposed two
possible interaction patterns (Figures 2.6 ¢ and d) that are in accord with the results obtained
for the Langmuir monolayers: At lower pressure, BAC molecules in parallel orientation bind

the two nucleotides, leading to an increase of the area per molecule. Once the
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supramolecular entities are formed, they stabilize this orientation with the ammonium groups
sticking into the water and the hydrophobic calix[4]arene skeleton stretching out of the water
subphase. Consequently, the orientational change from parallel to perpendicular is delayed
and the compression plateau is observed at higher pressure, with respect to the pure water
subphase. The potential of the Langmuir technique to detect variations of the molecular area
within the monolayers was the starting point, in our work, for the investigation of the
conformational vase—kite switching equilibrium of cavitands at the air-water interface.
Theoretical calculations performed using PM3 (implemented in the Spartan SGI version 5.1.3
[174]) as a computational method, revealed the difference in the area per molecule!® for the
two conformations. In particular, the molecular area increases on the transition from the vase
to the kite form. Based on these calculations, amphiphilic cavitands in both conformations

were prepared by modifying the lower rim with amphiphilic legs (Figure 2.7).

Figure 2.7 Cavitands containing amphiphilic legs at the lower rim for anchoring on the water
subphase.

The different molecular area requirements were confirmed by X-ray crystal structure analysis
for cavitand 11 [175] and velcrand 16. For 11, which prefers the vase conformation, a value
of 120 A* was obtained whereas for 16, which stays exclusively in the extended kite
conformation [27], a value of 290 A” was obtained. Velcrand 16 cannot adopt the vase
conformation because of the steric repulsions between the eight unshared electron pairs of the

quinoxaline units and the four methyl groups ortho to both ether functions, whereas cavitand

10 The limiting area is mainly determined by the cross-sectional area of the upper rim of resorcin[4]arene.
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11, which carries hydrogen atoms in that ortho position, can adopt the vase closed
conformation.

Langmuir film studies were undertaken by spreading solutions of 11 and 16 on pure water
subphases [2, 92]. The orientation of the cavitand molecules on the subphase is such that the
most polar ester groups are in contact with water and the quinoxaline “flaps”, which

represent the hydrophobic headgroup, extend away from the water surface (Figure 2.8)

Figure 2.8 Orientation of amphihilic cavitands at the air-water interface

According to equation 1./ (Chapter 1), solutions of 11 (2.2 mg mL-!) and 16 (0.32 mg
mL-1) in CHCI3 were prepared and spread on the water surface in the Langmuir trough.
After the chloroform had evaporated, a Langmuir film of cavitand molecules in the liquid-
expanded phase was left on the water surface and subsequently compressed. Displayed in
Figure 2.9 are the surface pressure—area (n—A) curves for Langmuir films of 11 (solid line)
and 16 (dashed curve). Cavitand 11 and velcrand 16 form a stable monolayer with a collapse
pressure of 65 mN m~! and 47 mN m~!, respectively. The limiting area for 11, estimated by
extrapolating the linear region of the curve to zero pressure, is approximately 125 A2 which

is in good agreement with the calculated value (see table in Figure 2.9).
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Figure 2.9 Surface pressure—area isotherms for monolayers of cavitand 11 (solid line) and

velcrand 16 (dashed line) on a pure water subphase.

BAM photographs show a homogeneous monolayer of 11 (light gray) against the subphase
(gray). At low pressure no coexistence of expanded and condensed domains was observed
(Figure 2.10 a-c), nor was there any difference in brightness indicating different states or

different orientations of the molecules within the monolayer [112, 176-178].
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Figure 2.10 BAM photographs taken during the compression of cavitand 11 on water at a) 7 = 0.3
mNmlb)z=4mNml ¢)zn=10mNm!, and d) 7 = 42 mN mL. The two
arrows in picture d show cavities indicating the collapse of the monolayer.
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It seems that the monolayer is well organized even at the beginning of compression, and
there is no change in its morphology during compression. At the collapse pressure, the BAM
image shows very small cavities (Figure 2.10 d) [179] with reduced reflectivity (dark spots).
These indicate the initial collapse of the film. On the other hand, the extrapolation of the
isotherm of velcrand 16 gives an area per molecule of 140 A?, about half the value of 290 A?
which was predicted for a single-molecule monolayer (see Table in Figure 2.9).

This unexpected value can be explained by considering that velcrand 16 exists as two
equilibrating degenerate kife conformations 16a and 16b (Figure 2.11) which are highly

preorganized for dimerization [27, 134].
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Figure 2.11 Interconversion between kite I (16a) and kite 2 (16b) conformations of
resorcin[4]arene velcrands with four quinoxaline “flaps”.

The degenerate kite forms 16a and 16b possess a roughly rectangular face (15 x 20 A)
containing two methyl groups protruding upward and oriented perpendicular to this face, two
methyl groups pointing out horizontally, and two methyl sized indentations. These
protrusions and indentations are shown in Figure 2.12 as CH3z and empty circles,
respectively. The dimerization is illustrated by a schematic drawing A + B — C. Rotation of
A by 90° in the plane of the page produces B, which then fits on top of A to give the dimer C.
The dimer has four methyl groups that occupy four host cavities that are stereoelectronically
complementary to them. In complex C, the individual molecules cannot slip or rotate with

respect to each other because the four methyl groups lock them.
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Figure 2.12  Scheme of the dimerization of two complementary velcrands 16a and 16b, as
reported by Cram et al. [27, 134].

Cram [27, 134] observed that the binding free energy of the dimer increases with the solvent
polarity because of solvophobic driving forces. In non polar solvents, such as CHCI3, the
dimerization is entropy-driven and enthalpy-opposed because solvent molecules are detached
from the surface of the two monomers and transferred to the bulk solvent. In the case of
polar solvents, the dimerization is enthalpy-driven and entropy-opposed because the large
hydrophobic surfaces of the velcrand monomers prefer to be in contact with each other rather
than in contact with the solvent. This experimental evidence is well supported by the

Langmuir 1sotherm of velcrand 16.

~f
]
3

60
\
\
504\
E W d
= N )
€ 404\
Py %
5 h!
o 30 Y
73 ‘\
£ \
o
© 20 \
(%} A
g X
= A
=R c)
@ B N
P |
‘\\ ~ b _;/x
a H H “l i * ¥ H * 1
50 100 150 200 250 300 350 400

Area per Molecule (A2) ——

Figure 2.13 BAM photographs taken during the compression of cavitand 16 on water at a) 7 = 0.6
mNm1b)z=35mNm!,c)z=7mNm!, d)yz=40mNm1L
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The obtained molecular area value suggests that dimerization of 16 occurs under formation of
velcraplexes with the flat surfaces facing each other, resulting in a defined double layer at the
air-water interface. BAM photographs taken during the compression of velcrand 16 show an
inhomogenous image of the monolayer (Figure 2.13 a-c). At a pressure of ~ 40 mN m!,
BAM photographs show bright fracture lines which suggest a collapse of the monolayer
(Figure 2.13 d). Successive compression/decompression cycles evidenced the formation of
irriversible layers for both cavitands.

Considering these promising results, we investigated the conformational switching of

cavitands at the air-water interface (Figure 2.14).

Figure 2.14 Visualization of the vase-to-kite conversion at the air/water interface.

2.3  Vase-to-Kite Conversion at the Air-Water Interface

23.1 pH-Induced Conformational Conversion ! at the Air-water Interface

The starting point for the Langmuir investigations of the conformational switching was
the reversible vase—kite isomerization of cavitands in solution induced by Diederich et al. at
room temperature by pH-changes [147]. The switching was accomplished by addition of
aliquots of trifluoroacetic acid (TFA) to a solution of cavitand (¢ = 10 M) in CHCI;.
Taking into account these results, pH-promoted conformational control was studied at the air-
water interface by spreading a solution of amphiphilic cavitand 11 in CHCI3 (2.2 mg mL-!)
on water as a subphase at different pH adjusted by addition of TFA. Isotherms were recorded
atpH="7, pH=3, pH =2, and pH = 1 (Figure 2.15). Further increase of the concentration of

TFA in the water subphase was not allowed due to expected corrosion of the instrument.

11 Tn this context, the term conversion is more appropiate than switching because no reverse process was
achieved.
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Figure 2.15  Langmuir isotherms of 11 recorded at 25 °C on neutral (pH = 7, black) and acidic
(pH =3, blue; pH = 2, green; pH = 1, red) subphases.

The four isotherms recorded at different pH exhibit similar behavior: the surface pressure
departs from O mN m~! at a molecular area around 250 A2 and then increases gently until the
collapse of the monolayer occurs at pressures between ~ 20 mN m~! (acidic subphases) and ~
65 mN m~! (neutral subphase) (Figure 2.15). Isotherms b, ¢, and d show the so-called liquid
condensed phase [113, 180]. It appears that the liquid-like molecular organization of the
films correlates with the concentration of acid in the water subphase. At high concentrations
of TFA, a continuous increase in the surface pressure with decreasing area per molecule
suggests that there is no phase transition to the condensed state. On pure water, the limiting
molecular area of 11 is 4 = 125 A2 which is in agreement with the value predicted for the
vase conformation (4 = 120 A2), as previously discussed in Section 2.2. In contrast, the 74
isotherms of 11 on the various acidic subphases show molecular limiting areas of 4 = 146
A2 162 A2, and 225 A2 for pH = 3, 2, and 1, respectively. Because an increase in molecular
area is associated with an increased prevalence of the kite conformation, the data suggest that
the presence of acid brings about the vase-to-kite transformation. At pH = 1, the limiting
area of 225 A2 suggests that the cavitand 11 predominately adopts the kite form within the
monolayer. The value measured is consistent with the calculated value of 4 = 290 A2 for the

kite conformation, as previously discussed.
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232 Langmuir Films of Resorcin[4]arene Cavitand 11 on Various lon-

Containing Subphases

The new application of the Langmuir technique for studying the vase-to-kite conversion
at the air-water interface has stimulated further efforts to discover new switching methods.
Preliminary 'H-NMR investigations performed by adding silver salts to a solution of cavitand
in CHCIl3 thus evidenced an upfield shift of the methine proton, similar to that observed for
temperature- [132] and pH-induced conformational switching [147]. The coordination of the
nitrogen atoms of the quinoxaline moieties to silver ions should favor the vase-to-kite
switching. Unfortunately, comprehensive !H-NMR investigations could not be pursued
because the high silver(I) ion concentration needed to drive the conformational change to
completion was inaccessible for solubility reasons. By using the Langmuir technique it was
possible, though, to investigate the influence of silver ions on the vase-to-kite conversion
because of the possibility to work with high concentrations of the silver salt easily dissolved
in the water subphase. A solution of 11 in CHCI3 (2.2 mg mL-!) was spread on water
containing AgNQO3 in varying quantities. The according isotherms, displayed in Figure 2.16,
reveal a slight increase of the limiting area per molecule with increasing concentration of
silver salt in the water subphase. Of particular note is the molecular area increase from 4 =
125 A2 (pure water) to 4 = 145 A2 (2 x 10~! mM aq. solution of AgNO3) (Figure 2.16).
Each of the isotherms b, ¢, and d shows two inflection points which are most pronounced in
curve d (higher concentration of AgNO3 in the water subphase). This behavior can be
explained by considering the coexistence of two phases. The coordination of silver(I) with
the nitrogen atoms of the quinoxaline moieties in two neighboring cavitands causes them to
be closer and consequently aggregated. This coordination leads to the formation of
condensation nuclei dispersed in the liquid expanded phase [181-184] and to the premature
collapse of the monolayers [93, 185]. In fact, by increasing the concentration of silver salt in

the water subphase, the collapse pressure decreases.
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Figure 2.16  Langmuir isotherms recorded for 11 at 25 °C on a) pure water (black curve) and on
water containing AgNO3 at concentrations of b) 4.9 mg L1 (blue curve), ¢) 24.7 mg

L-! (green curve), and d) 49 mg L! (red curve).

It seems that the preferred linear geometry of silver complexes does not favor the
coordination with two quinoxaline nitrogens of the same cavitand, whereas it may prefer the
coordination with two nitrogens of neighboring cavitands. Molecular modeling of the
cavitand 11 in kite form shows that neighboring quinoxalines are tilted with respect to each
other and the complex with a silver ion gives an angle N-Ag-N of 110°, which is
significantly lower compared to the linear geometry (180°).

Therefore, we carried out further studies with other metals, such as Cu?* [186] and Fe3*
[163]. The isotherms reported in Figure 2.17 were obtained by spreading a solution of 11 in
chloroform (2.2 mg mL-!) on water containing iron trichloride at varying concentrations.
The onset of the 7—A4 isotherms b, ¢, and d displayed in Figure 2.17 is shifted towards
smaller areas with respect to curve a. This shift suggests that the films are more compact
[187] but less stable (the collapse pressure decreases on the transition from a to d) in the
presence of iron(Ill) ions as compared to pure water. Increasing the Fe3™ concentration
enhances this phenomenon up to the threshold of 47 mg mL-!, above which no more changes
in the isotherm were observed. Due to the affinity of Fe3* ions for oxygen, we may
hypothesize that their presence causes a significant reorganization of the water subphase,
leading to a change of its molecular structure and altering the spreading behavior of the

cavitands.
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Figure 2.17  Langmuir isotherms of 11 recorded at 25 °C on a) pure water (black curve), and on
water containing FeCls at concentrations of b) 4.7 mg L-! (blue curve), ¢) 23.6 mg

L-! (green curve), and d) 47 mg L1 (red curve).

Finally, the influence of copper(Il) ions on the conformational control of 11 was studied by

using a water subphase containing CuSQO4. The corresponding isotherms are displayed in

Figure 2.18.
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Figure 2.18  Langmuir isotherms of 11 recorded at 25 °C on a) pure water (black curve), and on
water containing CuSQy at concentrations of b) 4.5 mg L1 (blue curve), ¢) 23 mg

L-! (green curve), and d) 45 mg L1 (red curve).
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Also in this case, the onset of the isotherms show the same general behavior as in the case of
iron(11I) chloride: The isotherms shift toward smaller area per molecule by increasing the

concentration of CuSQy in the water subphase.

From the analysis of the 74 isotherms, the following conclusions can be drawn:

1. A progressive increase of the amount of Cu2* ions up to 50 equivalents (Figure 2.18,
isotherm b) does not lead to a significant variation in the area per molecule for 11.
2. At even higher concentrations of Cu2* ions (>50 equivalents) (Figure 2.18, curves ¢ and

d), the area per molecule decreases again slightly to the value of 112 A2 (d).

Analogously to the Fe(IlI)-behavior, a possible explanation for these results may be the
affinity of copper(1l) for water [188], which may cause some changes in the molecular
structure of the subphase.

To understand if the role of iron(1ll) and copper(ll) is related to the reorganization of the
water subphase, we performed experiments in the presence of metal ions (K™) that cannot
coordinate to the nitrogen atoms of quinoxalines. For this purpose, a water subphase
containing varying concentrations of KCI was used and the resulting isotherms are shown in

Figure 2.19.
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Figure 2.19  Langmuir isotherms of 11 recorded at 25 °C on a) pure water (black curve), and on

water containing KCl at concentrations of b) 2.2 mg L-! (blue curve), ¢) 11 mg L1
(green curve), and d) 22 mg L1 (red curve).
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As expected, the intercepts to zero pressure of the isotherms evidenced no sizeable variation
of the limiting molecular area with changing concentrations of KCI. This is expected
because there are no interactions between K* ions and the quinoxaline nitrogen atoms.
Nevertheless, the onset of the n—A4 isotherms (Figure 2.19; b, ¢, and d) collected in the
presence of KCl is slightly shifted towards smaller areas with respect to the isotherm a (pure
water as subphase) showing an influence of the K* ions on the morphology of the
monolayers. This shift which is analogous to one seen with the other metal ions may suggest
that the main interaction occurs between the ester groups at the lower rim of cavitand 11 and
the water subphase reorganized by the interaction with the metals (Ag*, Fe3*, Cu?™, and K™).
However, silver(I) ions interact to some extent with the nitrogen atoms of the quinoxaline

moieties, leading to an increase of the limiting molecular area.
2.3.3 Zn(1)-induced Conformational Control of Amphiphilic Cavitand 11

The negligible variations in the area-per-molecule values obtained with Langmuir
monolayers of 11 on Ag™-, Fe3*-, and CuZ*-containing subphases could be attributed to the
low capacity of quinoxaline moieties to coordinate to these metals. The nitrogen-metal
coordination is impeded by the fact that two neighboring quinoxaline moieties are not close
enough. Because of its amphiphilic character, the resorcin[4]arene cavitand 11 places the
nitrogen atoms at the air-water interface, whereas the metals are completely solubilized in the

water subphase where they form aquo-complexes [188] (Figure 2.20).

Figure 2.20  Schematic representation of the amphiphilic cavitand on the water subphase
containing metal ions (M1F).
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The schematic representation in Figure 2.20, gives an impression of how difficult the
coordination between the quinoxaline nitrogen atoms at the air-water interface and the metal
ions in the water subphase is. Based on these considerations, new Langmuir experiments
were done under different conditions, and in presence of Zn2" ions [189], which should
better coordinate to the nitrogen atoms of the quinoxalines [186].

Figure 2.21 shows the results of experiments performed with a water subphase containing

different concentrations of zinc acetate.

70 -

60- (11) (Zn(1)) Ve  Ap/A?

50- (103mmol)  (mmol)  (cm3)

£ a 1.6 0 0 125
€ 40

£ b 1.6 8 0 169
2 30- ¢ 1.6 8 0.05 210
< 2. d 16 8 01 270
£

& 10+

®Volume of a 7.3 mM solution of (Zn(OAc),)
in CHCI3/MeOH (7:1)

¥ T ¥ 1 T t N 1 M L) N 1 1
0 100 200 300 400 500 600 700 , ,
Ap = ecxperimentally estimated area per

Area per Molecule (A2) ———
molecule

Figure 2.21 Langmuir isotherms of 11 recorded at 25 °C on a) pure water (black curve), b) on
water containing Zn(OAc); ((11) : (Zn(m)) = 1 : 5000). Isotherms recorded by

spreading a solution of cavitand 11 in CHCI3 and a solution (7.3 mM) of Zn(OAc); in
CHCI3/MeOH in volume of ¢) 0.05 cm3, and d) 0.1 cm? on the subphase almost
saturated with Zn(OAc)s.

The black and blue curves were collected after spreading a solution of 11 in CHCI3 (2.2 mg
mL-1) on a pure water subphase and on a Zn(Il)-containing subphase ((11) : (Zn(11)) = 1 :
5000), respectively. The observed variation in the limiting area per molecule from 4 = 125
A2 (isotherm a) to 4 = 169 A2 (isotherm b), led us to spread a solution of cavitand 11 in
CHCIl3 and different volumes of a 7.3 mM solution of Zn(AcO); in a mixture of
CHCI3/MeOH 7 : 1 on the water subphase nearly saturated with Zn(AcO),. The monolayers
(Zn(11) and 11) were allowed to equilibrate for 20 min before compression was started. After
the solvent evaporated, the additional Zn ions and cavitand 11 molecules should remain at the

air-water interface because of the nearly saturated water subphase. In this situation the metal
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ions should be close enough to the nitrogen atoms for coordination, resulting in the vase-to-
kite conversion. The green and red isotherms were measured under these experimental
conditions. The determined molecular area values are now significantly higher, becoming
nearly identical (270 A2 for the red isotherm) to the theoretical value of 290 A2 calculated for
a monolayer of 11 in the kite form.

Molecular models (Spartan v. 5.1.3 [174]) suggest that the intramolecular distance between

two neighbouring quinoxaline nitrogen atoms in the kife form is suitable for Zn(II)

coordination (d(NZn(11)) = 2.5 A). We hypothesize that the coordination of two Zn(1I) ions
by the two pairs of neighboring N-atoms can provide the driving force for the observed vase-
to-kite conversion (Figure 2.22). The stoichiometry was determined as 1 : 2 (cavitand :

Zn(11)) by using Job’s method of continuous variation.

Figure 2.22  Top view of the kite form stabilized by coordination of two Zn(Il) ions to
neighboring quinoxaline N-atoms. Atom colors: gray C, violet N, magenta Zn, red O.

This new metal-induced vase-to-kife conformational change observed for 11 in the above
Langmuir experiments was confirmed also in solution (solvent) by 'H-NMR spectroscopy
through monitoring of the methine resonance [130, 132, 134]. As previously reported by
Cram et al. [132] and Diederich et al. [146, 147, 190], the methine protons appear as a triplet
at ~ 5 ppm, characteristic of the vase form. Addition of TFA or lowering of the temperature

to 193 K shifts the resonance upfield to ~ 3.8 ppm which is typical of the kite conformer.
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Addition of Znlj to a solution of 11 in CD30OD shifted the triplet in question to 3.90 ppm,

thus providing good evidence for the vase-to-kite conversion.

24 Conformational Transitions of Langmuir Monolayers of
Resorcin[4]arene-Based Cavitands bearing Polyethylene Glycol

Chains at the Lower Rim

Based on the evidence for the pH-driven switching on the water subphase (Section
2.3.1), cavitand 12 (Figure 2.1) was synthesized. The presence of four polyethylene glycol
chains at the lower rim should improve the spreading behavior of the cavitand. Consequently
the vase-to-kite conversion should be even easier to observe under the experimental
conditions used with 11. The first step was the investigation of pure 12 at the air-water
interface. Several n—A4 isotherms, recorded at different concentrations of the spreading

solution (12 in CHCI3), are presented in Figure 2.23 along with the observed molecular

arcas.
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Figure 2.23  Langmuir isotherms recorded at 25 °C after spreading a solution of 12 in CHCI3 on
pure water as a subphase.

For all concentrations, the surface pressure begins to increase in a nearly linear fashion, but
for the concentrations of 1.92 mg mL-! and 2.57 mg mL-!, the isotherms show a kink

appearing around 3 mN m~! and 4 mN m~!, respectively. Upon further compression, a small
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maximum 1s followed by a slight decrease of the surface pressure before it increases steeply
again. The shape of the trough of low pressure is concentration-dependent: the higher the
concentration of 12 in CHCI3, the less pronounced this depression was. At the concentration
of 3.98 mg mL-!, the kink is less pronounced and the surface pressure increases smoothly
until the monolayers collapse at around 40 mN m~!. Different explanations can be discussed

for this unexpected behavior.

1. Solubility of 12 in the water subphase. Curves b and ¢ show a region of decreasing
pressure probably due to the solubilization of cavitand molecules in the water subphase.
Saturation of the subphase is reached rapidly, and the remaining molecules at the air-water
interface are compressed which leads to an increase of the pressure. In isotherm a, the
depression range is less marked because the fraction of solvated molecules is less with

respect to the total number of molecules spread on the water surface.

2. Polymer PEG200012 attached to a hydrophobic headgroup, which behaves like a highly
dynamic random coil in aqueous solution, can readily pack and form a solid crystalline under
conditions of high concentration, elevated temperature, or high pressure [191-198].
Furthermore, Langmuir measurements on monolayers of PEG2000 attached to an apolar head
(PEG2000+)!3 reveal two phase transitions in the surface pressure—area isotherm. This is
very similar to what we observed in the case of 12 (Figure 2.23). The low pressure transition
is generally interpreted as a “pancake-to-mushroom” [191, 193, 199] conformational change
in the PEG chain. The second conformational transition is called “mushroom-to-brush” [191,
200-202] (Figure 2.24).

In the low surface pressure region (A) (n < the first transition pressure, n;), PEG2000+
spreads to form a thin two-dimensional layer. In the medium surface pressure region (B) (n;
< r < the second transition pressure, 72) the adsorbed PEG chains partially desorb from the
air-water interface and extend into the aqueous subphase. The PEG chains can adopt either a
mushroom or a brush conformation. At high surface pressure (C) (z > m2) PEG chains
dehydrate by expelling the associated water and they adopt a more densely packed brush
conformation. At this stage, the area per molecule is smaller than in situations A or B and

the molecules are highly compressed at the air-water interface.

12 PEG2000 is a polymer constituted by 40 polyethylene glycol units.
13 PEG2000+ is a notation referring to a PEG polymer derivatized with a hydrophobic headgroup.
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A | Air Pancake
Mushroom

Brush

Figure 2.24  Schematic illustration of different conformations of PEG2000+ at the air-water
interface as reported by Marchant et al. [191]. The surface pressure & increases in the
order A, B, C.

Analogously to the isotherm of PEG2000+, the two phase transitions observed in the
isotherms reported in Figure 2.23 can be rationalized by considering the different
conformations that the polyethylene glycol chains of 12 can assume on the water subphase.
At low pressure, the chains occupy a large surface area (Figure 2.24 A for PEG2000+).
Under mechanical compression, the polyethylene glycol chains expell the associated water
and they extend deeper into the water subphase. This situation corresponds to the pancake-
mushroom transition observed for PEG2000+ (Figure 2.24 B). At higher pressure, the
polyethylene glycol chains are completely immersed in the subphase and the limiting areas
per molecule are determined only by the hydrophobic part of cavitand 12, in analogy to PEG
chains of PEG2000+ in the brush arrangement (cf. Figure 2.24 C). The area per molecule
value observed at high pressure is consistent with this hypothesis and corresponds to the vase
conformation of cavitand 12. Nevertheless, it was observed that when more concentrated
solutions of 12 (Figure 2.23, isotherm a) are spread on the water subphase, polyethylene
glycol chains are pushed into the water subphase from the beginning and the above-described
transitions are less pronounced upon compression of the monolayer.

To confirm this hypothesis, cavitand 13 (Figure 2.25) with longer polyethylene glycol chains

was synthesized and its spreading behavior investigated.
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Figure 2.25 Amphiphilic cavitand 13.

Figure 2.26 shows n—A isotherms of 13 along with the concentration of the used spreading

solutions and the observed limiting molecular area.
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Figure 2.26  Langmuir isotherms recorded by spreading solutions of 13 (CHCIL3) of various
concentrations on a pure water subphase at 25 °C.

Cavitand 13 basically shows similar behavior as 12. The two transition phases and the
determined areas per molecule indicate that the polyethylene glycol chains influence the

spreading behavior of both cavitands 12 and 13 in a similar way at the air-water interface:
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1. At low pressure (see isotherms a, b, and ¢ in Figures 2.23 and 2.26) and at low
concentration (see isotherms ¢ in Figures 2.23 and 2.26) monolayers of cavitand 13
show a larger area per molecule than those of cavitand 12. Supposing that the
polyethylene glycol chains are spread at the interface at the beginning of the
compression, the larger areas per molecule observed for 13 are due to its longer
hydrophilic “legs”. Three additional glycolic units extending at the air-water interface
occupy more space.

2. At higher concentrations, both transition phases are observed (isotherm a). Chains with
five glycolic units (13) instead of two (12) better approximate the PEG2000+ system for
which the described conformational changes due to different orientations at the interface
and into the subphase are most dramatic.

3 At high pressure, the determined limiting areas per molecule are similar for both
cavitands (12 and 13) (see Figures 2.23 and 2.26, isotherms a and b). This could be
evidence that at high pressure the PEG chains extend into the water and the area per

molecule is determined mainly by the apolar headgroups.

2.5 Langmuir Monolayers of Cavitands with Alkyl Chains at the Lower
Rim

The presence of alkyl chains at the lower rim of resorcin[4]arene-based cavitands causes
different spreading behavior at the air-water interface. This is due to the fact that the
cavitand molecules are adsorbed on the water surface with opposite orientation when
compared to cavitand 11. The more polar head (quinoxaline moieties) is in contact with the
water and the alkyl chains extend away from the surface [203]. Solutions of 14 (1.95 mg
mL1) and 15 (2.12 mg mL!) (see Figure 2.27) in CHCl3 were prepared and spread on
water. The corresponding 7—A isotherms are displayed in Figure 2.27 (14: solid line; 15:
dashed line). Both films undergo two successive transitions. In the liquid-expanded (LE)
phase the alkyl chains spread out in the plane. The average area per molecule, limited by
chain-chain interaction of neighboring molecules is correspondingly large (4 ~ 160 A2). In
the liquid condensed phase, the chains are forced to straighten up and the average molecular
area 1s now determined by the average cross section of the upper rim of the cavitands.
Finally, in the solid phase, the heads are so tightly packed that the obtained area per molecule

is almost equal to the theoretical value calculated for the vase conformation [203].
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Figure 2.27 Surface pressure—area isotherms measured for cavitands 14 (solid line) and 15
(dashed line) on water as a subphase.

2.6  Conclusion

Langmuir monolayers of resorcin[4]arene-based cavitand 11 were studied on water as a
subphase at different pH values (A) and in the presence of different metals (Ag™, Fe3*, Cu?*,

Zn2%) (B - E) ; the results are summarized in Table 2.1.

Table 2.1 Summary of the Langmuir experiments performed with cavitand 11.

Aof A8 AAD

(A2 molecule!)  (AZmolecule™!) (A2 molecule1)

A pH=1 125 223 o8
B AgNO3 125 145 20
C FeCls 125 130 5

D CuSOy4 125 114 11
E  Zn(OAc), 125 270 145

f)  Area per molecule obtained by spreading a solution of 11 in CHCI3 on pure water.

g) Area per molecule obtained by spreading a solution of 11 in CHCl3 on water containing: A)
pH =1, B) AgNO3 (27 mg), C) FeClz (26 mg), D) CuSO4 (25 mg), and E) Zn(OAc)> (2 g).

h) Ad=A4-A
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In the case of acid and zinc(II) ions, the Langmuir experiments as well as TH-NMR solution
measurements demonstrated the feasibility of metal ion-induced vase-to-kife conversion.
Monolayers of resorcin[4]arene cavitands 12 and 13 are strongly affected by the presence of
polyethylene glycol chains at the lower rim. Film balance measurements reveal two phase
transitions in the 7—A isotherms that crucially dependend on the presence of polyethylene
glycol chains. It was observed that the area per molecule is larger at low pressure than at
high pressure. In particular, cavitand 13, which has hydrophilic “legs” of five glycolic units,
has a larger area per molecule at low pressure than cavitand 12 with only two such units. The
different length of the hydrophilic chains at the lower rim also explains the behavior of
monolayers at high concentrations: whereas no phase transitions are observed with cavitand
12 at high concentrations, both of them (vide supra) are seen with 13. Legs with five
ethylene glycol units approximate the PEG2000 systems for which both phase transitions are
very pronounced.

Finally, Langmuir investigations on cavitands 14 and 15 (Figure 2.1) reveal that these
molecules, carrying alkyl chains at their lower rim, orient themselves in such a way that the
quinoxaline moieties make contact with the water subphase whereas the hydrophobic chains
extend into the air. The presence of two inflection points in the isotherms (Figure 2.27) can
be ascribed to conformational changes in the alkyl chains. It was found that at low pressure
the area per molecule is limited by intermolecular interactions among the conformationally
mobile chains, whereas at high pressure, the alkyl groups are well packed and the limiting

molecular area is determined by the upper rim of the cavitand.

61






Chapter 3

3  Fullerene-Ionophore Conjugates: Formation of Complexes

with Metal Cations at the Air-Water Interface

The special electrochemical and photophysical properties of fullerene-containing
monolayers are currently being investigated for their potential applications in microsensors
[204], conductive films, and optoelectronic devices [205]. Fullerene monolayers have been
created through self—assembly of appropriate derivatives (Section 1.2.1.2) or by the
Langmuir and Langmuir—Blodgett techniques [206-211]. Monolayers of pure Cgp on water
as a subphase are difficult to obtain due to the nonamphiphilic nature of the compound and to
the aggregation tendency resulting from strong fullerene-fullerene cohesive interactions.
Two approaches are used to form stable fullerene monolayers at the air-water interface: The
first consists of embedding pristine Cg( into amphiphilic monolayers of a matrix [212-215] to
produce mixed Langmuir films. Amphiphilic receptor molecules containing a cavity able to
incorporate fullerenes such as modified azacrowns [216] or calixarenes [217, 218] are found
to be the most suitable matrices for the preparation of fullerene-containing composite
Langmuir films of good quality. The second approach is characterized by covalent
attachment of polar headgroups to the lipophilic fullerene core in order to obtain an adduct
with amphiphilic character. In this chapter, we report on Langmuir investigations with
fullerenes functionalized by hydrophilic groups that stabilize the formed monolayers by
interaction with the water subphase [219, 220].

The Chapter is divided into four Sections:

* Section 3.1 is an introduction giving a general account of the fundamental physical
properties of Ceg.

* Section 3.2 investigates the amphiphilic behavior of [60]fullerene and crown ether
macrocycles at the air-water interface.

* Section 3.3 presents comprehensive investigations of fullerene-ionophore conjugated
monolayers by Brewster angle microscopy.

* Section 3.4 gives a brief summary of the key findings of Section 3.3.
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3.1 Introduction

Fullerenes were first experimentally observed in 1985 by Kroto, Smalley, Curl, and co-
workers during experiments aimed at understanding the mechanism by which long-chain
carbon molecules are formed in circumstellar shells and interstellar space [221]. The
investigators observed that laser vaporization of graphite gave a cluster distribution strongly
dominated by sixty- and seventy-carbon atom clusters of molecular masses m/z = 720 and
840, respectively. For the extraordinarily stable Cgo corresponding to the m/z 720 peak, they
proposed a spheroidal structure of sp2-hybridized carbon atoms with fully saturated valences.
The truncated icosahedron, an /-symmetrical polygon with 60 vertices and 32 faces (twelve
pentagons and 20 hexagons) seemed to best satisfy these requirements. The molecule was
called Buckminsterfullerene in honor of the American architect Richard Buckminster Fuller
whose geodesic domes obey similar geometrical rules. Subsequently, many efforts were
made to produce and isolate [60]fullerene in macroscopic amounts and in 1990, Krdtschmer,
Huffman, and co-workers were able to find a versatile method: They observed that the soot
produced by the vaporization of graphite rods in an electrical arc under an inert atmosphere
of helium [222] showed infrared absorptions corresponding to those calculated for 7;,-Cgp
[223-225]. Extraction of the soot with benzene allowed the isolation of a mixture of
fullerenes. The separation of this mixture by column chromatography allowed the complete
spectroscopic characterization of Cgo and C7¢ and verification of the icosahedral structure of
Ce0 [226, 227]. Later on, Hawkins et al. determined the X-ray crystal structure of an osmate
derivative of Cgp, which definitively confirmed the “soccer ball” framework of

buckminsterfullerene [228].
3.1.1 The Structure of [60]Fullerene

Fullerenes are carbon cages composed of tricoordinate, sp*-hybridized carbon atoms
assembled to a spheroidal network of five- and six-membered rings. According to Fuler’s
theorem, the introduction of twelve pentagons into a plane of hexagons leads to a closed
polygonal structure. In accord with this theorem, each fullerene contains 20 + 2n (n > 1)
carbon atoms, where the integer » corresponds to the number of hexagonal faces. A second
empirical rule that governs fullerene-type structures is the Isolated Pentagon Rule (IPR).

This rule, based on both steric and electronic considerations, states that two pentagons may
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never share a common edge. Indeed, among the 1812 distinct fullerene isomers of
buckminsterfullerene, only /5-Cgo containing 12 pentagons isolated by 20 hexagons (soccer
ball structure) is formed in accordance with the IPR. The precise geometric structure of this
isomer was determined by X-Ray analysis of pristine Cgp at low temperature [229-231], Cgo
derivatives [228], Cgo solvates [232, 233], and solid-state 13C NMR measurements [234].
Such experimental findings definitively confirmed the postulated /-symmetry with a mean
diameter of ~ 7.1 A for the sphere. Its van der Waals diameter is ~ 10.4 A, and the distance
across the cavity is ~ 3.5 A. X-Ray crystal structure determinations of Cgp also prove the
existence of two different types of bonds: those common to two hexagons (6-6 bonds, mean
distance = 1.391 A), and those common to a hexagon and a pentagon (6-5 bonds, mean
distance = 1.449 A) [229, 235]. The measured bond lengths clearly show that the double
bonds are located at the junctions of two hexagons and there are no double bonds in

pentagonal rings (Figure 3.1).

6-6 bond
(1.391 A)

6-5 bond
(1.449 A)

Figure 3.1 Representation of the two different types of bonds in Cgp, and the nucleus-to-nucleus
diameter.

The crystal structure of pristine Cgy reveals poor m-electron delocalization, and the bond
length alternation clearly defines a preference for the unique resonance structure in which the
30 double bonds are formally localized at 6-6 junctions. This can be considered as
consequence of the pyramidalization of the sp?-carbon atoms which leads to a substantial
rehybridization. This rehybridization is in part responsible for the high electron affinity of
Ceo since it considerably reduces the energy of the lowest unoccupied molecular orbital
(LUMO). A more complete picture of the electronic structure of Cg is obtained by Hiickel

Molecular Orbital (HMO) theory which predicts an electronic configuration with a five-fold
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degenerate HOMO (/) and a three-fold degenerate low-lying LUMO (#1y) (FFigure 3.2),
separated by a moderate energy gap of ~ 1.8 eV [236-238].
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Figure 3.2 Schematic representation of the HOMO-1, HOMO, LUMO, and LUMO-+1 Hiicke!l
molecular orbitals of Cgy.

3.1.2 Electrochemical Properties of Cgo

Ceo possesses very interesting electrochemical properties which are related to its
electronic configuration. In accord with the degeneration of the LUMO level, the redox
chemistry demonstrates the ability of [60]fullerene to accept up to six electrons [239]. The
systematic proof for the triple degeneracy of the LUMO level of Cgp came with the detection
of fullerene anions Cg2[240], Ceo3~ [241], Ceo* [242], and Cg0>[243]. However, in 1992
all six one-electron reductions, leading to Cg0®~, were detected by three independent groups
[244-246]. FEchegoyen and co-workers first managed to generate and detect stable Cgp/*~ (n =
1-6) using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) [245]. The
potentials measured (£1/2) were —0.98, —1.37, —1.87, —2.35, —2.85, and —3.26 V vs F¢/Fc* (in
PhMe/MeCN 1:5) [245]. The separation between any two successive reductions is relatively
constant and amounts to ~ 450 £ 50 mV. This correlates well with the triple degeneracy of
the LUMO level. Considering the HMO diagram (Figure 3.2), oxidation of Cgo consists in
the removal of an electron from the low-lying HOMO, leading to an important destabilization
of the m-electron system. Correspondingly, the first one-electron oxidation of Cgp occurs at a
highly positive potential, 1.26 V vs Fc/Fct in 1,1,2,2-tetrachloroethane. The difference in

potential between the first oxidation and the first reduction of Cgo (E20x — EV21eq=2.32V)
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is a good measure of the HOMO-LUMO gap in solution and correlates well with the
calculated value (1.5 - 2.0 eV) [247].

3.1.3 Spectroscopic Properties

The UV-VIS spectrum of Cgp shows intense absorption bands between 190 and 410 nm
(maxima at 328, 256, and 211 nm). These bands are due to symmetry-allowed singlet-singlet
transitions from the HOMO to the LUMO+1 (Figure 3.2). In the visible region, the spectrum
is characterized by a weak broad band between 440 and 620 nm with two maxima located at
598 and 543 nm [248-250] which correspond to symmetry-forbidden singlet-singlet
transitions from the HOMO to the LUMO and LUMO+1. Chemical functionalization of
buckminsterfullerene modifies the electronic structure of the fullerene chromophore. This is
strongly reflected in the UV-VIS spectra of its derivatives. The degree of variation is
dependent on i) the number of addends, i7) the geometric addition pattern in multiadducts,
and 7ii) the electronic structure of the functional group [248, 251]. The derivatization of the
fullerene core reduces its symmetry, thereby enhancing transition probabilities.
Consequently, Cgp derivatives show stronger absorptions in the visible region with respect to
pristine Cgo. The absorptions at 257 and 329 nm are hardly shifted as a result of the
functionalization but less intense, which is consistent with the transition from a 60- to a 58-7-
electron system [248]. Very characteristic for all 6-6 closed monoadducts are the absorptions

at ~ 430 and ~ 695 nm [252-254].

3.2 Fullerene- and Crown Ether-containing Langmuir Films

3.2.1 Thin Film Fullerene-Based Materials

Due to the unique characteristics of Cgp, the investigation of its redox and photophysical
properties in monomeric and in aggregated forms has become a focus of considerable interest
[59]. Cep is known to exhibit some marvelous properties, such as superconductivity
observed upon doping with metals [255, 256], non-linear optical properties [257], and unique
electrochemical properties [208, 228, 258, 259]. As a consequence, new materials with a
wide range of distinguished physicochemical properties have been discovered that
encouraged the exploration of potential applications in advanced (nano-)materials science

[260, 261]. Many advanced materials applications of [60]fullerene require an arrangement of
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molecules in well-ordered two- or three-dimensional networks. One of the most useful
methods for the construction of ordered networks is to make thin solid films of high quality.
The LB technique is one of the simplest methods for obtaining organized thin solid films of
fullerene derivatives [213, 262, 263]. Despite the fact that Cg itself does not possess any
amphiphilic character, many rather unsuccessful efforts have been made to form Langmuir or
LB monolayers of this fullerene [206, 209, 264-267]. Langmuir and BAM investigations of
pure monolayers of Cgp at the air-water interface reveal unambiguous evidence for the
formation of multilayers [212], even with dilute solutions (~ 10~ M in various solvents) and
at low compression rates. A typical 74 isotherm of buckminsterfullerene on a water
subphase is shown in Figure 3.3 a. The fully compressed fullerene monolayer is remarkably
rigid and visibly patchy as seen in the optical micrograph of the film (Figure 3.3 b) on the
hydrophobic substrate [268]. In Figure 3.3 b, it is possible to see the morphology of two-
dimensional crystalline islands, formed by aggregation of the carbon spheres immediately
after spreading them on the pure water subphase. The arrow points at one of these crystalline

particles in the thick layers.
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Figure 3.3 Spreading behavior of [60]fullerene at the air-water interface: a) n—A4 isotherm
measured in the context of the present thesis (spreading solution: 104 M in toulene);
b) optical micrographs of Langmuir films on the hydrophobic substrate, as reported
by Tomioka et al. [268].
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The limiting area per molecule (4), obtained by extrapolating the linearly ascending part of
the A4 isotherm in Figure 3.3 a to zero pressure, ranges between 20 and 30 AZ [206, 264,
269] which is only about 1/4 of the value calculated for Cgp (86.6 A2), assuming a tight
hexagonal packing with a nearest center-to-center distance of 10 A [222, 270].

Such a reduced area per molecule suggests that the floating film of pure Cgp on water
consists of more than a single molecule in thickness. This is a direct consequence of the
pronounced hydrophobic character of the fullerene and its high cohesive energy (31 kcal

mol~!) that play a key role in (mono)layer formation (Figure 3.4).

Figure 3.4 Aggregates of Cgp obtained by compression of a fullerene film at the air-water
interface.

The first idea to overcome the tendency to aggregate was a chemical derivatization of the
fullerene core with hydrophilic groups [207, 265, 271-278]. This confers an amphiphilic
character to the molecule and enhances its interaction with the water subphase. This strategy
gave promising results in terms of seeing agreement between experimentally observed and

calculated area per molecule [270].
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Leblanc and coworkers prepared Langmuir monolayers of fullerenes functionalized with

benzocrown ether 18 [279]. The limiting molecular area observed is in good agreement with
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that reported for Cgp, indicating the formation of a monolayer in which the polar crown ether
is directed into the water subphase. However, BAM images recorded during compression
reveal the presence of solid domains even at very low pressure. Maggini et al. prepared a
series of N-acylated fulleropyrrolidine derivatives of type 19 [280, 281]. Due to the
hydrophilicity of the amide group, the fullerene is better anchored on the subphase, favoring
the formation of monomolecular layers. Nevertheless, aggregation still occurs and no
transfer to a solid substrate was possible.

In both systems the presence of hydrophilic headgroups increases the amphiphilic character
of the molecules and improves their spreading behavior, thus leading to limiting molecular
areas that are significantly larger than those obtained with pristine Cgp. However, the
hydrophilic moiety is not bulky enough to prevent fullerene-fullerene aggregation, as
schematically shown in Figure 3.4. Therefore, to prepare a “well-behaved” monolayer of a
Ceo-derivative at the air-water interface, it is necessary to expand the size of the headgroup to
keep the carbon spheres apart. This way the corresponding intermolecular interactions

should be entirely disrupted (Figure 3.5).
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Figure 3.5 Schematic representation of the effect of the size of the headgroup on the aggregation
of neighboring carbon spheres of fullerene derivatives at the air-water interface.

Diederich et al. studied the effect of the structure of the headgroup on the spreading behavior
of monofunctionalized buckminsterfullerenes. They prepared a series of amphiphilic
monoadducts by cyclopropanation of Cgo (20 a and b, 21, 24) and by Diels—Alder addition of
ortho-quinodimethane intermediates (22, 23). They observed that the larger the headgroup,
the greater is the experimentally determined molecular area requirement. The liming area per
molecule increases from compounds 20 a and b (4 = 28 A2) to compounds 23 (4 > 90 A2)
[278] and 24 (4 = 80 A2), leading to monolayers of enhanced quality in the case of the last

two fullerene-derivatives.
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However, light microscopy observation and compression/expansion cycles still reveal an
irreversible aggregation in Langmuir films, even of 23 and 24, thereby demonstrating that the
polar headgroup is not completely effective at preventing fullerene aggregation [220, 278].

Subsequently, an impressive example of stable, ordered, and reversible monomolecular
fullerene layers at the air-water interface was reported by Diederich and co-workers, who
took advantage of the versatile regioselective Bingel reaction [282, 283] of m-xylylene-

bismalonates to prepare, besides Cgo-derived amphiphilic monoadduct 25, bis-adduct 26

bearing polar and bulky glycodendron tail groups [284].

These derivatives displayed reversible behavior in successive compression/expansion cycles.

The hydrophilic parts are bulky enough to prevent contact between neighboring fullerene
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cores when the film is compressed. Thus, the irreversible aggregation previously observed
did not occur. The monolayers could also be successfully transferred onto quartz slides and
the resulting films are likely X-type (head-to-tail arrangement) (see Section 1.33). Following
a similar strategy, Nierengarten and co-workers [118, 119, 274, 285] prepared a series of

amphiphilic dendrimers with fullerene cores (27 - 31) [286].

Owing to the good hydrophobicity/hydrophilicity balance, all these compounds formed stable
films with reversible behavior upon successive compression/expansion cycles. Compounds
28-30 were transferred onto hydrophilic silicon (111) wafers, creating LB films of excellent

quality.
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In the cases of 28 and 29, the UV-VIS sprectrum of the LB layers revealed a broadening of
the absorption in the film compared to that in solution. This observation is indicative of
fullerene-fullerene interactions [286], which may be ascribed to the contact of carbon spheres
from neighboring layers. In fact, the presence of the dendritic shell segregates Cgo cores,
preventing interactions between fullerenes within a layer.

The broadening of the UV-VIS absorptions almost vanishes for 30 and 31, suggesting that
the dendritic shell completely covers the fullerene core, consequently preventing any
fullerene-fullerene interactions. To put it in “Orwellian” style: no head, no film, small head,

weak films” [286].

3.2.2 Langmuir Monolayers Containing Macrocyclic Ionophores

The pioneering work of Pedersen [287, 288] led to extensive studies of synthetic
macrocyclic molecules [289, 290]. More recent interest focuses on their properties as
constituents of membranes and thin solid films. In particular, the receptor and carrier
characteristics of macrocyclic ionophores allowed the development of supramolecular
devices for the investigation of ion transport through biological membranes and as sensitive
elements in biosensors. Therefore, investigations into the behavior of natural and synthetic
ionophores at the air-water interface are of great relevance [291]. Crown ethers represent the
most important class of synthetic ionophores. However, crown ethers themselves do not
form stable monolayers because of an insufficient balance between hydrophilicity and
hydrophobicity. Modification of crown ethers [291-298] with long hydrocarbon chains
allows the preparation of surface-active derivatives that are able to form stable monolayers at
the air-water interface. To study the complexation in floating monolayers, changes in the
isotherms due to the presence of different metal cations in the water subphase were
investigated [299, 300]. Differences in the complexation selectivity of crown ethers can be
determined at interfaces in the presence of various alkali metal cations [301]. The surface
area occupied by the ionophores depends on the kind and concentration of alkali metal salts
in the subphase. 7schierske and co-workers studied the ion selectivity at the air-water
interface of a series of crown ether derivatives (32 — 34) that differ only in ring size [302].
They investigated the spreading behavior of 32 - 34 on water containing Li*, Na*, K, Rb*,

and Cs*ions. All three compounds showed the same 74 isotherm on pure water.
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When alkali metal salts were added to the subphase, profound changes in the isotherms were
detected such as an increase of the limiting molecular area as well as of the surface pressure.
These effects are due to the complexation of alkali metal ions by the hydrophilic crown ether
moiety which enhances the amphiphilic character of the crown ether derivatives and
improves their spreading behavior at the air-water interface. The monolayers of 32 are
significantly stabilized by Li* ions, whereas those of 33 interact best with Na*, and those of
34 with K*. The different selectivities are related to the size of the crown ether and the radii
of the cations in the subphase [291]. Potassium ions, for example, are too large for the small
cavity of 32, whereas they fit better in the larger cavity of 34. In general, as observed by
Pedersen [287, 288], the factors influencing the stability of the complexes stabilized by ion-
dipole interactions between the cation and the oxygen atoms with their lone pairs, include the
relative sizes of cyclopolyether and cation, the number of oxygen atoms in the former, the
orientation of the lone pairs (conformational preference of the macrocycle), and the tendency
of the ions to interact with the solvent which — in the alkali metal series — is a function of the
charge density.

Diederich et al. reported the first example of monolayers of a fullerene-ionophore conjugate
(23). They studied the influence of K* ions on its spreading behavior [278] and found that
the quality of the monolayers is strongly influenced by the presence of potassium ions. The
limiting molecular area increases from 80 to 90 A2 when the water subphase is replaced by a

IM aq. solution of KCI.
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The measured surface requirements suggest the formation of a real monolayer at low
pressure, stabilized by the hydrophilic headgroup which consists of the crown ether complex.
As reported by Leigh et al. [303], the morphology of such monolayers can change after
addition of cations to the subphase (Figure 3.6). Complexation can cause tilting of the
fullerene-crown ether molecular axis (Figure 3.6 b) or induce a conformational change in the

crown ether moiety (Figure 3.6 ¢) when compared to the monolayer on a pure water

subphase (Figure 3.6 a).
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Figure 3.0 Schematic representation of different morphologies adopted by Cgp-crown ether

conjugate in Langmuir films on a) pure water, and b) and c¢) 1M aq. KCI.

Although the limiting area per molecule of 23 increases upon addition of K to the subphase,
BAM investigations revealed film damage upon re-expansion following the initial
compression [220]. Again, the irreversible aggregation of neighboring fullerenes is not
prevented by the moderately bulky headgroups and causes the formation of a rigid monolayer
at the air-water interface.

With this in mind, two new fullerene-ionophores, 35 and 36, were designed in the context of
the present thesis. They include one (35) and two (36) dibenzo[24]crown-8 ether moieties
that were attached to the fullerene core by the Bingel reaction (Figure 3.7).
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Figure 3.7 Molecular structures of Cgo-derived ionophores 35 and 36.

These two derivatives should be more hydrophilic than compound 23 because of the larger
crown ether (35) or the presence of two such units (36). Moreover, the
cyclopropanedicarboxylate moiety in 35 and 36 is more hydrophilic than the
tetrahydronaphthalene connector of 23. Besides, the way the ionophores are attached to the
fullerene core gives them a greater conformational freedom in the water subphase as
compared to 23.

In the next Section, we describe Langmuir and BAM investigations of the spreading behavior

of Cgo-derivatives 35 and 36 on pure water and on aqueous subphases containing different

alkali metal salts.

3.3 Langmuir Monolayers of Fullerene-Ionophore Conjugates 35 and

36

Due to the ability of crown ethers to bind alkali metal ions with a certain selectivity
[291, 292, 300, 304, 305], the Langmuir experiments with 35 and 36 were carried out on both
pure water and on IM aqueous solutions of different alkali metal salts (LiCl, NaCl, KCl,
CsCl) and CaCl,. We expected that cations with a larger radius would bind better to the
dibenzo[24]crown-8 moieties and thus have a more pronounced impact on the 7—A isotherms

of both compounds.
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3.3.1 Langmuir Monolayers of 35 and 36 on Pure Water and on 1M aq. LiCl,
CaCly, NaCl, KCl, and CsClI as Subphases

The surface pressure—molecular area isotherms obtained for fullerene derivatives 35
(solid line) and 36 (dashed line) on pure water are shown in Figure 3.8. The observed
limiting molecular areas are 60 A2 and 75 A2 for 35 and 36, respectively. Even if they are
smaller than the theoretical value calculated for pristine Cgp, the two values suggest that the
area per molecule is determined by the fullerene moieties, evidencing that the molecules line
up with their long axes perpendicular to the air-water interface (cf. Figure 3.6 a). The Cg
cores are close to each other, and the strong fullerene-fullerene cohesive interactions cause
the formation of irreversible monolayers as usually observed with pristine

buckminsterfullerene and its amphiphilic derivatives bearing compact headgroups [213, 285,

306].

Ap/A2
35 60
36 75

Ap = area per molecule
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Figure 3.8 7—A Isotherms of fullerene-crown ether conjugates 35 (solid line) and 36 (dashed
line) on a pure water subphase.

Important information on the spreading behavior of 35 and 36 was obtained by means of
Brewster angle microscopy. BAM images reveal an immediate aggregation of the Cgp-
derivatives after spreading of the samples at the air-water interface (Figure 3.9 a, picture 1

and b, picture 1).
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a) Ceo-derivative 35 b) Ceo-derivative 36
1 2 1 2

Figure 3.9 BAM images of monolayers of Cgp-crown cther conjugates a) 35 and b) 36 at

pressures of: 1) 0 mN m!, 2) 0.7 mN m!, 3) 11 mN m!, and 4) 45 mN m.
Subphases: pure water.

The aggregates are pushed together by lateral compression without any apparent change in
the general appearance (BAM images). It ensues that the morphology of the layers does not
change (pictures 1-3 in Figures 3.9 a and b), and the aggregates persist until the film
collapses, providing evidence for the formation of non-homogeneous layers (Figures 3.9 a,
picture 4 and b, picture 4). The surface pressure—molecular area isotherm of 35 is steep as
that of pristine buckminsterfullerene (Figure 3.3 a) suggesting formation of a rigid film.
Even if the limiting area per molecule 35 (60 A2) is larger than that of pure Cgp (20-30 A2), a
strong tendency to escape from the air-water interface to form three-dimensional aggregates
is observed. In fact, BAM images show areas of different brightness confirming the
formation of multilayers with Cgo-derivatives stacked on top each other (Figure 3.9 a). The
steep slope in the 7—A4 isotherm of 35 indicates the presence of incompressible and condensed
two-dimensional phases [277]. Rather different BAM images were obtained with derivative
36. The homogeneous distribution of light intensity within the bright domains demonstrates
the monomolecular nature of the freshly spread film. The domains, formed even at low
surface pressure, expand gradually upon compression without changing their brightness up to
film collapse (picture 4 in Figure 3.9 b), at which point a non-homogeneous structure can be

observed. But a comparison of the collapse pressure values (Figure 3.8) shows that the
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monolayers formed by 36 are less stable than those of derivative 35, possibly due to the
presence of two crown ether moieties in the molecule. On one hand, the two hydrophilic
headgroups in 36 enhance the amphiphilicity of the fullerene core and lead to better
anchoring in the water subphase and, accordingly, the surface requirement increases from 58
A2 (35) to 75 A2 (36). On the other hand, if both derivatives are positioned at the air-water
interface as shown in Figure 3.6 a, compression may lead to unfavorable intra- or
intermolecular interactions of the densely packed crown ethers of 36, destabilizing the
monolayer and causing a premature collapse.

When both compounds are spread on a 1M aq. LiCl (Figure 3.10) subphase, no variation in
the spreading behavior of 35 and 36 was detected with respect to the case of a pure water
subphase (Figure 3.8). In fact, the limiting areas per molecule do not change appreciably:
The values observed are 60A2 and 78A2 for 35 and 36, respectively. The n-A4 isotherms
(Figure 3.10) basically show the same shape, except at low pressures where the isotherm of
35 appears less steep than that recorded on pure water (black curve in Figure 3.8), an effect
that is indicative of a less rigid behavior. The isotherm of 35 on 1M aq. LiCl (blue isotherm
in Figure 3.10) displays a phase transition at 5 mN m~! with a liquid-like region at lower

pressures and a condensed phase at higher pressures.
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Figure 3.10  Surface pressure—molecular area isotherms of fullerene-crown ether conjugates 35
and 36 on a 1M aq. LiCl subphase.
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BAM images reveal that both derivatives form aggregates on a 1M aq. LiCl subphase even at

low pressures (pictures 1 in Figures 3.11 a and b).

a) Cgp-derivative 35 b) Cgp-derivative 36

Figure 3.11 BAM images of monolayers of Cgo-crown cther conjugates: a) 35 and b) 36 on 1M
aq. LiCl subphase at pressures of: 1) 0.3 mNm1, 2) 0.6 mN m!, 3) 4 mN m!, and
4)30mN m1.

In the case of compound 35, the images reveal the formation of a multilayered film. Areas of
different brightness are detected (pictures 2 and 3 in Figure 3.11 a). Pictures 4 (Figures 3.11
a and b) show the monolayers at 30 mN m~!. At this pressure, the layer of 35 appears
discontinuous with holes through which the subphase can be seen (Figure 3.11 a), whereas
the layer of 36 appears more homogeneous. This is attributed to the enhanced amphiphilic
character of 36 as compared to 35.

When spread on a 1M aq. CaCl; subphase, neither 35 nor 36 shows any appreciable variation
in the limiting area occupied per molecule, when compared to the spreading on pure water
(Figure 3.12 a).

The n-A4 isotherms recorded in the presence of Ca2* ions (Figure 3.12 a) do not show any
variation in shape aside from the collapse pressure which slightly increases for both
monolayers (35 and 36) when compared to the situation of a pure water subphase (Figure
3.8). BAM investigations reveal that the molecules associate to form islands already at large
molecular areas, similar to the cases of pure water and of Li -containing subphases. These
islands fuse to give irreversible layers of 35 and 36, which appear more homogeneous than in

the cases of 1M aq. LiCl subphase (Figures 3.11 a and b, pictures 4).
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Figure 3.12  Surface pressure—molecular arca isotherms of crown ether-fullerene conjugates 35
and 36 on a) 1M aq. CaCly, and b) 1M aq. NaCl subphases.

On 1M aq. NaCl subphase, larger molecular area requirements are detected (Figure 3.12 b).
In particular, the limiting molecular area of 35 increases from 60 A2 (pure water subphase) to
67 A2, whereas that of 36 increases from 75 to 90 A2, The latter values are in agreement with

areas measured by Diederich et al. [220] and Leigh et al. [303] for other Cgo-crown ether

derivatives. The monolayer at zero pressure shows the coexistence between the liquid-
expanded (bright zone) and the liquid-condensed phases (gray zone) (Picture 1 in Figure 3.13
b) that fuse to form a nicely uniform image without any scattered defects (Picture 2 in Figure
3.13 b). During compression, no variations in the monolayer morphology are observed.
Expansion/compression cycles evidence the irreversible nature of the monolayer. BAM
investigations on the film of 35, on the other hand, show non-homogeneous reflectivity. It
seems that a second layer overgrows the first layer giving areas of different brightness. At
the end of compression, the monolayer appears more uniform with some holes through which
the subphase can be seen. The apparent better quality of the film of 36 (compared to 35) may
be related to the presence of two crown ethers that anchor it better to the water subphase,

making it a better amphiphile.
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a) Cgp derivative 35 b) Cep derivative 36
1 2

Figure 3.13 ~ BAM images of monolayers of Ce-crown ether conjugates a) 35 and b) 36 on 1M aq.
NaCl. Pressures: a) 0.2 mN m! (1), 0.4 mN m! (2), 3mN m! (3), 30 mN m! (4);
b) OmN m! (1), 30mN m! (2).

Finally, Langmuir monolayers of both compounds were prepared on 1M aq. KCI and 1M aq.
CsCl subphases. The limiting molecular areas extracted from the 7—A4 isotherms are 87 A2
for 35 and 100 A2 for 36 (K*-containing subphase, Figure 3.14 a), whereas even larger

values were obtained with the Cs*-containing subphase: 97 A2 for 35 and 120 A2 for 36
(Figure 3.14 D).
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Figure 3.14  Surface pressure—molecular area isotherms of fullerene-crown ether conjuates 35 and
36 on a) 1M aq. KCl, and b) 1M aq. CsCl.
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As indicated by the higher collapse pressures, the layers are more stable for derivative 36 as
compared to 35 and in the presence of CsCl than of KCI. The morphology of the films does
not change in the transition from Kt to Cs™ as subphase solute, and aggregation is already
observed at large molecular areas, demonstrating that the fullerene-fullerene interactions
cannot be prevented in this system. When reexpanded, the molecules stay aggregated and
cracks appear in the film upon expansion showing the irreversibility of the monolayer
formation. Attempts to transfer monolayers of 36 from either subphase to a glass support
were unsuccessful.

Analysis of the obtained results leads to the following conclusions:

1. As expected, the presence of two crown ether moieties improves the hydrophilicity of
fullerene-ionophore conjugate 36 as compared to 35 on pure water as well as on
subphases containing different metal salts. In all the performed experiments,
extrapolation of the linearly ascending part of the measured isotherms to zero pressure
yields a limiting area per molecule that is larger for 36 than for 35 and almost equal to or
even higher than the ideal value calculated for pure Cgo (86 A2 [270]). This is related to
the presence of two crown ethers that improve the speading behavior of 36 as compared
to 35. The presence of cations in the water subphase increases the amphiphilicity of the
conjugates or, in other words, the metal ion complexes provide better anchoring on the
subphase. Moreover, the complexation may also cause the crown ether moieties to
assume a more extended conformation, leading to higher molecular area requirements
(Figure 3.6 ¢).

2. A correlation is observed between the limiting area per molecule and the radius of the
alkali metal ion solubilized in the water subphase. Ca2* as a doubly charged alkaline
earth metal ion does not fit into this series.

The ionic radii of the complexed cations, together with the measured A414 (A2) values and

the logarithms of the association constants reported for the complexation of the cations by

dibenzo[24]crown-8 in water are listed in 7able 3.1. Considering the cavity size of
dibenzo[24]crown-8 (4.5 - 5 A [307, 308]) and the ionic radii reported in 7able 3.1, it can be
argued that the crown ether has the highest affinity for K™ and Cs*.

14 A4 is defined as the difference between the area per molecule observed on the metal ion-containing aq.
subphase and that observed on pure water (60 A? and 75 A2 for 35 and 36, respectively).
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Table 3.1 Variation of the molecular surface requirement as a function of the ionic radius (A) of
the cation dissolved in the subphase (anion = Cl™ in all cases).
Cation Radius (A) log(K3) A4 (A2) for 35 A4 (A2) for 36
Lit 0.76 a 0 3
Na* 1.02 225b 8 15
K* 1.38 3.49b 27 25
Cs* 1.67 3.78b 37 55

a Association constant not reported in literature.

b Association constant in MeOH at 25 °C [309].

In line with this trend, the spreading behavior of fullerene derivatives 35 and 36 improves
and the limiting area per molecule increases with the size of the ions present in the water
subphase, the best results being obtained with K™ and Cs*. The formation of complexes
between the crown ethers of 35 and 36 and the ions increases the hydrophilicity of the
cyclopolyether moieties and, consequently, the fullerene core is better anchored at the air-
water interface. In addition, complexation may cause an orientational or a conformational
change in the amphiphiles (cf. Figures 3.6 b and c), thus further hampering the strong
fullerene-fullerene aggregation and leading to the formation of less rigid monolayers.
Nevertheless, even the monolayers on aq. KCl and aq. CsCl subphases show an irreversible
character, evidencing that the crown ether complexes in both compounds are not bulky
enough to completely prevent close contacts between the fullerene cores of 35 and 36. The
higher A4 observed with Cst as compared to K* (Table 3.1) reflects the selectivity of the
crown ether for the different alkali-metal ions [48, 310-313] as shown from the complexation
constants [309, 314]. In the case of Lit which is much smaller than the cavity of the
dibenzo[24]crown-8, the monolayers of both 35 and 36 show the same behavior as on the
pure water subphase and no variation in the limiting molecular area (AA4) is observed (7able
3.1). Due to the strong fullerene-fullerene interactions, molecules can escape the water
subphase, leading to a three-dimensional aggregation and formation of multilayered films.
On a NaCl-containing subphase, variations in the molecular area requirements (A4, Table
3.1) were observed for both fullerene derivatives, although Na* ions are smaller than the
binding site of the macrocycle. This may be related to the formation of disodium complexes
which is well known for dibenzo[24]crown-8 (Figure 3.15). In this 2:1 complex, two Na

ions closely interact with one side of the macrocycle while the opposite oligoethylene glycol
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chain extends somewhat to relieve the charge repulsion between the two cations within the

cavity [289].

Figure 3.15  Geometry of the disodium complex of dibenzo[24]-crown-8, reported by Gokel.
[289].

In the case of the CaCl,-containing subphase, the variation in the molecular area (A4) is
smaller (2 A2 and 8 A2 for 35 and 36, respectively) than that measured on aq. NaCl, KCl, and
CsCl subphases. Although the high charge density of Ca*" (ca. twice that of Na") should
favor ion-dipole interactions with the lone pairs of the crown ether oxygen atoms, it is also
responsible for a strong solvation by water molecules, most of which need to be stripped off
during complexation. Besides, the lack of knowledge on the structure of the calcium
complex of dibenzo[24]crown-8 makes any prediction of the influence of Ca2* on the
spreading behavior of 35 and 36 difficult. On the other hand, taking into account the relation
between the complexation constant and the spreading behavior in the cases of the alkali
metals, we may simply hypothesize that the complexation of Ca2* by dibenzo[24]crown-8 in

water is rather weak! [287, 288].
34 Conclusion

Pristine Cg( does not form stable monolayers at the air-water interface due to its non-
amphiphilic character. On the basis of strong cohesive forces, the fullerene molecules
interact strongly with each other within the resulting Langmuir films which are extremely
rigid and their formation irreversible. Modification of the fullerene core with polar
headgroups affords surface-active derivatives that are able to form stable monolayers at the

air-water interface, provided the headgroups are bulky enough to prevent fullerene-fullerene

13 The association constant for the dibenzo[24]crown-8ecalcium(ir) complex is not reported in literature.
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aggregation. To this end, we prepared two fullerene derivatives bearing one (35) and two
(36) dibenzo[24]crown-8 ether moieties (Figure 3.7) that anchor the fullerene core to the
water subphase, thus improving their spreading behavior. In particular, we investigated the
effect of the complexation of metal cations by the dibenzo[24]crown-8 moieties on the film-
forming abilities of 35 and 36. The spreading behavior on pure water and on aqueous metal
salt solutions was studied by m-A4 isotherm measurements and the film morphologies
investigated by Brewster angle microscopy. The comparison between 35 and 36 suggests
that two crown ethers attached to the fullerene core improve its spreading behavior more than
one. In fact, on a pure water subphase, the limiting molecular area increases from 60 A2 (35)
to 72 A2 (36). Langmuir experiments performed with both derivatives on water subphases
containing LiCl, NaCl, KCl, CsCl, and CaCl; evidenced a correlation between ionic radii and
limiting molecular areas. Particularly large molecular area requirements were detected on aq.
KCI (35: 87 A2, 36: 100 A2) and aq. CsCl (35: 97 A2, 36: 120 A2) subphases which are both
larger than the theoretical value calculated for Cgo (86 A). This trend is paralleled by the
affinity of dibenzo[24]crown-8 for the used alkali metal ions and can be understood in terms
of a further enhancement of the hydrophilicity of the polar headgroups by complexation and,
therefore, a better anchoring of the studied molecules on the respective subphases. Na' and
CaZ" have almost the same ionic radius but lead to different spreading behaviors of 35 and 36
when present in the aq. subphase, which is probably related to their different charge densities

and different association constants with dibenzo[24]crown-8.
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4 Langmuir—Blodgett Multilayers of Porphyrin- and
[60]Fullerene-Containing Derivatives: Spectroscopic

Investigations

Photosynthetic systems contain ordered assemblies of porphyrin derivatives that may be
potentially useful as photoconductors [315, 316] and chemical sensors [317-321].
Consequently, the elucidation of the structural organization and photophysical properties of
porphyrin derivatives assembled in ordered molecular arrays is a topic of high current interest
[322]. In the past, the electronic and spectroscopic properties of porphyrins in thin solid
films were examined [323-325]. Since the proximity and relative orientation of natural
porphyrins in biological systems is very important for functions such as light-induced charge
separation and energy transduction, the Langmuir—Blodgett (LB) [92] method is widely used
as one of the most versatile techniques for fabricating organic thin films with well controlled
composition, structure, and thickness [326]

In this Chapter, we report Langmuir and Langmuir—Blodgett investigations of two porphyrin-
crown ether dyads, 42 and 43 (Figure 4.6), which differ only in the linker between the
hydrophobic (porphyrin) and hydrophilic (crown ether) part, and of the porphyrin-fullerene-
crown ether triad 44 (Figure 4.6).

The Chapter is divided into four Sections:

* Section 4.1 1s an introduction giving a general account of porphyrins, their structures
and photochemical properties.

*  Section 4.2 discusses Langmuir monolayers formed by amphiphilic porphyrins and
porphyrin-[60]fullerene dyads.

* Section 4.3 presents a comprehensive investigation of Langmuir—Blodgett layers of
porphyrin-crown ether conjugates 42 and 43 and of porphyrin-[60]fullerene-crown
ether conjugate 44 (the work presented in this Section is the fruit of a joint effort
with Dr. Jean-Louis Gallani at the CNRS, Strasbourg)

*  Section 4.4 gives a brief summary of the key findings of Section 4.3.
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4.1  General Account of Porphyrins

The name ‘porphyrin’ derives from the Greek “mopgvpoc” (porphuros) and has been
used to denominate the basic skeleton of a series of deep purple or red tetrapyrrolic
macrocycles [327]. These macrocycles, e.g. chlorins, bacteriochlorins, porphyrinogens,
protoporphyrins, represent an ubiquitous class of naturally occurring compounds. They
include many important biological representatives playing essential roles in various
biological processes such as electron transfer, oxygen transfer, and light energy harvesting
[328-331]. Two representative examples are heme and chlorophyll. Heme is an iron(Il)-
protoporphyrin-1X complex (Figure 4.1 a) which is the prosthetic group in hemoglobins and
myoglobins. The latter two biomolecules are responsible for oxygen transport and storage in
living tissues [4]. Chlorophylls (chlorophyll a: Figure 4.1 b) are the green photosynthetic
pigment that plays a key role in the transformation of solar (photonic) energy into chemical
energy during natural photosynthesis in which the energy absorbed by chlorophylls is used to

transform carbon dioxide and water into carbohydrates and oxygen [332, 333].

Figure 4.1 Structure of tetrapyrrolic macrocycles: a) heme and b) chlorophyll a.

The basic porphyrin skeleton consists of four pyrrole-type heterocycles interconnected by
four methine groups at positions 2 and 5 (Figure 4.1). This conjugated macrocycle includes

a perimeter with 18 zm-electrons which is aromatic according to Hiickel’s rule (4n + 2
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delocalized m-electrons, with n = 4) [334]. The UV-VIS absorption spectrum of a porphyrin
system exhibits very characteristic bands: i) the B band, also called Soret band, appears
between 380 and 420 nm and corresponds to a strong transition from the ground state to the
second excited state So — S; (e between 2 x 102 and 4 x 10> M~! cm™1), ii) the O bands
between 500 and 600 nm relate to the weak transition from the ground state to the first
excited state Sy — S; (g between 1.2 x 104 and 2 x 104 M~! cm~!). The B and Q band arise
from m-n* transitions and can be explained by considering the four frontier orbitals of the

porphyrin: two almost isoenergetic 7 orbitals (ajy and ap,) and two degenerate #* orbitals

(egx and egy).
S B or Soret
4 2 ‘
S €g %y b L Band

8oy J Q Bands
| SG T ! : %
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Figure 4.2  The four molecular orbitals explaining the absorption spectrum of a porphyrin
macrocycle, as reported by Anderson [335].

Supposing that the ajy — eg and apy — e transitions have the same energy and lead to two
almost coincident absorptions, the two bands mix together by a process known as
configurational interaction and resulting in two bands with very different intensities and
positions, as schematically shown in Figure 4.2. In particular, constructive interference leads
to the intense short-wavelength B band, while the weak long-wavelength O band result from
destructive combination [335]. Due to their distinctive optical and electrochemical
properties, porphyrins have been extensively studied to mimick biological functions [336,
337] or as sensing material for gas sensors [61, 338]. However, control over structural

organization at the molecular level is an essential requirement for molecular electronics
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applications or for assembling new materials mimicking the photosynthetic processes [54,
66]. Consequently, the arrangement of functional molecules and their relative orientation
play an important role for the efficiency of these molecular photodevices. Different
approaches can be taken to fix position and orientation of the porphyrins by incorporating
them into molecular assemblies. Among these, the Langmuir—Blodgett technique is one of
the most versatile methods [91, 339-344]. In the next Section, some elegant examples of

Langmuir—Blodgett layers of porphyrins are presented.
4.2 Thin Films of Porphyrin Derivatives

The first study of a monomolecular film of porphyrins (chlorophyll a and hemin) on a
water subphase was reported by Alexander [345]. He studied the spreading behavior of
different porphyrins at the air-water interface. From the observed area per molecule and the
general stability of the films, he concluded that the porphyrins were packed face-to-face and
oriented vertically with respect to the water subphase. Later on, Bergeron et al. [346]
observed that the absorption spectra of porphyrin monolayers differ from those recorded in
solution. In particular, a red-shift of the Soref band was observed. After these pioneering
studies, thin films of porphyrin derivatives have attracted considerable attention and many of
them have been investigated as Langmuir monolayers or LB films [339, 347, 348]. Most
Langmuir-Blodgett studies have been focused on the structural characterization of the layers
[340, 349]. Porphyrins without any functional modification, such as 5,10,15,20-
tetraphenylporphyrin [350], do not form high-quality LB films. This is due to their lack of
amphiphilicity and the attractive intermolecular m-7 interactions that cause strong
aggregation even at low surface pressure. Two main approaches are used to reduce this
aggregation and to enhance the amphiphilicity [351]: chemical modification of the
tetrapyrrolic ring and preparation of mixed monolayers formed by porphyrins in conjuction
with amphiphilic compounds. Porphyrins are often functionalized with hydrophilic groups to
enhance their amphiphilic character [352, 353].

In this context, Suslick and co-workers prepared a series of nitrophenyl- and
octadecanamidophenyl-substitued porphyrins 37 — 40 (Figure 4.3). They observed that the
area per molecule smoothly increases from 80 A2 (37) to 230 A2 (40) as the number of

aliphatic chains increases from 1 to 4.
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R4

37:R"=R?=R%=NO, R*=NHCOC7Hss
38: R"=R%2=NO, R%=R*=NHCOC;Hgs
39:R' = NO, R? =R3=R*=NHCOC{7Hgs
40: R' = R? = R3 = R* = NHCOC7H35

H3

Figure 4.3 Structure of amphiphilic porphyrins as reported by Suslick et al. [349].

The aliphatic chains seem to be the responsible for the packing density and the aggregation
between porphyrin rings that becomes less significant with increasing number of n-C17H3s
chains [349]. In the presence of only one such chain, the porphyrins get close enough to
interact with each other and porphyrin-porphyrin stacking occurs. Consequently, the area per
molecule is small and corresponds to a vertical orientation of the macrocycle with respect to
the water surface. As the number of peripheral octadecanamido groups increases, however,
the macrocycles must pack more loosely. The area per molecule increases and the observed
value seems to correspond to a parallel orientation of the porphyrins with respect to the water
surface [349]. This improves the quality of the monolayers by preventing the strong
interporphyrin interactions that cause formation of rigid and unstable films.

The second method used to prevent n-zm-stacking consists of spreading porphyrins together
with amphiphilic compounds in mixed monolayers [350, 354]. Li and co-workers reported
the formation of mixed monolayers of hemin (Figure 4.1 a) and n-octadecylamine (ODA)
(1:2) on a water subphase containing CdCl, [355]. The addition of Cd2* ions to the water
subphase should improve the spreading behavior of hemin due to the interaction with the

carboxylic acid functions in the porphyrin moieties. It was observed that the spreading

91



Chapter 4

behavior of the mixture hemin/ODA (curve b, Figure 4.4) differs strongly when compared to

that of pure hemin (curve a, Figure 4.4)16

50—

40—

30—

20—

10—

Surface Pressure (mN/m)

Area per Molecule (A?)

Figure 4.4 7-A Isothems of a) pure hemin and b) mixed hemin/ODA (1 : 2) monolayers on water
containing CdClp (104 M).

For the isotherm of pure hemin (curve a, Figure 4.4), the larger slope indicates a relatively
stronger interaction between hemin molecules which causes significant aggregation even
prior to the compression of the Langmuir monolayer. The area per molecule obtained (~ 50
A2) suggests a vertical orientation of the tetrapyrrolic ring. In case of the mixed monolayer
(hemin/ODA), the limiting molecular area of hemin can be obtained from the area of ODA
which is about 20 A2 and the molar ratio of hemin/ODA (1 : 2). The calculated result shows
that the molecular area of hemin in the mixed monolayer is ~ 40 A2, which is smaller than
that obtained for pure hemin. The authors suggested that this decrease in the molecular area
is due to the presence of ODA molecules. They are positioned between the hemin rings
decreasing the repulsive force between hemin molecules and causing them to pack more
densely [355].

These experiments illustrate that the orientation of porphyrins may be controlled within
monolayers, by changing the hydrophilic substituents which are responsible for anchoring the
tetrapyrrolic rings to the water subphase. For this reason, the LB technique was used to
prepare molecular systems designed to mimick the photosynthetic process (photoinduced

charge separation) in which the relative orientation of the different components is important.

16 The isotherms a (black curve) and b (magenta curve) were recorded in our laboratories by spreading a
solution of hemin in DMF (1.2 x 107> M) on pure water and on water containing CdCly (2 x 1074 M),
respectively. The results are in agreement with those reported in literature [355].
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Guldi and co-workers studied the spreading behavior of the fullerene-porphyrin (Ceo-NiP)
conjugate 41 reported in Figure 4.5 [356]. In this dyad, the tetraphenylporphyrin moiety acts

as electon donor and the fullerene as electron acceptor (cf. Section 3.1.2).

NHz* CF,CO0™

Figure 4.5 Structure of a fullerene-porphyrin dyad (41, Cgo-NiP) as reported by Guldi et al.
[356].

The authors prepared a Langmuir monolayer of 41 on water but the corresponding isotherm
displays a behavior typical for non-amphiphilic fullerene derivatives. The floating film is
rigid due to the high cohesive interactions between the carbon cages which predominate over
the favorable interactions of the -NH3* termini with the water subphase. Nevertheless, the
layers have been transferred from the water subphase to an ITO substrate by the Langmuir-
Schdifer 7 technique at several pressures (i.e. 2mN m~!, 10 mN m~!, 15 mN m~!, and 25 mN
m~1). The authors observed that the photocurrents increase notably with increasing surface
pressure, due to a closer packing of the dyad 41. The photocurrent is generated by electron
transfer from the tetrapyrrolic macrocycle to the fullerene core and from the fullerene moiety
to the ITO electrode. In the presence of oxygen, the photocurrent increases three times due
to the reduction of oxygen and consequent formation of oxide radical anion that acts as a

very mobile electron carrier to transport the negative charge to the ITO electrode.

17 This method, consisting of horizontal depositions, is useful for the transfer of a very rigid film. A flat
substrate 1s placed horizontally on the floating monolayer film. When the substrate is lifted from the water
subphase, the monolayer is transferred to the solid substrate, keeping the molecules in their original orientation

2.
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4.3  Langmuir-Blodgett Investigations of Porphyrin Derivatives

Taking into account the general properties of porphyrin monolayers (vide supra), we
decided to study the spreading behavior of porphyrin derivatives 42, 43, and 44 bearing
crown ethers as pendant hydrophilic headgroups (Figure 4.6) [357]. Similar to conjugate 41,

LB multilayers of derivative 44 appear promising in view of their potential photoinduced

O
Ar

MeOOC O

charge-separation properties.

60 o\)oj A N g\o SN

42 o] 0

Ar=

43 44

Figure 4.6 Structures of porphyrin-crown ether dyads 42 and 43, and of porphyrin-crown ether-
fullerene triad 44 [357].

43.1 Porphyrin-Crown Ether Derivative 4 2 : Langmuir and
Langmuir—Blodgett Films

Because of the relatively high affinity of dibenzo[24]crown-8 for the larger alkali metal
ions (see Section 3.3), Langmuir investigations of conjugate 42 were performed on pure
water (Figure 4.7, black curve), on 1M aq. KCI (blue curve) and on 1M aq. CsCl (green
curve) subphases. The extrapolation of the linear part of the three isotherms to zero pressure
gives mean molecular areas of a) 85 A2, b) 110 A2, and c) 137 A2, The differences among

these values suggests that the presence of K* in the water subphase improves the spreading
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behavior of 42 less, compared to Cs* in which case the observed molecular area requirement
is significantly larger. This is further evidence for the selectivity of dibenzo[24]crown-8

within the alkali metal ion series.
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Figure4.7 Surface pressure—area isotherms of porphyrin derivative 42 recorded a) on pure

water, and on aqueous subphases containing b) KCl, and ¢) CsCL

The increase in the area per molecule related to the presence of K™ and Cs™ ions in the water
subphase confirms that the crown ether adopts a more extended conformation (see Section
3.2.2) upon coordination with the alkali metal ions (Section 3.3). The porphyrin rings can
assume different orientations at the air-water interface: They can either stand vertically on the
water surface (“edge-on”) or they can lie horizontally on it (“face-on”) with molecular area
requirements of =70 A2 and =170 A2, respectively [349, 358, 359]. The molecular area value
obtained for 42 on pure water suggests that the orientation of the porphyrin ring is slightly
tilted with regard to the vertical position.

Isotherm a in Figure 4.7 shows a phase transition around 25 mN m~! which suggests a
change in the orientation of the porphyrin ring from a nearly horizontal to a nearly vertical
position during compression [354, 359-361]. This change may be related to n-n interactions
between macrocyclic rings. At low pressure, the porphyrins are not close enough to strongly

interact with their neighbors. At higher pressures, the porphyrins sense each other and the

95



Chapter 4

strong interaction causes a change in orientation. Surface potential measurements!'® confirm
the reorientation of the porphyrin units within the monolayer [359, 360]. Figure 4.8 shows
the surface pressure—area isotherm (solid curve) and the surface potential as a function of the
area per molecule (dotted curve) recorded during the compression of a monolayer of 42 on a

pure water subphase.
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Figure 4.8 Surface potential difference AV (dotted curve) and n—A4 isotherm (solid curve) as

functions of the mean molecular area measured for porphyrin derivative 42 during the
compression of a Langmuir layer on pure water.

The surface potential difference curve shows two distinctive points, a and b, that correspond
to a clear change in its slope. These two points also correspond to the phase transitions
observed in the 7—A 1sotherm, suggesting an orientational change of the porphyrin moieties.
Approximating the molecule to a cylinder, the height / of the latter is given by the following
expression (equation 4.7) [121]:

h=Mw (NapA)~! [Al (D)

where My is the molecular weight (g mol~1), Na is the Avogadro number (mol-1), p is the

density (ca. 1 g cm=3 for organic molecules), and 4 is the area per molecule (A2).

18 The surface potential technique is a non-destructive powerful tool to measure the potential variations at the
air-water interface. The surface potential difference AV of a floating monolayer is defined as the difference in
potential between a monolayer-covered surface and a clean water surface [362].
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By using equation 4./, the height values calculated for the two distinctive points (Figure 4.8)
are 14 A (a) and 22 A (b). These correspond to the values obtained from theoretical
calculations performed using PM3 (implemented in the Spartan SGI version 5.1.3 [174]) for
the tetrapyrrolic macrocycle of 42 when vertically (4 = 25 A) or horizontally arranged (h =
12 A) on the aqueous subphase. These two values suggest that the porphyrin planes change
orientation from parallel to almost perpendicular to the water subphase during the

compression of the monolayer, thus forming a well-packed and uniform monolayer (see

picture 8 in Figure 4.9)
1

Figure 4.9 BAM images of a monolayer of porphyrin-crown ether conjugate 42 on pure water,
compressed at 1) 0.1 mN m1,2) 0.1 mN m!, 3) 0.3 mN m!, 4) 0.5 mNm, 5)0.7
mNm? 6)1.8mNm?! 7) I0mNm7, and 8) 15 mNm.

The morphology of the monolayers of 42 during compression was investigated by BAM
(Figure 4.9). In all pictures, the bright zones correspond to the monolayer, while the dark
zones, where no reflection occurs, correspond to the water subphase. Pictures 1 and 2
(Figure 4.9) show the monolayer after the spreading of 42 (CHCl3, 10~4 M), before
compression. They show that the porphyrin derivative 42 has a tendency to self-aggregate.
Pictures 3 and 4, taken at 0.3 and 0.5 mN m~!, respectively, confirm that the molecules are
not uniformly distributed but clustered in domains. Under increasing pressure, these clusters
eventually coalesce into broader and larger domains (pictures 5, 6, and 7). The only

perceptible variation in these images is the monotonous and continuous contraction of the
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black areas up to the point of their disappearance and the generation of a uniform and
condensed layer on the water subphase (picture 8). The monolayer shows a strong hysteresis
effect: The molecules “remember” the close-packing of the condensed phase and do not
separate upon expansion.

Nevertheless, the monolayer was successfully transferred onto a glass support at a pressure of
20 mN m~l. The transfer occurred during the upstroke movement, suggesting a Z-type
deposition (Section 1.3.3) for the LB multilayers [363].

The UV-VIS analysis of porphyrin derivative 42 in LB films (dotted line) reveals a
considerable red-shift of the Soret band (B) and the O-band in comparison to the spectra
recorded in solution (CHCIl3) (solid line) (Figure 4.10).
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Figure 4.10  UV-VIS spectra of porphyrin derivative 42 in CHCl3 solution (solid curve) and on a
solid support (glass; 11 LB layers) (dotted curve). Inset: UV-VIS spectra of a) 1 LB
layer, b) 5 LB layers, and ¢) 11 LB layers.

This shift is indicative of strong intermolecular interactions within the film. The location of
the B- and (O-bands remains the same for films with differing numbers of layers (see insef in
Figure 4.10). This implies that the interactions exist within rather than between layers. On
the other hand, the absorption intensity decreases with increasing number of layers,
confirming the difficult deposition of the layers and removal rather than addion of molecules

upon deposition of new layers. The transfer ratio which measures the quality of the LB
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layers (Section 1.1.3) is close to 0.5 for the first deposition but rapidly decreases to zero after
eleven depositions.

Band splitting in the absorption spectra of LB films with aggregated species, relative to the
“monomeric” absorptions of spectra in solution, is mostly interpreted by the exciton model
developed by Kasha et al. [364]. 1t predicts that the shifting of absorption bands in weakly
coupled electronic systems is caused by interactions between localized transition dipole
moments. The shifting is determined by the center-to-center distance between interacting
dipoles, their relative orientation, the oscillator strength of the transition of the monomer, and
the number of monomers in the domains [365]. The simplest possible domain is a dimer for

which the transition energies to the exciton-split states are given by equation 4.2:

Edimer = Emonomer T D £ € (4-2 )

where Emonomer 18 the transition energy of the monomer species, D is a dispersion energy
term and reflects the change in environment on the transition from monomer to oligomer, and
¢ 1s the exciton interaction energy, which is related to the magnitude of the transition
moment, the geometry of the aggregate, and the angle between the transition dipoles and a
line connecting the centers of the dipoles [348, 352]. A schematic energy diagram for this
situation is shown in Figure 4.11, where E 1s the energy of the ground state, F the energy of
the excited state, and £’ and £’ are the energy levels arising from the splitting of £ as a result

of the exciton interaction between monomers.

a) Blue-Shift b) Red-Shift c¢) Band-splitting

EG ! EG

EG :
Monomer Dimer Monomer Dimer Monomer Dimer

Figure 4.11 Schematic representation of exciton splitting in a) a parallel dimer, b) a head-to-tail
dimer, and c) an oblique dimer, as reported by Kasha [366)].
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Kasha predicted that in the case of a parallel dimer (Figure 4.11 a), the exciton energy
displacement is electrostatically repulsive for the two in-phase dipole vectors. Then, the
energy level E of the dimer is raised. The out-of-phase transition moment array is attractive
and, consequently, the energy level E’ is lowered. For the parallel dimer, the vector sum for
E"” is finite and equal to the sum of the two transition moments, whereas for E’ the vector
sum of the two transition moments is zero. Consequently, the only allowed transition is E —
E"" and the absorption spectrum appears blue-shifted. For the head-to tail dimer (Figure 4.11
b), the in-phase arrangement of the transition dipoles leads to a finite vector sum, whereas for
the out-of-plane arrangement the vector sum is zero. The transition to the lower exciton state
is allowed, that to the upper state forbidden (Figure 4.11 b), and the absorption of the dimer
will be red-shifted. In the case of an oblique geometry (Figure 4.11 c), both excited states
become allowed in the dimer with intensities depending on the angular relation between
transition moments 1 and 2. In such cases a band splitting is expected relative to the single
electronic transition of the monomer [364, 366].

Taking into account these considerations, the most plausible structural model for the LB
films of 42 that is consistent with the UV-VIS data and the molecular area measurements!®,
corresponds to J-aggregates?® [369, 370] of offset porphyrins [353, 363] tilted by an angle 6
with respect to the monolayer normal [371]. This arrangement may explain the
bathochromic shift and the little shoulder of the Soref band (Figure 4.10). The extent of the
shift linearly depends on five factors: (1) the degree of aggregation, (2) the interplanar
distance, (3) the relative orientation of the monomers in the aggregate, including the tilt angle
of the molecular stack, and (4) the electronic transition probabilities [353, 372]. Considering
the large red-shift (56 nm), compared to those reported in literature (~ 20 nm [348, 352,
371]), in the according LB layers, we may hypothesize that the distance between the
porphyrin units of 42 is small and the degree of aggregation is high. Emission studies reveal a
fluorescence quenching for the aggregates of conjugate 42. The fluorescence of a solid film
or monolayer is usually quenched relative to that of the monomer [373]. The degree of
quenching is directly related to the extent of aggregation of the molecules in the layer [373].
This correlation is attributed to an increase in the number of available vibrational modes

which leads to an enhanced rate of internal conversion.

19 The molecular arrangement is supposed not to undergo a substantial change upon transfer from the air-water
interface to the solid support.
20 The monomers form a face-to-face array [354, 367, 368].
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432 Porphyrin-Crown Ether Derivative 4 3 : Langmuir and
Langmuir—Blodgett Films

Monolayers of conjugate 43 were prepared similarly to those of 42 by spreading a
solution (CHCl3, 4.3 x 104 M) of the dyad on pure water and on 1M aq. KCl and 1M aq.
CsCl subphases. Figure 4.12 shows the n—A4 isotherms of 43 on pure water (black curve) and
in the presence of KCl (blue curve) or CsCl (green curve). Limiting molecular areas of 125
A2 154 A2 and 160 A2 were obtained for pure water, aq. KCI, and aq. CsCl subphases,
respectively. These values suggest that the presence of KCI and CsCl in the subphase
changes the amphiphilic characteristics of conjugate 43 less dramatically than those of 42.
This may be due to the flexible malonate linker between the hydrophobic (porphyrin) and
hydrophilic (crown-ether) moieties, allowing the porphyrin to adopt the same orientation

under all conditions.
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Figure 4.12  Surface pressure—arca isotherms of porphyrin-crown ether conjugate 43 recorded a)
on pure water and on aqueous subphases containing b) KCl (1M), and ¢) CsCl (1M).

The planes of the porphyrin macrocycles appear to be nearly parallel to the water subphase,
diminishing the porphyrin-porphyrin stacking. Indeed, the molecular area occupied by
derivative 43 is generally larger than in the case of 42 although still smaller than the
theoretical value (=170 A2) expected for a porphyrin lying flat on water subphase. At low
pressure, the porphyrin of conjugate 42 is oriented parallel to the water surface and its area

requirement 1s predominant compared to the crown ether. Under compression, the molecules
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get into closer contact and due to porphyrin-porphyrin interactions, the tetrapyrrole
macrocycle changes orientation from parallel to tilted with respect to the normal at the air-
water interface, and the molecular area requirement of the crown ether becomes predominant.
Complexation of the metal ions, which involves a conformational change of the crown ether,
shows a more pronounced effect than in case of the porphyrin-crown ether conjugate 43. In
fact, the porphyrin unit of 43 does not change orientation dramatically and its plane stays
nearly parallel to the water surface during the whole compression. As a result, the area
occupied by the nearly horizontal porphyrin of 43 is larger than the area of the crown ether
regardless of whether alkali metal ions are present or absent in the subphase. But in case of
derivative 42 the area occupied by one molecule strictly depends on the orientation of the
porphyrin. Therefore, the complexation alters the spreading behavior of derivative 43 to a
lesser extent as compared to 42. Compression/expansion cycles reveal that the monolayer of

43 is completely reversible, even though it is not homogeneous, as shown in Figure 4.13.

Figure 413 ~ BAM images of porphyrin-crown ether conjugate 43 at 1) 0.2 mN m!, 2) 0.4 mN
m13)07mNm! 4) . lmNm!52mNm! 6)34mNm?! 7)5mNm! and
8) 10 mN m1.

BAM investigations reveal that after spreading, the monolayer is biphasic (Figure 4.13,
picture 1). The liquid-expanded phase, corresponding to a relatively low density of
molecules, appears in grey. The condensed domains are bright because of the higher

reflectivity associated with the higher surface density (see Section 1.3.4.1) and the dark areas
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correspond to the water subphase. The morphology of the monolayer does not change during
compression (pictures 2 - 4) and the coexistence of two phases is observed up to a pressure of
10 mN m~!. At this pressure, only the condensed phase is present as small domains floating
in the water subphase (picture 8). During compression (pictures 1 - 8), the concentration of
these bright solid domains increases but no coalescence is observed. The monolayer does not
appear homogeneous at the collapse pressure. Generally, the morphology of the floating film
does not appear to be very sensitive to variations in surface pressure.

At a surface pressure of 15 mN m~!, the monolayers were transferred to a glass support, but
only during the upstroke movement which led to the formation of Z-type LB multilayers.
The UV-VIS analysis of the LB multilayers (Figure 4.14) reveals a similar situation as in the
case of derivative 42: the absorption intensity decreases as the number of layers () increases

on the transition from n =1 (a) ton =5 (b) (see inser).

08 = GaE
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Figure 4.14  UV-VIS spectra of porphyrin-crown ether conjugate 43 in CHCI3 solution (solid
curve) and on a glass support (11 LB layers) (dotted curve). Inset: UV-VIS spectra
of a) 1 LB layer, b) 5 LB layers, and c¢) 11 LB layers.

After five layers, the intensity does not change significantly, showing that layers may be lost
in the water subphase during the downstroke movement when no deposition is observed.
Nevertheless, even a transfer ratio < 0.5 evidences monolayer transfer to the glass support up

to the eleventh layer, after which the transfer ratio drops almost to zero.
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In analogy to conjugate 42, the B and Q-bands of the LB layers of 43 are red-shifted relative
to the absorptions of monomeric 43 (CHCl3) (Figure 4.14).

The Soret band of the LB multilayer of porphyrin conjugate 43 is split into two components
whereas the Q-band remains a single feature (Figure 4.14). The analysis of exciton
interactions suggests that the Soret band splitting is due to an oblique geometry (cf. Figure
4.11). Since exciton splittings are proportional to the oscillator strength of the corresponding
electronic transition, the B-state exciton interactions will be much larger than Q-state
interactions [374].

Nevertheless, the observed red-shift is less pronounced for conjugate 43 as compared to 42, a
fact related to the different structures of their aggregates. The frequency shift of the
absorption peak of an aggregate relative to the monomer is inversely proportional to the cube
of the distance between individual molecules [349].

In molecule 42, the lack of a linker, such as malonate (cf. 43), between the porphyrin and the
crown ether restricts the conformational mobility and forces the molecules closer to each
other. Consequently, they pack more efficiently [347, 373, 375, 376], leading to the
formation of “rigid” Langmuir and Langmuir-Blodgett layers. The isotherms of both
derivatives recorded on pure water (isotherms a in Figures 4.7 and 4.12) reveal that the
“rigidity” of the film becomes less pronounced as the length of the linker between the
porphyrin and the crown ether increases. Thus, derivative 42 shows a more solid-like
behavior, while the Langmuir tilm of 43 is more fluid [348].

This is clearly reflected by the decreasing steepness in the slope [348] of the isotherms of
conjugate 43 as compared to those of 42. This effect is commonly expressed by the

compressibility a [94], which is defined as follows (equation 4.5):

o= A1 (8A/om)T [mmN-1]  (43)

where A4 is the area per molecule, 7 the surface pressure, and 7' the temperature of the

subphase. The compressibilities of 42 and 43 are included in 7Table 4.1.
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Table 4.1 Position of the Soret band of conjugates 42 and 43 (LB films) as a function of the
limiting area per molecule, compressibility of the isotherm (water), and transfer type of LB layers.
Compound  Limiting area per o (m mN-1) Type of Amax (nm) Amax (nm)
2 transf
molecule (A%) ansier (CHCL3) (11 LB layers)
42 85 0.00564 Z 420 476
43 125 0.00702 Z 420 428

For LB layers of 42 and 43, the red-shift of the Soref band amounts to 56 nm and 8 nm,
respectively (Table 1), when compared to solution (CHCI3) spectra. This shift reflects better
a packing of 42, related to the better stacking of the porphyrin in this conjugate.

The structural quality of one LB monolayer of derivative 43 was investigated by grazing
incidence X-ray diffraction (Section 1.1.4.2). Figure 4.15 shows the diffraction pattern of

one LB monolayer.

1E7
o data points
— fifted curve
1000000
100000

20 / degrees

Figure 4.15 X-ray diffraction of one LB layer of porphyrin derivative 43.

The monomolecular film shows only two Kiessig fringes (Section 1.1.4.2), for which the best
mathematical fit (red curve) gives a thickness of 27.3 + 1 A and a roughness of about 2.7 A.

Unfortunately, it was impossible to investigate the quality of a LB layer of 42 by grazing
incidence X-ray diffraction because of the difficult transfer onto a solid support, confirming

the rigidity of the monolayer.
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43.3 Porphyrin-Crown Ether-Fullerene Conjugate 44 : Langmuir and
Langmuir—Blodgett Films

Porphyrin-fullerene conjugates are efficient artificial donor-acceptor (DA) systems due
to the small reorganization energies associated with photoinduced electron-transfer reactions
between them [32, 58, 377-380]. For this reason, they were proposed for applications in
molecular electronics and as key components of artificial photosynthetic systems [57, 381,
382]. The photochemistry of such systems has mainly been studied in solution [357, 383]
and solid phase [384, 385] revealing unusual short porphyrin-fullerene distances. The close
proximity of the porphyrin and fullerene moieties results in the formation of an emitting
charge-transfer (CT) state (Chapter 5). This manifests itself by the appearance of a new
emission in the near infrared (NIR) region between 800 and 900 nm [357, 386, 387]. The
transition from a solution to a solid phase may change the electron transfer (ET) properties of
the compounds. This is related to a new rigid environment which restricts the reorganization
of the compounds and the high density of chromophores which reinforces the intermolecular
interactions [381]. Motivated by these findings, we decided to study the solid films of
molecule 44 by using the Langmuir—Blodgett technique [377].

Figure 4.16 shows the n—4 isotherms of compound 44 on pure water (black curve), on 1M

aq. KCI (blue curve), and on 1M aq. CsCl (green curve) subphases.
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Figure 416  Surface pressure—area isotherms of conjugate 44 recorded a) on pure water and on
water subphases containing b) KCl (1 M), and ¢) CsCI (1 M).
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The molecular area requirements, obtained by extrapolating the isotherms to zero pressure,
are 145 A2 on pure water and 180 A2 and 240 A2 on aq. KCI and aq. CsCl subphases,
respectively. The latter values evidence a strong influence of both alkali metal salts on the
spreading behavior of 44. This effect is significantly more pronounced with conjugate 44
than with the other porphyrin derivatives (42 and 43) because of the presence of the fullerene
core. The fullerene increases the hydrophobic character of the molecule and consequently
shifts the balance between the hydrophilicity and hydrophobicity, which is responsible for the
formation of stable monolayers at the air-water interface, in an unfavorable way. This can be
at least partially compensated by coordination of the crown ether moiety to alkali metal ions,
thereby increasing its hydrophilicity and better anchoring the molecule in the water subphase.
This balance may also explain the previously observed reduced influence of alkali metal ions
on the spreading behavior of derivative 43 which lacks the fullerene unit. The increase in the
molecular area requirement on the transition from aq. KCI to aq. CsCl subphases is
understandable when considering the selectivity of dibenzo[24]crown-8 for the various alkali
metal ions as observed in other cases of fullerene-ionophore conjugates (Section 3.3).

The n—A isotherms of derivative 44 (Figure 4.16) did not show any variation in the slope that
would suggest a flipping of the porphyrin moiety. The limiting area per molecule observed
on pure water suggests that the porphyrin sits tangentially atop the fullerene in a nearly
parallel orientation with respect to the air-water interphase. This conformation benefits from
favorable fullerene-porphyrin interactions and was found in other conjugates including these
moieties and 1s also most apt to electron transfer between the donor and acceptor [357, 386].
Monolayers of 44 could be transferred to a glass support to form LB multilayers. Transfer
was possible during upstroke and downstroke movements and the resulting multilayers were
Y-type. Transfer ratios were close to 0.5 for the first two depositions but, similar to the cases
of 42 and 43, decreased progressively to reach zero after eleven depositions. The structure of
a single LB layer, transferred at a surface pressure of 15 mN m~! was investigated by
grazing incidence X-ray diffraction (Figure 4.17). The best mathematical fit (red curve) of
the grazing incidence X-ray diffraction pattern gives a thickness of 37.3 + 1 A and a
roughness of ~4.6 A. The estimated value of the thickness of a layer of conjugate 43 is 27.3
+ 1A, 10 A less than the measured value for 44, which corresponds exactly to the diameter

of Cegp.
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Figure 4.17
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X-Ray diffraction of one LB layer of porphyrin-fullerene-crown ether conjugate 44.

Considering the X-ray analysis, the red-shift of the Soref band, and the presence of fullerene

which locks the porphyrin in horizontal position, we propose that the porphyrin-fullerene-

crown ether conjugate adopts the molecular arrangement shown in Figure 4.18 a. This

arrangement and the above X-ray diffraction results for 43 (cf. Section 4.3.2 and Figure

4.15), suggest that this porphyrin-cown ether conjugate adopts the same conformation as

derivative 44 in a LB layer (Figure 4.18 b).
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Figure 4.18

Schematic illustration of the arrangement of a) compound 44 and b) compound 43
within a LB monolayer on a glass support.
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Nevertheless, the difference in the thicknesses suggests that the malonate is folded and the
height of the conjugate 43 shorter by 10 A compared to conjugate 44.

The UV-VIS-spectrosopic analysis of a LB film of 44 (Figure 4.19) reveals a red-shift of the
Soret band relative to the solution spectrum (CHCI3) as in the case of derivatives 42 and 43
(Figures 4.10 and 4.13). This red-shift suggests J-type aggregation [354, 367, 368]. The B-
band is further red-shifted (14 nm) with respect to conjugate 43 (8 nm), indicating an
additional intermolecular interaction between the porphyrin and the Cgp moieties in the LB
films of 44 [357, 377, 381, 383]. The absorption intensity, as previously observed with the
other two porphyrin derivatives (42 and 43), decreases with increased number of deposited
layers of 44 (see inset of Figure 4.20). As in the case of derivative 43, the decrease in the
absorption intensity is remarkable on going from n =1 to n = 5, but after five layers little
change is recorded. This is in agreement with the transfer ratio which decreases with
increasing number of deposited layers and with the loss of deposited molecules in subsequent

dipping cycles.
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Figure 4.19  UV-VIS spectra of porphyrin-fullerene-crown ether 44 in CHCIl3 solution (solid
curve) and on a glass support (dotted curve). Inset: UV-VIS spectra of a) 1 LB film,
b) 5 LB films, and ¢) 11 LB films.

The compressibility values (7able 4.2) show that in the case of conjugate 44, the molecules
are well packed to form more ordered and better aggregated monolayers when compared to

43. The isotherm of molecule 44 (isotherm a, Figure 4.16) appears steeper than that of 43
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(isotherm a, Figure 4.12). This is probably due to the presence of the hydrophopic fullerene,

which results in a more rigid monolayer.

Table 4.2 Red-shift of the Soret band as a function of the limiting area per molecule, the
compressibility (o) of the isotherm, and the transfer type of LB layers.

Compound  Limiting area per o (m mN 1) Type of Amax (nm) Amax (nm)
2 transf
molecule (A%) ansier (CHCL3) 11 LB layers
43 125 0.00702 4 420 428
44 145 0.00603 Y 420 434

44 Conclusion

Porphyrin derivatives 42, 43, and 44 form stable monolayers at the air-water interface
due to the presence of the hydrophilic dibenzo[24]crown-8 ether moiety. The spreading
behavior of all derivatives, in particular of conjugate 44, is improved by addition of KCI (1M)
and CsCl (1M) to the water subphase. The selectivity of the crown ether for the different
alkali metal ions favors a larger increase of the area per molecule in the case of CsCl,
compared to KCI.

LB multilayers on glass slides could be obtained with all three conjugates (42-44). They
evidenced that the transfer of Langmuir monolayers of complex molecules from a liquid to a
condensed phase brings about new inter- and intramolecular interactions resulting in new
types of conformers or associates. These formations can dramatically change the
photochemical behavior of the compounds as compared to solutions. In the cases of 42-44,
the absorption spectra of single LB layers evidenced a bathochromic shift of the porphyrin-
centered B- and (J-bands.

We observed that the presence of a spacer between the crown ether and the porphyrin
changes the spreading behavior of the molecules, making the resulting monolayer less rigid.
Moreover, the isotherm of the spacerless molecule 42 (black curve in Figure 4.7) is steeper
than that of molecule 43 which includes a malonate spacer (black curve in Figure 4.12). The
different packing of the monolayer explains the larger UV-VIS red-shifts observed for
conjugate 42. The Soret band is bathochromically shifted as the porphyrin-porphyrin
stacking increases [347, 375, 376]. The isotherms obtained for molecules 42 and 43
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(isotherm a in Figures 4.6 and 4.12, respectively) during the compression of the monolayers
show a transition phase which suggests that, especially in case of 42, the molecules undergo a
slow rearrangement [373]. The spreading behavior of conjugate 44 shows a particularly
strong dependence of the presence of alkali metal ions in the water subphase. Even if the
porphyrin is locked atop the fullerene at some distance from the water surface, the
complexation of the crown ether by alkali metal ions has a stronger effect as compared to
dyad 43 in which case the orientation of the porphyrin moiety is influenced by its interactions
with the subphase. This apparent contradiction can be resolved by considering that the
fullerene dramatically increases the hydrophobic character of the molecule and the
coordination of the crown ether with K™ or Cs* is needed to reestablish a more favorable
balance between hydrophilicity and hydrophobicity. In the solid state (LB film), derivative
44 shows red-shifts of the Soret and O-bands which are larger than in the case of dyad 43
(Av(Soret) = 14 nm and 8 nm, respectively), because of the additional interactions between
the fullerene core and the porphyrin macrocycle. In accord with the low transfer ratios and
the rather poor quality of all LB multilayers, the absorption intensities decrease upon
successive depositions (in fact, previously deposited molecules are lost in subsequent dipping
cycles). Upon depositing further layers no additional red-shifting of the Soret band was
observed, suggesting that the exciton interactions are related to intralayer rather than

interlayer interactions.
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S Towards Novel Fullerene-porphyrin Architectures:
Attempted Synthesis of Fullerene-sandwiching Macrocyclic

Bis(Metallo Porphyrin) and Porphyrin-Crown Ether

The photosynthetic system is regarded as the most elaborate nanoscale biological
machine in nature [388-391]. It converts solar energy into chemical energy by way of two
basic photochemical processes: The absorption of light of the appropriate wavelength by
ensembles of light-harvesting chromophores and the photoinduced electron transfer between
donor and acceptor molecules as a result of the photoexcitation of the donor components
(chromophores).

The photoexcitation process consists of a transition from the lowest vibrational level (called
the zero-point) of the electronic ground state to a higher-energy electronic level via a vertical
transition (Franck-Condon transition). After initial population of the higher excited states,
the system often relaxes rapidly (10-11-10-13 s) to the first excited state. The necessary
energy release can be accomplished by different pathways which can be classified as
radiative (i.e., the transition to the lower states by light emission), non-radiative (i.e., the
transition to the lower states involves a release of translational, vibrational, and rotational
energy), and quenching (i.e., the deactivation of an excited sensitizer involves an external
component, called quencher). The quenching process consists of an energy or electron
transfer between a sensitizer and a quencher which can be separated or attached to each other
via a flexible or rigid spacer. In the case of energy transfer, a donor molecule in an
electronically excited state, D*, may transfer its energy to an acceptor molecule, A. In the
course of the process illustrated in Scheme 5.1, D* is being deactivated and the excited state

A* is produced:
D*+A—=D+ A* ken (0D

where D and A are the energy donor and acceptor, respectively, and kg is the rate constant
for the transfer [392]. In the electron transfer process illustrated by Schemes 5.2 and 5.3, the
excited states operate as an electron donor or acceptor leading to the formation of an ion pair

which is often called a charge-separated intermediate:
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Dt + AM + jy — D% + Am — D+l 4 Am-] ket (5.2) or

DI + AM + jy — D0 4+ Am* — D+l 4 Am-1 ket (3.3)

where m and » indicate the charges of the molecules in the ground state, Av is the energy
necessary to excite the species, and kg7 the rate constant of electron transfer [393]. The
energy and electron transfer processes generally require orbital overlap which needs short
intermolecular distances between the reactants and also a good selection of the donor-
acceptor pair [392]. These requirements accelerate photoinduced charge separation and
retard charge recombination. In addition, the donor should efficiently harvest visible light
(400-800 nm), which corresponds to the main region of the solar spectrum. Examples of
good electron-donors are the porphyrins which can be covalently linked to electron acceptors
such as quinones, aromatic imides, and fullerenes [57, 394-396]. Excitation of a porphyrin
moiety is followed by photoinduced electron transfer to a nearby acceptor group to generate a
charge-separated state. In particular, dyads consisting of a tightly bound porphyrin and
fullerene evidenced exceptional photochemical behavior [397]. With its strong electron-
accepting properties [241, 242, 245], [60]fullerene is one of the most popular molecular
moieties that have been incorporated in molecular dyads [57, 398]. A variety of systems
containing a porphyrin attached to Cgp by a single linker have been prepared [38, 380, 399-
405].

Recently, Diederich and coworkers [386] prepared two interesting photosynthetic model
systems: One (45) consists of the tetrapyrrolic macrocycle doubly attached to the Cg core,
and the other system (46) consists of two fullerene cores appended to a single porphyrin. It
was observed that both porphyrin conjugates have similar photophysical and electrochemical
properties. In particular, upon light excitation, both the porphyrin- and the fullerene-centered
excited states are deactivated to a lower-lying charge transfer (CT) state, emitting in the NIR

spectral region.
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Figure 5.1 Fullerene-porphyrin conjugates reported by Diederich et al. [383, 386].

The spectroscopic observations suggest that a tight donor-acceptor distance can be
established not only in bridged cyclophane-type structures (45) but also in singly-linked
conjugates such as 46, by taking advantage of the generally strong fullerene-porphyrin
interactions [357, 386].

As an extension of this work, we decided to prepare the Cgp-porphyrin triad 47, with the
trans-1 bis-adduct of Ce bearing a porphyrin moiety on each side of the carbon sphere

(Figure 5.2).

Hex Hex

47

Figure 5.2 Targeted bisporphyrin-fullerene conjugate 47.
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This Chapter is a description of the attempts toward the preparation of bisporphyrin-fullerene

derivative 47.
5.1 Attempted Preparation of Porphyrin-containing Macrocycles
5.1.1 Synthesis of porphyrin 48.

The first stage toward the synthesis of bisporphyrin-fullerene conjugate 47 is the
synthesis of the tetrapyrrolic macrocycle 48, which can be prepared in six steps (Scheme 5.3)
[406]. The synthesis started with the preparation of compounds 49 [324] and 50 [407]
according to literature protocols. Reaction of 49 with 50 in the presence of Zn and AcOH
afforded tetrasubstituted pyrrole 51 in good yield (50%) [408]. Oxidation and esterification
of methylpyrrole 51 with Pb(OAc)s4 in AcOH yielded acetate 52 [409], which was further
transformed to dipyrrylmethane 53 by treatment with EtOH and HClgopne [409].
Saponification of 53 with EtOH in the presence of 10% aq. NaOH and subsequent
decarboxylation by heating to reflux in ethanolamine yielded dipyrrylmethane 54 [410].
Aldehyde S5, prepared according to a literature procedure [411], was reacted with
dipyrrylmethane 54 following Lindsey’s protocol [412] in the presence of CI3CCOOH to
yield, after oxidation with p-chloranil, the desired porphyrin derivative 56 in good yield
(40%) [406]. The regioselectivity in the macrocyclization reaction is quite high due to the
absence of a phenyl substituent in meso position of dipyrrylmethane 54 which avoids
scrambling?! [416]. The purification of 56 proceeded quite smoothly by single-step column
chromatography on SiO; with a mixture CHCl2/AcOEt (9 : 1) as eluent. Malonic acid
monoester 57 was obtained by reacting Meldrum’s acid with tert-BuOH [417]. Diol 56 was
transformed into tetraester 48 by reaction with fert-butyl hydrogen malonate (57) in the

presence of DCC and DMAP as condensation agents in DMF at room temperature.

21 The scrambling process is a phenomenon related to the reversibility of the porphyrinogen formation which
leads to rearrangements among the substituents and, consequently, to formation of isomeric porphyrins. The
scrambling is a consequence of two processes: 1) acidolysis (retro-condensation) of the dipyrrylmethanes and i1)
recombination (re-condensation) of the fragments leading to isomeric mixtures. In the above-discussed
example, the use of dipyrrylmethane 54 in the cyclization reaction inhibits the first process because the absence
of a phenyl substituent in meso position prevents stabilization of the positively charged intermediates [413-415].
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Scheme 5.3 Synthesis of porphyrin 48. Reagents and conditions: a) Zn, NaOAc, AcOH, 80 °C, 2
h; b) Pb(OAc)s, AcOH, r.t., 2 h, ¢) EtOH, HCl¢ope, reflux, 1 h; d) i. EtOH, NaOH
10%, reflux, 5 h, ii. HOCH>CH,NHo, reflux, 6 h; e) i. CI3CCOOH, CH3CN, r.t., 14
h, ii. p-chloranil, THF, r.t. 6 h; f) DCC, DMAP, DMF, rt., 14 h. DCC = NN’-
dicyclohexylcarbodiimide; DMAP = 4-(dimethylamino)pyridine.

5.1.2 Toward the synthesis of macrocyclic bis(metallo-porphyrin) 58

Several approaches toward the synthesis of macrocyclic dimer bisporphyrin 58 have
been tested. The first attempt included the removal of both ferz-butyl protecting groups by
TFA to yield diacid 59 which was subsequently reacted with oxalyl chloride to form the acid
chloride 60. The latter was reacted with the porphyrin-derived diol 56 under high-dilution
conditions (Scheme 5.4 (1)). However, the esterification between 56 and 60 yielded a
complex mixture in which 58 could be identified neither by mass spectrometry nor by NMR
spectroscopy. Subsequently, a one-step pathway was envisaged for the synthesis of
macrocyclic bisporphyrin 58 starting from diol 56 and malonyl dichloride (Scheme 5.4 (2)).
The reaction was run under high-dilution conditions, but 58 could not be identified by any

spectroscopic or spectrometric method. As a third approach, dicarboxylic acid 59 was
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reacted with diol 56 in the presence of DCC and DMAP in DMF, again under high dilution
[418] (Scheme 5.4 (3)). This procedure was not successful either.
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Scheme 5.4  Attempted synthesis of bisporphyrin macrocycle 58. Reagents and conditions: a)
TFA, CHyClp, r.t., 14 h; b) (COCl),, CH»Cly, 40 °C, 12 h; ¢) 56, CHCly, pyridine,
r.t, 14 h, d) (COCI)»,CH,, NEt3, CH>Cl, r.t., 12 h; ¢) i: DMAP, DCC, DMF, r.t., 12
h; ii: 56, CH,Clo, 1.t 12 h.

5.1.3 Toward the synthesis of the macrocyclic porphyrin-crown ether 61

Taking into account the photophysical properties of porphyrin-fullerene conjugates 45
and 46 and the influence of the complexation of metal ions by a crown ether fixed with
tangetial orientation in close proximity to a fullerene, as observed for the first time by
Diederich et al. [419], we decided to synthesize macropolycycle 61 in which a porphyrin and
a dibenzo[18]crown-6 unit each bridge a frans-1 type bismethano[60]fullerene (Scheme 5.5).
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Scheme 5.5 Retrosynthethic approach aiming at the preparation of porphyrin-dibenzo|18]crown-6
conjugate 61.

The envisaged retrosynthesis of conjugate 61 included the preparation of crown ether-derived
dialdehyde 63 and its subsequent condensation with dipyrrylmethane 54 to give the
macrocyclic intermediate 62 in one step [420-423]. For the synthesis of crown ether 63, acid
65 was prepared in two steps (Scheme 5.6): Esterification of fert-butyl hydrogen malonate
(57) with alcohol 55 mediated by DCC and DMAP afforded the mixed malonate 64 in 90%
yield.

Subsequent removal of the ferz-butyl group from 64 was achieved by addition of TFA to a
solution of the malonate in CHyClp. Acid 65 was submitted without purification to the
esterification with diol 67 which was obtained by reduction of 66 with sodium borohydride.

Crude crown ether 63 was obtained in 45% yield (Scheme 5.6).
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Synthesis of crown ether-derived dialdehyde 63 (cf. Scheme 5.5). Reagents and
conditions: a) DMAP, DCC, DMF, r.t.,

NaBH4, MeOH, r.t., 1 h; d) DMAP, DCC, DMF, r.t., 14 h.

14 h; b) TFA, CHCly, r.t., 20 min; ¢)

54 (Scheme 5.5), but it revealed to be very difficult. All employed purification methods

(chromatography on SiO,, recrystallization from various solvents (hexane, hexane/toluene

(1 : 1), ethanol/water (1 :

of hexane, and reverse phase chromatography led to unsatisfactory results [424]

1)), precipitation from chloroform or dichloromethane by addition

The major problem was the separation of ester 63 from the unreacted acid (65), and different

protocols were tested to drive the esterification to completion (7able 5.1). Unfortunately,

these attempts did not lead to a breakthrough.

Table 5.1 Reaction conditions for the synthesis of 63 (Scheme 5.7)
Entry 67 65 DCC DMAP Yield of crude of
reaction %
1 leq. 3 eq. 3eq. 0.3 eq. 42%
2 leq. 25¢eq. 25eq. 0.3 eq. 45%
3 leq. 2eq 2 eq. 0.3 eq. 35%
4 leq 3eq 2.5¢eq. 0.3eq. 40%

120



Chapter 5

At the same time, another synthetic route was investigated (Scheme 5.7). Acid 65 was
reacted with oxalyl chloride in dry CH,Cl; to form the corresponding acid chloride, 68,
which reacted with crown ether-derived diol 67 in CH;Cl; in the presence of Et;N.
However, this yielded a complex mixture in which 63 could be identified neither by mass

spectrometry nor by NMR spectroscopy.

/O
65 —2 » é\ Y . 63
O
@]
o
Cl
68
Attempts 65 (eq) (COClI); eq. T°C
1 1 20 r.t.
2 1 20 reflux
3 1 100 r.t.
4 1 100 reflux

Scheme 5.7  Synthesis of dibenzo[18]crown-6 derivative 63. Recagents and conditions: a)
(COCl),, CHCly, 40 °C, 14 h; b) 67, EtsN, THF, DCC, DMAP, r.t., 14 h.

Since the esterification between porphyrin-derived diol 56 and fert-butyl hydrogen malonate
(87) (Scheme 5.3) succesfully worked in the presence of DCC and DMAP, it was envisaged
to react dibenzo[18]crown-6-derived diol 67 with Meldrum’s acid to yield crown ether 69

bearing two carboxy groups [417, 418] (Scheme 5.9).

o™ 0 o
A~ ey T
67 a) o 5 . . O OH
L (o]
69

Scheme 5.8 Synthesis of crown ether-derived diacid 69. Reagents and conditions: a) Meldrum’s
acid, THF, reflux, 3 h.

121



Chapter 5

Although diacid 69 was identified by mass spectrometry, it could not be obtained as a pure

compound.

5.2  Conclusion

The remarkable photochemical behavior of fullerene-porphyrin dyad 45 and triad 46
(Figure 5.1) inspired design and synthesis of the sophisticated Ceo-bisporphyrin conjugate 47
(Figure 5.2) and of [60]fullerene-porphyrin-crown ether conjugate 61 (Scheme 5.5).
Although various synthetic efforts did not afford the desired compounds, we are confident
that the chemistry herein explored will be of interest and utility for further explorations into
the synthesis of conjugates combining fullerenes with other functional entities such as

porphyrins and crown ethers.
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6  Experimental Part

6.1 General Instrumentation

Column chromatography. Adsorption chromatography columns were packed with Fluka
silica gel 60 (SiOp; 230-400 mesh, particle size 0.040-0.063 mm). Flash column
chromatography was run at a maximum head pressure of 0.2 bar.

Thin layer chromatography (TLC). Macherey Nagel Alugram SIL G/UV>3y4; layer
thickness 0.2 mm. Visualization by UV light (254 or 366 nm).

IR spectra (cm™1). Perkin-Elmer Spektrum BX II. Selected absorption bands are
reported by wavenumber (cm~1) and their relative intensities are described as s (strong), m
(medium), or w (weak).

NMR spectra. Bruker AMX 500, or Varian Gemini-300 spectrometers at 25 °C.
Chemical shifts are reported in ppm downfield from tetramethylsilane using the residual
solvent signals as an internal reference (CHCI3, dp1 7.26). Coupling constants (/) are given in
Hz. The resonance multiplicity is described as s (singlet), d (doublet), 7 (triplet), g (quartet),
dd (doublet of doublet), and m (multiplet). All spectra were recorded at 25 °C.

Mass spectra. HR-FT-ICR-MALDI mass spectra were performed by the MS-service at
the Laboratorium fiir Organische Chemie of ETH Ziirich. The spectra were measured on an
an lon Spec Ultima FT-ICR instrument using 2,5-dihydroxybenzoic acid (DHB) as matrix.

Melting points. Biichi Smp 20 apparatus. All melting points were measured in open

capillaries and are reported uncorrected.
6.1.1 Materials

Reagents and solvents were purchased reagent-grade from Fluka, Aldrich, ABCR, Acros
or J. 1. Baker and used without further purification. Moisture-sensitive reactions were run
under argon (Ar) in oven-dried (180 °C) glassware. Evaporation and concentration under
reduced pressure were done below 50 °C at water aspirator pressure, and compounds were
dried at 102 Torr. Column chromatography was performed using distilled technical grade

solvents.
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6.1.2 Experimental Procedures

Diethyl 2-Hydroximinomalonate (49) [407]

O O

EtO)H)‘\OEt

NOH

In a 250-mL round-bottomed flask, an aq. solution of NaNO; (95 g, 1.38 mol) was added
portionwise under stirring to a solution of diethylmalonate (80 g, 0.5 mol) in CH3COOH (86
mL). Evolution of gas had to stop before a new portion of aq. NaNO;, was added. After the
addition was complete, the mixture was separated into two layers. EtyO (50 mL) was added
to the organic layer, and the resulting solution was neutralized with aq. NaHCO3 and washed
with HyO (3 x 50 mL). The organic phase was concentrated under reduced pressure
affording a colorless oil. Purification by distillation yielded 49 (57 g, 60%). Colorless oil.
B.p.12 175 °C (Lit. [407]; 172 °C). 'H-NMR (300 MHz, CDCl3): 4.25 (¢, J = 7.1, 4 H,
CH,CH3); 1.25 (1, J = 7.1, 6 H, CHyCH3). 13C-NMR (75 MHz, CDCl3): 156.15, 143 .55,
62.12, 13.85.

3-Hexylpentane-2,4-dione (50) [425]

In a dry 250-mL round-bottomed flask, 1-iodohexane (10 g, SO mmol), pentane-2,4-dione
(7.1 g, 70.0 mmol) and K»CO3 (10 g, 70 mmol) in dry acetone (50 mL) was refluxed under
nitrogen for 24 h. Filtration of the reaction mixture and purification by distillation yielded 50

5.1 g, 55%). Yellow oil. B.p.1g 120-123 °C (Lit. [425]: 123-124 °C). 1H-NMR (300 MHz,
g p
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CDCl3): 3.56-3.81 (m, 1 H, H-C(3)); 2.15 (s, 6 H, H-C(1), H-C(5)); 1.77-1.85 (m, 2 H, H-
C(6)); 1.20-1.32 (m, 8 H, H-C(7), H-C(8), H-C(9), H-C(10)); 0.85 (¢, J = 8.1, 3 H, H-C(11)).
I3C-NMR (75 MHz, CDCl3): 207.13, 76.47, 31.88, 29.92, 27.77 (x 2), 25.26, 22.69, 14.13.

Ethyl 4-Hexyl-3,5-dimethylpyrrole-2-carboxylate (51) [408]

In a 100-mL three-necked flask equipped with a mechanical stirrer, dropping funnel,
thermometer, and gas exit, 50 (5 g, 27 mmol) was dissolved in CH3COOH (15 mL). The
resulting solution was heated and at 80 °C, a mixture of anhydrous CH3COONa (7 g, 86
mmol) and Zn dust (5.6 g, 86.0 mmol) was added under vigorous stirring. At 95 °C, a
solution of 49 (5.1 g, 27.0 mmol) in a mixture of CH3COOH (7 mL) and water (3 mL) was
added over a period of 50 min and the temperature was maintained between 95 and 105 °C.
After heating to 100-105 °C for an additional 20 min, the reaction mixture was added to 30
mL of boiling 95% ethanol. Two recrystallizations (95% EtOH) yielded pure 51 (3.4 g,
50%). White solid. M.p. 62-64 °C (EtOH) (Lit. [426]: 61-62 °C (EtOH)). 'H-NMR (300
MHz, CDCl3): 8.56 (s, 1 H, NH); 4.28 (¢, J = 7.2, 2 H, OCH,CH3); 2.33 (1, J = 7.2, 2 H, H-
C(6)); 2.26 (s, 3 H, CH3-C(3)); 2.19 (s, 3 H, CH3-C(5)); 1.28-1.42 (m, 11 H, H-C(7), H-C(8),
H-C(9), H-C(10), H-C(11)); 0.88 (z,J= 7.2, 3 H, OCH,CH3). 13C-NMR (75 MHz, CDCI3):
162.47, 129.96, 125.67, 119.90 (x 2), 59.73, 31.61, 28.92, 28.15, 23.15, 22.54, 14.60 (x 2),
11.31, 10.69.
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Ethyl 5-Acetoxymethyl-3-methyl-4-hexylpyrrole-2-carboxylate (52) [409]

To a vigorously stirred solution of 51 (3 g, 12 mmol) in glacial CH3COOH (90 mL),
Pb(OAc)4 (5.3 g, 12 mmol) was added at 25 °C. After 2 h, the solvent was evaporated in
vacuo and the residue poured into water (200 mL). The precipitate was separated and
washed with water (70 mL). Recrystallization (MeOH) yielded 52 (2.9 g, 77%). Pink solid.
M.p.: 134-137 °C (MeOH) (Lit. [427]: 131-132°C). 'H-NMR (300 MHz, CDCl3): 8.95 (s, 1
H, NH); 5.01 (s, 2 H, CH2-C(5)); 430 (¢, J=7.2,2 H, OCH,CH3), 2.42 (t,J = 7.2, 2 H, H-
C(6)); 2.26 (s, 3 H, CH3-C(3)); 2.06 (s, 3 H, CH3-C(5)); 1.28-1.42 (m, 11 H, H-C(7), H-C(8),
H-C(9), H-C(10), H-C(11),); 0.88 (1, /= 7.2, 3 H, OCH,CH3). 13C-NMR (75 MHz, CDCl3):
171.12, 162.20, 127.43, 124.53, 121.95, 118.58, 59.67, 57.46, 31.61, 28.62 (x 2), 23.46,
22.54,20.56, 14.60 (x 2), 10.23.

Diethyl 2,2 °-Methylenedi(3-hexyl-4-methylpyrrole-2-carboxylate) (53) [409]

To a 250-mL round-bottomed flask, 52 (5 g, 16 mmol) in a mixture of EtOH (100 mL) and
HCl¢opne (3 mL) was added. The mixture was heated to reflux for 1 h. After cooling to 25
°C, the product crystallized. Filtration and washing with EtOH (200 mL) yielded 53 (3 g,
40%). White solid. M.p. 195-197 °C (EtOH) (Lit. [427]: 196-198 °C (EtOH)). !H-NMR
(300 MHz, CDCI3): 8.63 (s, 2 H, NH); 4.26 (¢, J = 7.2, 4 H, OCH,CHj3); 3.84 (s, 2 H, H-
C(6)); 2.35 (1, J = 7.2, 4 H, H-C(7), H-C(7")); 2.26 (s, 6 H, CH3-C(3), CH3-C(3")); 1.27-1.37
(m, 22 H, H-C(8), H-C(8), H-C(9), H-C(9’), H-C(10), H-C(10°), H-C(11), H-C(11°), H-
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C(12), H-C(12%)); 0.87 (1, J = 7.2, 6 H, OCH>CH3). 13C-NMR (75 MHz, CDCI3): 162.00,
129.51, 128.18, 126.50, 114.58, 59.50, 31.61, 28.92 (x 2), 24.84, 23.43, 22.54, 14.09 (x 2),
10.50.

2,2 ’-Methylenedi(3-hexyl-4-methylpyrrole) (54) [410]

7 9 11
6 3
N\ _NH HN_ /4
5

To refluxing EtOH (50 mL), 53 (3 g, 6.2 mmol) and 10% NaOH (13 mL) was added, and the
solution heated under reflux for 5 h. The solvent was removed in vacuo affording a pink
residue. To this residue, water (30 mL) was added and the resulting suspension was

extracted with CH,Cly (3 x 30 mL) to remove the residual diester. The aqueous phase was
cooled to 0 °C and neutralized with CH3COOH to give a white precipitate which was
extracted with Et;O (3 x 20 mL). Removal of EtyO in vacuo gave the crude diacid which
was dissolved in the dark under Ar in HOCH,CH,NH» (16 mL) and refluxed for 6 h. The

resulting dark brown solution was poured into an ice-water mixture (35 mL) and extracted

with CH2Cl, (3 x 30 mL). The combined organic phases were concentrated in vacuo. FC
(Si0y, argon, darkness, CH;Cly) yielded 54 (1.5 g, 70%). Brown solid. M.p. 131-133 °C
(Lit: [427]: 132-136 °C). 'H-NMR (300 MHz, CDCl3): 7.32 (s, 2 H, NH); 6.35 (s, 2 H, H-
C(5), H-C(5)), 3.82 (s, 2 H, H-C(6)); 2.44 (t,J = 9.9, 4 H, H-C(7), H-C(7")), 2.07 (s, 6 H,
H3C-C(4), H3C-C(4’)); 1.33-1.48 (m, 16 H, H-C(8), H-C(8’), H-C(9), H-C(9’), H-C(10), H-
C(10°), H-C(11), H-C(11°)); 0.93 (£, J = 9.6, 6 H, H-C(12), H-C(12°)). 13C-NMR (75 MHz,
CDCI3): 131.86, 124.83, 121.57, 114.42, 31.61, 28.92, 28.15, 22.84 (x 2), 22.46, 14.09,
10.87.
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3-Hydroxymethylbenzaldehyde (55) [383, 411, 428]

To a solution of isophthaldehyde (5 g, 36 mmol) in EtOH (100 mL), NaBH, (0.36 g, 9.1
mmol) was added at r.t. The mixture was stirred for 1 h, quenched with water and extracted
(CH2Clp). The organic layer was dried (MgSQO4) and evaporated in vacuo. FC (SiOj,
CH,Cl/AcOEt 8:2) yielded 55 (2.6 g, 52%). Pale yellow oil. 'H-NMR (300 MHz, CDCl3):
9.92 (s, 1 H, CHO); 7.81 (s, 1 H, H-C(2)); 7.72 (d, J = 7.5, 1 H, H-C(6)); 7.57 (d, J = 7.5, 1
H, H-C(4)); 7.46 (t,J = 7.5, 1 H, H-C(5)); 4.70 (s, 2 H, ArCHp). !3C-NMR (75 MHz,
CDCI3): 192.29, 140.27, 134.10, 133.32, 131.86, 131.51, 126.13, 19.52.

5, 15-Bis[3-(hydroxymethyl)phenyl]-2,8, 12, 1 8-tetrahexyl-3,7, 13, 1 7-tetramethylporphyrin (56)
[406]

Hex 6 Hex

To a 250-mL round-bottomed flask charged with a solution of 54 (1.5 g, 4.4 mmol) and S5
(603 mg, 4.4 mmol) in acetonitrile (100 mL), a solution of trichloroacetic acid (214 mg, 1.3
mmol) in acetonitrile (20 mL) was added. The mixture was stirred 14 h at r.t. under nitrogen.
A solution of p-chloranil (4.32 g, 17.6 mmol) in THF (80 mL) was added, and the mixture
was stirred for 6 h. After evaporation of the solvent, the residue was dissolved in CH;Cl,
and neutralized by addition of Ez3N (pH = 8). The solvent was evaporated in vacuo, and the
residue was passed through a short plug of SiO,, (CH2Cl») to remove the oxidant and then
with CH2Cl2/AcOEt 9.5:0.5 to recover the desired product together with its regioisomer. FC
(Si02, CH,Cl2/AcOEt 9:1) yielded 56 (1.6 g, 40%). Purple solid. M.p.: > 300 °C. IR (neat):
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3300s, 1600m, 1584w, 1470m, 1360m, 1256w, 1206w, 1145w, 1023w, 998m, 978s, 805s,
721s, 689w. 'H-NMR (300 MHz, CDCl3): 10.3 (s, 2 H, H-C(6)); 8.02-8.08 (m, 4 H, H-C(8),
H-C(12)); 7.72-7.82 (m, 4 H, H-C(9), H-C(10)); 4.98 (s, 4 H, ArCH»0); 3.98 (1, /= 7.2, 8 H,
H-C(13)); 2.49 (s, 12 H, CH3-C(3)); 2.06-2.24 (m, 8 H, H-C(14)); 1.69-1.79 (m, 8 H, H-
C(15)); 1.27-1.53 (m, 16 H, H-C(16), H-C(17)); 0.88 (1, J = 7.2, 12 H, H-C(18)); -2.33 (s, 2
H, NH). 1BC-NMR (75 MHz, CDCl3): 159.53, 148.20, 146.53, 144.47, 137.42, 130.33,
129.43 (x 2), 127.99 (x 2), 127.77, 127.68, 127.53, 122.33 (x 2), 99.03, 97.26, 65.71, 32.03,
31.61, 29.51, 28.92, 27.93, 26.70, 24.67, 22.99, 22.54, 14.09, 13.45, 11.43, 10.39 (x 2). HR-
MALDI-MS: 915.3385 (M*, CgyHgoN4O,*, cale: 915.3401).

5,15-Bis(3-{[(3-tert-butoxy-3-oxopropanoyl)oxy [methyl}phenyl)-2,8, 12, 18-tetrahexyl-
3,7,13,17-tetramethylporphyrin (48)

Hex 6 Hex

To a dry DMF solution (9 mL) containing 56 (1 g, 1.09 mmol), DMAP (0.027 g, 0.18 mmol),
and fert-butylmalonate 57 (0.52 g, 3.27 mmol), DCC (0.67 g, 3.27 mmol) was added at O °C.
The reaction mixture was stirred 14 h at r.t., filtered to remove a white precipitate (N,N’-
dicyclohexylurea), and the solvent evaporated in vacuo. The residue was dissolved in
CH»Cl,/AcOEt (1:1), washed with 0.1% aq. TFA, with H,O, and dried over MgSOy4. The
solvents were evaporated in vacuo. FC (S102, CH2Cl2/AcOEt 95:5) yielded 48 (0.92 g,
70%). Brown solid. M.p.: > 300 °C. IR (neat): 3296s, 2928m, 2870m, 1725s, 1586m,
1522m, 1456w, 1378m, 1255s, 12275, 1206s, 1175w, 1094s, 1022s, 867w, 805s, 750w, 727w,
689w. 1H NMR (300 MHz, CDCI3): 10.25 (s, 2 H, H-C(6)); 8.04-8.09 (m, 4 H, H-C(8), H-
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C(12)); 7.72-7.82 (m, 4 H, H-C(9), H-C(10)); 5.47 (s, 4 H, ArCH0); 3.98 (1,1 = 7.2, 8 H,
CH»CsHiy); 3.40 (s, 4 H, COCH»CO); 2.47 (s, 12 H, H-C(3)); 2.16-2.21 (m, 8 H,
CHoCH>C4Ho); 1.69-1.76 (m, 8 H, (CHa)oCH>C3H»); 1.33-1.53 (m, 16 H,
(CHa)3(CH»)>CHz); 0.91 (¢, J = 7.2, 12 H, (CHp)sCHz); -2.42 (s, 2 H, NH). 13C-NMR (75
MHz, CDCls): 166.28, 166.00, 148.20, 144.48 (x 2), 140.79, 140.08, 139.31, 138.05, 131.28,

130.62, 129.43, 129.16, 127.98, 127.10, 126.88, 125.84, 115.36, 100.00, 99.03, 81.40, 67.58,
46.83, 32.03, 31.61, 29.51, 28.92, 27.90, 27.89, 26.70, 24.67, 22.99, 22.54, 14.09, 14.05,

12.42, 10.39. HR-MALDI-MS: 1199.6432 (M*+, C76H02N4Os*, calc: 1199.6450).

tert-Butyl (3-Formylphenyl)methyl Malonate (64)

TUS

To a 100-mL round-bottomed flask charged with a solution of 55 (1.0 g, 7.3 mmol), DMAP
(0.085 g, 0.7 mmol) and tert-butyl malonate (1.74 g, 10.9 mmol) in dry DMF (35 mL), DCC
(2.2 g, 10.9 mmol) was added at O °C. The reaction mixture was stirred at r.t. for 14 h. The
mixture was filtered to remove a white precipitate (N,N’-dicyclohexylurea), and the solvent

was evaporated in vacuo. Colorless oil. FC (S102, CH2Clo/AcOEt 7:3) yielded 64 (1.81 g,
89 %). IR (neat): 2984m, 2733w, 17325, 1609m, 1583m, 1448m, 1371s, 13335, 1300s, 1279s,
1147s, 10325, 894w, 850w, 794m, 750m, 694m. 'H-NMR (300 MHz, CDCI3): 10.01 (s, 1 H,
CHO); 7.53-7.87 (m, 4H, AtH); 5.24 (s, 2 H, ArCH>); 3.35 (s, 2 H, COCH>CO); 1.45 (s, 9 H,
C(CH3)3). 13C-NMR (75 MHz, CD30D): 194.35; 166.28 (x 2), 137.78 (x 2), 130.68,
129.77, 127.96 (x 2), 81.40, 66.57, 46.83, 27.90.
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6,7,9,10,17,18,20,2 1-Octahydrodibenzo[b,k][1,4,7,10, 13, 16 [hexaoxacyclooctadecin-2, 1 3-
diyldimethanol (67) [383]

ae
RN

NaBHy4 (0.82 g, 21 mmol) was added to a suspension of 66 (1.1 g, 2.6 mmol) in MeOH (300
mL) at O °C. After stirring for 1h at r.t., the mixture was partitioned between H>O and
AcOEt and the organic layer was separated, dried (MgSQOy), and evaporated in vacuo to give
67 (1 g, 85 %). White solid. M.p. 167-169 °C (Lit. [383]: 166-169 °C). H-NMR (300
MHz, CD30D): 3.95-3.97 (m, 8 H, ArOCH>CH>); 4.18-4.20 (m, 8 H, ArOCH;CHy); 4.51 (s,
4 H, ArCH>); 6.87-6.96 (m. 6 H, ArH). 13C-NMR (75 MHz, CD30D): 150.23, 149.58,
137.01, 121.19, 114.3 (x 2), 71.12 (x 2), 70.01, 69.91, 65.35.

1,1°-Bis[(3-formylphenyl)methyl] 3,3 -[(6,7,9,10,17,18,20,2 1-Octahydrodibenzo[b,k]
[1,4,7,10,13, 16 Jhexaoxacyclooctadecin-2, 1 3-diyl)dimethylene ] Bis(malonate)
(63)

’/\O/\ O @)
TT 77,

To a 100-mL round-bottomed flask charged with a solution of 64 (0.5 g, 1.8 mmol) in
CH,Cly (25 mL), was added TFA (0.2 g, 1.8 mmol). After stirring at r.t. for 1 h, the mixture

was washed with water (3 x 50 mL), the organic phase was dried (MgSQ4), and the solvent
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evaporated in vacuo. The residue was immediately used in the subsequent esterification
reaction without additional purification.

To a dry solution of the alcohol residue 65, 66 (0.19 g, 0.45 mmol), and DMAP (0.015 g,
0.13 mmol) in DMF (5 mL), was added DCC (0.278 g, 1.35 mmol) at 0 °C. The reaction
mixture was stirred at r.t. for 14 h. The mixture was filtered to remove a white precipitate
(N,N’-dicyclohexylurea), and the solvent evaporated in vacuo. Purifications of the residue
(chromatography on SiO, recrystallization from hexane, hexane/toluene 1 : 1, ethanol/water
1 : 1, precipitation from chloroform and from dichloromethane upon addition of hexane) did

not lead to the pure product.

3,3-[(6,7,9,10,17,18,20,21-Octahydrodibenzo[b,k] [1,4,7,10,13, 16 Jhexaoxacyclooctadecin-
2,13-diyl)dimethylene] Bis(malonate) (69)

(\o/\ o 0
5
o o

o dibon

O O : K/o\/

A solution of 67 (100 mg, 0.24 mmol) and Meldrum’s acid (83 mg, 0.58 mmol) in THF (50
ml) was heated to reflux for 3 h. The solvent was evaporated in vacuo. Purifications of the
residue (chromatography on SiO; recrystallization from ethanol/water 1:1) did not lead to

the pure product.
6.2 Langmuir and Langmuir-Blodgett Films

6.2.1 General Instrumentation

Langmuir films. Data were collected with a NIMA (611D/2B/1PTFE/WIN/CAB) system
(Nima Instruments, Coventry, England) using a symmetrical compression 7eflon trough and
hydrophilic barriers. The whole setup was in a Plexiglas enclosure resting on a vibration-free
table (MOD-1 plus active vibration isolation systems, Hacyonics GmbH, Goéttingen,
Germany). Surface pressures were measured by means of a platinum Wilhelmy plate.

Surface Potential Measurements. KSV-SPOT 1 (KSV Instruments, Helsinki, Finland).
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Langmuir—Blodgett layers . Glass slides from Marienfeld (microscope slides 76 x 26 x
1 mm). The glass substrates were cleaned with a 10% soap solution in hot ultrapure water
and then rinsed 10 times with ultrapure water. All treatments were done in an ultrasonic
bath. Water subphase. The ultrapure water (p = 18 MQ) was purified through a Milli-O
Plus A10 system (Millipore Co).

Brewster Angle Microscope. The BAM images were recorded with a MiniBAM Plus or
BAM-2-Plus setup from Nanofilm Technology GmbH (Géttingen, Germany). The
illumination source (laser diode, A = 660 nm) was operated at an angle of incidence 8 = 52-
54°. The images were recorded with a CCD (charge coupled device) camera at a resolution <
20 um.

UV-VIS spectra. Varian Cary 5 spectrophotometer. All spectra of LB layers were
recorded immediately after the transfer over the wavelength range 350-650 nm.

Grazing-Incidence X-ray Analysis. Spectrometer equipped with a Ni-f filter, a
programmable divergence slit (1/32°), a parallel-plate collimator, a flat Ge monochromator,
and a proportional Xe detector. All measurements were recorded immediately after the

transfer of the Langmuir layers onto the solid support.
6.2.2 Experimental Procedures

Spreading solutions were prepared by dissolving the analytes in CHCI3 (analysis grade
from Acros) or toluene (analysis grade from J. 7. Baker), according to equation 1./ (Section
1.3.2, Chapter I). For a typical experiment, 25 uL of fresh solution were spread on the
aqueous subphase with a mycrosyringe and the monolayers were compressed with a speed of
20 cm?/min. All measurements were repeated three times to ensure reproducibility.

BAM investigations were performed by disposing a black glass plate at the bottom of the
trough to avoid stray light. Subsequently, the solutions of the analytes were spread and the
layers were observed over the whole duration of the experiments. In each experiment the
black glass plate was positioned in different parts of the trough to monitor the layer in

different points.
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Stearic acid
A spreading solution was prepared by dissolving stearic acid (4.1 mg, 0.0145 mmol) in

CHCI3 (5 ml). The fresh solution (25 uL) was spread on the water subphase, and the film

was left for 30 min to equilibrate before compression started.

Resorcin[4]arene-based cavitand 11

A spreading solution was prepared by dissolving 11 (22 mg, 0.0016 mmol) in CHCI3 (1 ml).
The fresh solution (25 uL) was spread on the water subphase, and the film was left for 30

min to equilibrate before compression started. The solution of cavitand 11 was also spread

on water subphases containing TFA, AgNO3, FeCl3, CuSO4, KCl, and Zn(OAc),.

Spreading of 11 on a water subphase containing TFA

The subphases at pH = 3, 2, and 1 were prepared by adding TFA to ultra pure water (550 mL)
and the pH was determined with 691 pHmeter from Metrohm AG (Herisau, Switzerland).

pH =3: TFA (79 mg, 0.55 mmol)
pH=2: TFA (0.79 g, 5.5 mmol)
pH=1: TFA (7.9 g, 55 mmol)

After stirring at r.t. for 1 h, the resulting acidic solutions were added to the Langmuir trough.
The fresh solution of 11 (25 uL) was spread on the acidic subphases, and the film was left for

40 min to equilibrate before compression started.
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Spreading of 11 on water subphases containing AgNO3, FeCl3, CuSO4, and KCI

The subphases were prepared by adding the metal salts to the ultra pure water (550 mL) in
concentrations that were 10, 50, and 100 times higher than that of the cavitand solution
(M7): (11)=10:1,50: 1, and 100 : 1). After stirring atr.t. for 1 h, the resulting solutions
containing the metal salts were added to the Langmuir trough. The fresh solution of 11 (25
uL) was spread on the metal salt-containing subphases, and the film was left for 40 min to
equilibrate before compression started. The quantities of metal salts used for the preparation

of the subphases are shown below.

(Agh): (11)=10:1— Ag": 2.7 mg, 0.016 mmol
(Agh): (11)=50:1— Ag*™: 13.6 mg, 0.08 mmol
(Agh): (11)=100:1— Ag*: 27 mg, 0.16 mmol

(Fe3*): (11)=10: 1 — Fe3*: 2.6 mg, 0.016 mmol
(Fe3*): (11) =50 : 1 = Fe3*: 13 mg, 0.08 mmol
(Fe3*) : (11) =100 : 1 — Fe3*: 26 mg, 0.16 mmol

(Cu?™): (11)=10: 1 — Cu?*: 2.5 mg, 0.016 mmol
(Cu?™): (11)=50: 1 — Cu?*: 12.7 mg, 0.08 mmol
(Cu?™): (11) =100 : 1 = Cu2*: 25 mg, 0.16 mmol

(K :(11)=10:1-=K™" 1.2 mg, 0.016 mmol
(KY: (11)=50:1—=K™": 6 mg, 0.08 mmol

(K : (11)=100:1—K™": 12 mg, 0.16 mmol

Spreading of 11 on a water subphase containing Zn(OAc),

The subphase was prepared by adding Zn(OAc), to ultra pure water (550 mL). The

concentration of zinc ions is 5000 times higher than the concentration of cavitand in the

spreading solution ((Zn(11)) : (11) = 5000 : 1).

(Zn(1)) : (11)=5000 : 1 — Zn(11): 2 g, 8 mmol.
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After stirring at r.t. for 1 h, the resulting Zn(Il)-containing solution was added to the
Langmuir trough. In a first experiment, 25 uLL of a fresh solution of 11 were spread on the
Zn(11)-containing subphase and the film was left 40 min to equilibrate before compression
started. In a second experiment, a fresh solution of 11 (25 uL) was spread on the Zn(II)-
containing subphase and the film was left 10 min to equilibrate before compression started.
Then, a fresh solution of Zn(OAc); (5.13 mg, 0.023 mmol) in a mixture of CHCl3/MeOH
(2.8 mL : 0.4 mL) was added and the layers were left to equilibrate for an additional 30 min

before compression started.

Resorcinf4]arene-based cavitands 12 and 13

Spreading solutions were prepared by dissolving different quantities of 12 (3.98 mg, 0.001
mmol; 2.57 mg, 0.00137 mmol; 1.92 mg, 0.00194 mmol) in CHCI3 (1 mL).

Spreading solutions of 13 had the same concentrations as 12. They were prepared by
dissolving 13 (4.6 mg, 0.001 mmol; 3.3 mg, 0.00137 mmol; 2.6 mg, 0.00194 mmol) in
CHCI3 (1 mL).

The fresh solutions of 12 or 13 (25 uL) were spread on pure water subphases and the films

were left for 30 min to equilibrate before compression started.
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Resorcinf4]arene-based cavitands 14 and 15

Spreading solutions of 14 and 15 were prepared by dissolving each 14 (9.7 mg, 0.008 mmol)
and 15 (10.6 mg, 0.008 mmol) in CHCl3 (5 mL). Analogously to the previous experiment,
fresh solutions of 14 or 15 were spread on pure water subphases and the films were left for

30 min to equilibrate before compression started.

Resorcinf[4 Jarene-based cavitand 16

A spreading solution was prepared by dissolving 16 (1.05 mg, 0.00073 mmol) in CHCI3 (5
mL). The fresh solution of 16 (25 ulL) was spread on a pure water subphase, and the film

was left for 30 min to equilibrate before compression started.
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A spreading solution was prepared by dissolving Cgo (0.48 mg, 6.9 x 104 mmol) in toluene
(3 mL). The fresh solution of Cgp was spread on a pure water subphase, and the film was left

40 min to equilibrate before compression started

Hemin

The subphase was prepared by dissolving CdCl, (36.7 mg, 0.2 mmol) in ultrapure water
(1000 mL).

A Langmuir monolayer of hemin was prepared by spreading 25 uL of a fresh solution of
hemin (0.024 mg, 3.72 x 10-> mmol) in DMF (3 ml).

For the preparation of the mixed film (hemin/ODA 1 : 2), solutions of hemin in DMF and of
ODA (0.02 mg, 7.44 x 10> mmol) in CHCI3 (3 mL) were spread onto the above-mentioned

subphase and the films were then left for 40 min to equilibrate before compression started.
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[60]Fullerene-crown ether conjugates 35 and 36
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Spreading solutions of 35 and 36 were prepared by dissolving each 35 (4.6 mg, 0.0035
mmol) and 36 (6.1 mg, 0.0035 mmol) in CHCI3 (5§ mL). The fresh solutions were spread on
a pure water subphase, and the films were left for 40 min to equilibrate before compression
started.

Compression/expansion cycles were performed by compressing the monolayers up to 35 mN
m~!. The monolayers were left at this pressure for 5 min before the expansion started.

The spreading behavior of both conjugates was studied on 1M aq. LiCl, NaCl, KCI, CsCl, and
CaCl; subphases.

The subphases were prepared by adding metal chlorides to ultrapure water (550 mL) and the
resulting solutions were stirred at r.t. for 1 h. The quantity of metal chloride added in each

experiment are reported in the following table:

LiCl NaCl KCl CsCl CaCly

233g 32.1g 41g 926g 61 g
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Porphyrin derivatives 42 — 44
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Spreading solutions of 42, 43, and 44 were prepared by dissolving each 42 (1.76 mg, 0.0014
mmol), 43 (1.96 mg, 0.0014 mmol), and 44 (2.97 mg, 0.0014 mmol) in CHCIl3 (2 mL),
respectively. The fresh solutions were spread on a pure water subphase and left for 30 min to
equilibarte before compression started. Compression/expansion cycles were performed by
first compressing the monolayers up to 40 mN m~! (42), 25 mN m~1 (43), or 30 mN m~!
(44). The monolayers were left at these pressures for 5 min before the expansion started.

All monolayers (42, 43, and 44) were studied on 1M aq. KCl and CsCl subphases.

LB layers were obtained by transfer of the Langmuir films onto glass slides. Transfers were
performed at surface pressures of 20 mN m~! (42) and 15 mN m~! (43, 44) and at a dipping
speed (Vgip) of 7 mm/min. In all cases, the transfer started during the upstroke movement
and the transfer ratios were 0.5 = 0.1 for the first deposition but rapidly decreased to zero for
subsequent depositions. In the cases of 42 and 43, Z-type multilayered films were formed,
whereas Y-type multilayers were obtained for 44.

Immediately after the transfer of one LB layer, 43 and 44 were analyzed by grazing-

incidence X-ray diffraction to measure the thickness and the quality (roughness) of the
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monolayer. The UV-VIS absorption spectra were also measured immediately after the

transfer of one/several layers.
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