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Sommario

Il riconoscimento molecolare in natura è uno degli eventi chimici più diffusi e regola gran
parte dei processi che avvengono nei sistemi viventi. Ad esempio, l’interazione tra recettori
molecolari e specifici ligandi disciplina fenomeni come il trasporto di acqua e nutrienti all’in-
terno delle cellule. Ispirandosi alla selettività e all’efficienza di tali recettori molecolari, negli
ultimi decenni i chimici supramolecolari hanno sintetizzato una vasta gamma di composti che
ne emulano le caratteristiche, motivati dalla loro potenziale applicabilità in diversi ambiti.
Studiare i fenomeni di complessazione in-situ alle interfacce è essenziale per prevedere le pre-
stazioni di complessazione in termini di conformazione, orientamento e organizzazione del
recettore. Tutti i sensori sono basati, infatti, sull’accoppiamento tra superfici opportunamente
funzionalizzate, che vengono esposte a mezzi contenenti i composti da rilevare, e meccani-
smi di trasduzione che consentono di convertire l’interazione chimica recettore-analita in un
segnale leggibile.

In questo lavoro, sono riportati i primi studi di spettroscopia vibrazionale a somma fre-
quenza (SFVS) sull’architettura molecolare di recettori sintetici e sull’evento di riconoscimen-
to molecolare alle interfacce solido/gas e liquido/gas. In particolare, la capacità dei cavitandi
chinossalinici (QxCav) di complessare selettivamente i composti aromatici volatili in fase gas-
sosa e liquida è stata studiata come sistema di prova, organizzando opportunamente i recettori
su superfici solide e liquide. L’analisi quantitativa ha permesso di correlare l’orientamento
medio dei ligandi con quello dei siti di legame, consentendo di ricostruire una geometria di
inclusione “on-axis” dell’analita all’interno della cavità del cavitando. Per il riconoscimento
molecolare in fase gassosa, i cavitandi chinossalinici sono stati trasferiti tramite metodo di
Langmuir-Schaefer su self-assembled monolayer (SAM) di octadecyltrichlorosilane (OTS),
N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilylchloride (DMOAP) e su SAM mi-
sti di octyltrichlorosilane/OTS (1: 1) su substrati di silice fusa. Le architetture molecolari
dei monolayer e dei bilayer ibridi QxCav-SAM all’interfaccia solido-gas sono state dedotte e
correlate mediante SFVS. I risultati hanno evidenziato che il QxCav è sempre in una configu-
razione chiusa, detta vase, e orienta la bocca della cavità verso la fase gas, mentre la molecola
ospite è complessata con il suo asse principale parallelo a quello del recettore, orientando la
parte aromatica verso l’interno della cavità per via dell’interazione CH − π aromatica. Lo
stesso tipo di geometria di complessazione on-axis è stata ricostruita per l’interazione di un
composto aromatico con un derivato del QxCav all’interfaccia liquido/gas. Nel caso speci-
fico, un monolayer di cavitandi QxBOX, la cui cavità è bloccata in una configurazione vase
permanente attraverso linker alifatici, è stato utilizzato per studiare le interazioni con un ana-
lita disperso in fase acquosa a diverse concentrazioni. L’esperimento ha permesso di dedurre
l’angolo polare medio di recettori e ligandi, chiarendo che la geometria di inclusione della
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molecola all’interno della cavità dipende solo dalla conformazione dello strato sovrastante di
cavitandi e non è influenzata dalla concentrazione dell’analita in fase liquida.

In questo contesto, lo studio può essere esteso a diversi sistemi recettore-ligando aprendo
ad una vasta gamma di possibili applicazioni. I cavitandi tetrafosfonati, ad esempio, hanno
dimostrato un’alta selettività nella complessazione di alcune delle droghe più comuni, come
metanfetamine ed eroina. Gli stessi recettori, inoltre, formano complessi anche con un ami-
noacido come la sarcosina, considerato un marker per il tumore alla prostata. Tale proprietà
li rende degli ottimi candidati per applicazioni di ambito biologico e medico. Parallelamente,
cavitandi chinossalinici con gruppi funzionali specifici, come il carbossile, hanno dimostrato
una forte affinità verso composti esplosivi nitroaromatici, offrendo una nuova strategia per il
loro rilevamento in aria o nel terreno.

Questo lavoro propone un nuovo approccio allo studio delle interazioni recettore-ligando
alle interfacce sfruttando i vantaggi che una tecnica come la spettroscopia vibrazionale a som-
ma di frequenza offre. La sua specificità verso le superfici e la sua sensibilità all’ordine polare
permettono di studiare in-situ i fenomeni di complessazione correlandoli all’architettura mo-
lecolare dei recettori. Questo tipo di analisi è in grado di guidare una sintesi più razionale dei
recettori e l’ottimizzazione delle loro prestazioni di complessazione in funzione della confor-
mazione e dell’organizzazione all’interfaccia.





Abstract

Molecular recognition is among the most important chemical events in living systems and
has been emulated in supramolecular chemistry, driven by chemical and biochemical sensing
potential. Identifying host−guest association in-situ at the interface, between the substrate-
bound receptors and the analyte-containing media, is essential to predict complexation perfor-
mances in term of the receptor conformation, orientation and organization. Herein, the first
sum-frequency vibrational spectroscopy studies of receptor molecular architecture and recog-
nition event at the solid-gas and liquid-gas interfaces are reported. The binding capability
of tetraquinoxaline cavitand toward volatile aromatic compounds in gas and in liquid phase
is investigated as test system. The selective complexation of the receptors toward aromatic
compounds is proved, organizing them on solid and liquid surfaces. Quantitative analysis al-
lows to correlate the average orientations of the guest molecules and the host binding pockets,
establishing “on-axis” complexation of the analyte within the cavitand cavity.

For the molecular recognition in gas phase, Quinoxaline cavitands (QxCav) are transferred
by Langmuir-Schaefer method on selfassembled monolayers (SAMs) of octadecyltrichlorosi-
lane (OTS), N,N-dimethyl-N-octadecyl-3- aminopropyltrimethoxysilyl chloride (DMOAP) and
mixed octyltrichlorosilane/OTS (1:1) on fused silica substrates. The molecular architectures
of both the hydrophobic SAMs templates and the hybrid cavitand-organosilanes bilayers at the
solid−air interface are investigated and correlated by sum-frequency vibrational spectroscopy.
The results show that QxCav is always in the closed vase configuration and orient its cavity
mouth toward the gas phase, while the guest molecule is engulfed with its main axis parallel
to that of the receptor.

This “on-axis” inclusion is also deduced for the complexes formation at the liquid/gas in-
terface, where a Langmuir film of QxBOX cavitands, whose cavity mouth is blocked in a
permanent vase configuration through aliphatic linkers, is probed by SFVS to show the first
evidence of complexation of an aromatic guest dissolved in water phase at different concen-
trations. In particular, the experiment allows to deduce the average polar orientation of both
receptors and guest molecules, elucidating that the molecule-within-molecule configuration
only depends on the uppermost receptor layer and it is not affected by the concentration of the
analyte in the liquid phase.
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In this context, this study can be extended to several receptor-ligand systems, opening to
a wide range of possible applications. Tetraphosphonate cavitands, for example, have demon-
strated high selectivity in the complexation of some of the most common illicit drugs, as
methamphetamine and heroin. The same receptors form also complexes with aminoacids as
sarcosine, considered a marker for prostate cancer. Such properties make them excellent can-
didates for biological and medical applications. In parallel, quinoxaline cavitands with spe-
cific functional groups at the upper rim, such as COOH-QxCav, have shown a strong affinity
towards nitroaromatic explosives, providing a new strategy for their detection in air and soil.

This work proposes a new approach to the study of receptor-ligand interactions at the inter-
faces exploiting the benefits that a technique as SFVS offers. Its intrinsic surface-specificity
and its sensitivity to polar order allow to study the complexation phenomena in-situ, corre-
lating them to the receptor molecular architecture. This analysis can lead to a more rational
synthesis of the receptors and to the optimization of their complexation capability as a function
of the conformation and organization at the interfaces.
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Chapter 1

Introduction

Molecular recognition is one of the most important chemical process in nature. The biological
mechanisms between receptors and ligands, such as antigen-antibody, RNA-ribosome and
DNA-protein, relies on specific binding interactions between two or more molecules. The
high selectivity of the receptor is guaranteed by the complementarity in size and shape and
by the strong chemical affinity toward a specific class of ligands. These recognition events in
living systems regulate many biological processes as, for example, the regulation of sleep and
wakefulness, due to the selective interaction between melatonin and its receptors, and control
of growth, related to the somatotropin hormone and its interaction with membrane receptors.

Taking inspiration from biological systems, in the last decades a large number of different
chemical compounds have been synthesized trying to reproduce the binding properties of such
receptors. The supramolecular chemists designed and synthesized a large variety of different
host molecules for various applications. From detection of illicit drugs [1], to monitoring of
environmental pollution [2], preventive diagnosis of diseases [3] and entrapment of biologi-
cally active molecules [4], synthetic receptors demonstrated a great versatility in many fields
and for a large area of applications. Their use in chemical detection could lead, thus, to the
development of more precise and reliable chemosensors.

In this scenario, the so called Cavitands have attracted considerable attention in the last
years. Being host-molecules with an open-ended cavity of molecular dimension, they are able
to selectively trap specific classes of ligands. Several types of cavitands have been widely
studied by different research groups that produced a rich scientific literature, focusing on their
synthetic strategies and complexation capabilities [5–7]. Their abilities to entrap guests have
been characterized in solid state [8, 9], in solution [10] and in gas phase [11, 12] with different
techniques such as NMR spectroscopy and X-rays diffraction. In view of using them for the
realization of sensing devices, the host-guest interaction mechanisms at the interfaces require
a thorough understanding. An investigation of the binding properties of these host molecules
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directly at the interface lacks. Their conformation, indeed, can affect their performance in
complexing guests and, in addition, their selectivity and sensitivity at the interface have to be
verified. A powerful technique, able to provide at the same time both chemical and structural
information, with sub-monolayer sensitivity, high surface specificity, non-invasive and appli-
cable in-situ to all systems accessible by light, is Sum Frequency Vibrational Spectroscopy
(SFVS). This technique exploits a second-order non-linear optical process called Sum Fre-
quency Generation (SFG).

In the last decades SFVS has been used as a versatile analytical tool to study different types
of surfaces and interfaces accessible by light. From Chemistry to Biology and Medicine, SFVS
allowed to investigate systems as liquid [13–15] and buried [16–18] interfaces, polymers[19–
21], molecular films [22]and membranes [23–26].

The pioneering work of Shen and co-workers led to the first experimental demonstration
of SFG from a surface [27] whose basic principles can be found in a wide range of scientific
publications [28–33]. It is a second-order non-linear optical process that, under the electric
dipole approximation, occurs in non-centrosymmetric media and at the interfaces where the
bulk symmetry is naturally broken. The resulting surface specificity of SFVS and its sensitivity
to polar order, make it one of the best surface spectroscopy to study molecular systems. SFVS
differs from other surface sensitive spectroscopies (LEED, Auger and mass spectroscopy, etc.)
since it allows to work in-situ without particular experimental conditions (eg ultra-high vac-
uum). Moreover, it also enables to probe systems such as liquid interfaces, polymer films
and membranes to determine their conformation. This thesis will be devoted to the study
of cavitand-decorated solid and liquid surfaces. In particular, the molecular architectures of
these receptors will be investigated and the molecular recognition events, due to the specific
host-guest interactions, will be pointed out.

In the second chapter the investigation of a cavitand-decorated solid substrate is reported.
A quinoxaline cavitand (QxCav) [34] layer is transferred on a fused silica substrate coated
with an organosilane self sssembled monolayer (SAM), forming a Solid Supported Hybrid
Bilayer (SSHB). The QxCav is known for its selectivity toward aromatic compounds and its
properties have been widely studied in solution [35] and in solid state [2, 36]. A thorough
understanding of its complexation mechanism, directly at the interfaces, is the first mandatory
step to elucidate how the molecular architecture affects its sensing capabilities. For example,
a very disordered cavitand film can reduce the number of binding sites and promotes the non-
specific interactions with the surface, that could misrepresent the recognition event. In this
regard, a technique as SFVS can drive the realization of a more efficient organization of these
receptors, in order to still preserve their selectivity and sensitivity from solution (or solid state)
to the interfaces. The molecular architecture of such membrane-like structure is characterized
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by SFVS and its conformation is deduced. Complementary techniques, as Atomic Force Mi-
croscopy and Contact Angle Measurements, are employed to obtain additional morphological
information.

The SSHB is then used to show the first evidence of molecular recognition of an aromatic
compound at the solid/gas interface. The QxCav capability to entrap aromatic guests, probed
by SFVS, is proved and reported in the third chapter. Its selectivity toward aromatics is due
to the four quinoxaline wings that form the cavity of the receptor and that can assume a vase
or kite conformation in which they are close or open, respectively. The vase-to-kite switching
can be controlled with external parameters as pH [37, 38] or temperature [39] and can affect
the engulfing properties of the receptor. The QxCav, indeed, is able to complex guests only
in the vase conformation, thanks to the interactions between the analyte and the quinoxaline
wings. In this regard, the vase-or-kite conformation of the QxCav in SSHB is deduced and
its average orientation is compared with that of complexed guest, elucidating the geometry
of molecule-within-molecule configuration, in which the analyte is engulfed with its main
axis parallel to that of the receptor. In addition, the selectivity of the QxCav toward aromatic
compounds is tested to verify if it is still preserved at the interface. For the SSHB exposed
to an aliphatic analyte, no significant interaction occurred, demonstrating that the absence of
specific host-guest bindings does not promote any net polar orientation of the analyte.

Besides the interest in the development of chemical sensors for detection of target molecule
in the gas phase, the pollution of water sources, the diffusion of illicit drugs and the need of
new methods for preventive diagnosis of diseases, require selective and sensitive devices that
are able to work in liquid environment. In particular, good stability and efficiency under pH or
temperature variation, presence of charged ions or different molecular species are pivotal. In
this regard, the fourth chapter is focused on the molecular recognition at cavitand-decorated
liquid interface. A new QxCav derivative, namely QxBOX, is used for detecting aromatic
guests. Thanks to its rigid structure, QxBOX demonstrated a good thermal resistance and an
insensitivity to pH variation, due to its cavity mouth blocked in a vase configuration [40]. The
host-guest interactions are studied by SFVS and the average orientation of both receptors and
ligands is deduced from SF spectra at different concentrations of the analyte in solution, in
order to test the ability of QxBOX in engulfing aromatic guests at liquid/air interface.

1.1 Sum-Frequency Vibrational Spectroscopy

The work of Blombergen et al. in 1962 led to the first theoretical demonstration of the Sum
Frequency Generation (SFG) [41]. In the same years, Bass and coworkers reported the first
observation of SFG in a crystal of triglicyne sulfate [42], where two laser beams at ω1 and
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ω2 interacted in a non-linear medium and generated a SF radiation as the consequence of a
non-linear polarization. In 1986 Shen and coworkers, reported the first surface vibrational SF
spectrum from a monolayer of Coumarin on glass [43]. This work opened a new scenario for
the Surface Science, because demonstrated the possibility to investigate surfaces and interfaces
with a non-invasive optical technique able to yield chemical and conformational information.
The intrinsic sensitivity and selectivity toward surfaces and interfaces makes Sum Frequency
Vibrational Spectroscopy (SFVS) one of the most prominent optical technique for the in-situ
investigation of molecular architecture at the interfaces.

1.2 Theory of Sum Frequency Generation

Figure 1.1: SFG process

The Sum Frequency Generation (SFG) [44–
47] is a two-photon process in which absorp-
tion of an IR photon promotes an excitation
to the first vibrational level and the upcon-
version due to the anti-Stokes Raman scat-
tering with a visible photon leads the sys-
tem in a virtual state. The resulting emis-
sion of a coherent SF photon ωSF = ω1 +ω2

is the consequence of a process that is both
IR and Raman-active. In other words, the
medium behaves like a collection of oscil-
lating dipoles which emit radiation at ωSF .
Both energy ωSF = ω1 +ω2 and momentum
−→
k SF =

−→
k 1 +

−→
k 2 conservation have to be

satisfied.

Sum Frequency Generation (SFG) is a coherent non-linear optical process due to a sec-
ond order polarization

−→
P (2)

e f f induced in a medium by two incident electric fields
−→
E (ω1) and

−→
E (ω2):

−→
P (2)

e f f (ω = ω1 +ω2) =
−→
P (2) (ω)−∇ ·−→Q (2)+

c
iω

∇ ·−→M (2) (ω)+ ... (1.1)

The three terms in eq. 1.1 that contribute to second order polarization are due to electric
dipole, electric quadrupole and magnetic dipole, respectively. The

−→
P (2) (ω) term vanishes

in media with inversion symmetry while it becomes dominant at the interfaces where the
symmetry of the system is naturally broken. This makes SFG highly surface-specific. The
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other two terms are in general non-vanishing also for media with inversion center and they give
a bulk contribution. Under electric dipole approximation, these two terms can be neglected
and
−→
P (2) (ω) can be written as:

−→
P (2)(ω1 +ω2) = ε0

←→
χ

(2) :
−→
E (ω1)

−→
E (ω2) (1.2)

where
−→
E (ω1) and

−→
E (ω2) are the two incident electric fields that oscillate at ω1 and ω2,

typically visible and IR frequencies when SFG is used for vibrational spectroscopy. In eq.
1.2, ←→χ (2) is the surface second-order non-linear susceptibility that is tightly related to the
electronic and molecular structure of the medium and does not depend on external factors
related to the experimental setup. The SF intensity in reflection geometry is given by eq. 1.3:

I(ωSF) =
ω2

SF
8ε0c3cos2βSF

|χ(2)
e f f |

2I(ω1)I(ω2) (1.3)

where I(ωi) is the beam intensity at ωi, χ
(2)
e f f is the effective non-linear susceptibility and βSF

is the exit angle of the SF radiation. In contrast to linear processes as Raman scattering, the
emitted SF radiation is coherent and generated in defined direction βSF , that can be calculated
from the phase matching condition in the surface plane, where only the parallel components
of the wave vectors of the input/output beams are considered (fig. 1.2):

k|| (ω1)+ k|| (ω2) = k|| (ωSF) . (1.4)

Figure 1.2: Schematic view of the SFG reflection geometry
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The eq. 1.4 can be also written as a function of the refractive index of the medium n(ωi)

and of the angle βi the beam at frequency ωi as shown in eq. 1.5.

ω1n(ω1)sinβ1 +ω2n(ω2)sinβ2 = ωSFn(ωSF)sinβSF . (1.5)

The effective second-order non-linear susceptibility that appears in eq. 1.3 can be defined as:

χ
(2)
e f f =

[←→
L (ωSF) · êSF

]
·←→χ (2) :

[←→
L (ω1) · ê1

][←→
L (ω2) · ê2

]
(1.6)

where êi and
←→
L (ωi) are the unit polarization vector of the electric field and Fresnel factor at

frequency ωi. The Fresnel factors
←→
L (ωi) can be obtained from the following relations [44]:

Lxx(ωi) =
2n1(ωi)cosγi

n1(ωi)cosγi +n2(ωi)cosβi

Lyy(ωi) =
2n1(ωi)cosβi

n1(ωi)cosβi +n2(ωi)cosγi

Lzz(ωi) =
2n2(ωi)cosβi

n1(ωi)cosγi +n2(ωi)cosβi

(
n1(ωi)

n′(ωi)

)2

(1.7)

where n′(ωi), n1(ωi) and n2(ωi) are the refractive indexes of surface layer, first medium
and second medium at frequency ωi, respectively. βi is the angle formed with the surface
normal and γi is the refracted angle (that can be deduced from Snell’s law n1(ωi)sinβi =

n2(ωi)sinγi) at frequency ωi. The determination of the refractive index n′(ωi) is crucial for a
correct quantitative analysis of the SFG spectra [48].

1.3 Effective non-linear susceptibility

The second-order non-linear susceptibility, a third-rank tensor, reflects the structural symme-
try of the medium. Under symmetry consideration, some of the 27 tensor elements vanish and
others are dependent on each other. This reduces the total number of independent elements that
have to be deduced. The SF signal coming from a non-centrosymmetric solid or from an inter-
face also depends on external parameters (such as refraction indexes, input/output angles, po-
larizations of the beams, etc.) and, for this reason, it is useful to consider the effective second-
order non-linear susceptibilities χ

(2)
e f f for different polarization of the involved input/output

beams. All the systems investigated in this thesis have an azimuthally isotropic symmetry and
to deduce the elements of the second-order non-linear susceptibility tensor←→χ (2) at least three
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polarization combinations, namely SSP, SPS and PPP are needed. The three capital letters
indicate the SF, the visible and the IR polarization, respectively. S-polarized and P-polarized
light means that the relative electric field oscillates in the sample plane and in the incidence
plane, respectively. For this reason, the SSP and SPS polarization combinations can only ex-
cite vibrational modes whose IR dipole moment has a component parallel and perpendicular
to the incidence plane, respectively.

1.3.1 χ
(2)
e f f for azimuthally isotropic surface

In the case of an azimuthally isotropic surface (C∞ symmetry), the number of independent and
non-vanishing terms of←→χ (2) tensor can be reduced to only three:

χ
(2)
xxz = χ

(2)
yyz

χ
(2)
xzx = χ

(2)
yzy = χ

(2)
zxx = χ

(2)
zyy

χ
(2)
zzz

(1.8)

expressed in the lab coordinates (X ,Y,Z). Nevertheless, there are a lot of practical issues
related to the determination of the susceptibility tensor elements. As mentioned above, since
the SF intensity depends on the effective second-order non-linear susceptibility χ

(2)
e f f , it is

useful to rewrite its terms as a function of ←→χ (2) elements (through eq. 1.6), Fresnel factors
and input/output angles as in eq. 1.9. At this point it is clear that the determination of refractive
index of the surface layer n′, which affects the calculation of Lzz (ωi) terms (see eq. 1.7), is
critical for the determination of the χ

(2)
e f f and, as it will shown in sec. 1.4, of the correct

orientational distribution of the molecular moieties.

χ
(2)
e f f ,SSP = Lyy(ωSF)Lyy(ω1)Lzz(ω2)sinβ2χ

(2)
xxz

χ
(2)
e f f ,SPS = Lyy(ωSF)Lzz(ω1)Lyy(ω2)sinβ1χ

(2)
xzx

χ
(2)
e f f ,PPP =


Lzz(ωSF)Lzz(ω1)Lzz(ω2)sinβSFsinβ1sinβ2χ

(2)
zzz +

−Lxx(ωSF)Lxx(ω1)Lzz(ω2)cosβSFcosβ1sinβ2χ
(2)
xxz+

−Lxx(ωSF)Lzz(ω1)Lxx(ω2)cosβSFcosβ1sinβ2χ
(2)
xzx+

+Lzz(ωSF)Lxx(ω1)Lxx(ω2)sinβSFcosβ1cosβ2χ
(2)
zxx



(1.9)
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Figure 1.3: Sample and molecular frame for the phenyl and methylene groups.

1.4 Molecular hyperpolarizability

The surface non-linear susceptibility tensor ←→χ (2) is a macroscopic quantity that describes
the behavior a complex system and takes into account all the possible resonant modes of the
molecular species involved in the process:

χ
(2)
i jk = χ

(2)
NR,i jk +∑

q

Aq,i jk

ω2−ωq + iΓq
(1.10)

where χ
(2)
NR,i jk is the non-resonant contribution, while Aq,i jk, ωq and Γq are the amplitude, the

resonant frequency and the damping constant of the q-th vibrational mode, respectively.

The macroscopic resonant amplitude Aq,i jk introduced in eq. 1.10 is related to the microscopic
quantity aq,lmn, that is the amplitude of the molecular hyperpolarizability expressed in the
frame (ξ ,η ,ζ ) (fig. 1.3) of the molecular group, through the eq. 1.11, in which the calculation
of local-field correction (neglected in eq. 1.11) is postponed and addressed in the evaluation
of surface refractive index n′ [48].

Aq,i jk = Ns ∑aq,lmn
〈(

î · l̂
)(

ĵ · m̂
)(

k̂ · n̂
)〉

(1.11)

The term Ns is the surface density of the molecular moiety and the angular brackets represent
the ensemble average over the orientational distribution function (ODF). The hyperpolariz-
ability of a molecular group depends on the IR dipole moment derivative ∂ µn/∂Q and by the
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Raman polarizability derivative ∂α
(1)
lm /∂Q of the q-th vibrational mode as shown in eq. 1.12:

aq,lmn =
△ρq

2ωq

∂α
(1)
lm

∂Q
∂ µn

∂Q
(1.12)

where Q is the classical normal coordinate and △ρq is the population difference between
the q-th vibrational mode and the ground state. It is important to remark that a resonance
is SFG active if the q-th vibrational mode is both IR and Raman active or, equivalently, if
the molecule does not have inversion center. If the visible and IR beams are far to induce
electronic transitions, the Raman polarizability derivative tensor is symmetric under exchange
of the indexes. This means that the first two indexes of the susceptibility tensor elements are
interchangeable too. Thanks to this approximation the number of independent tensor elements
has been already reduced in eq. 1.8.

The resonant amplitudes Aq,i jk, corresponding to the q-th resonant mode, allow to obtain
information about the average orientation of the molecular moiety (eq. 1.11). For an az-
imuthally isotropic surface, the only three independent resonant amplitudes Aq,xxz, Aq,xzx and
Aq,zzz can be obtained by the SF spectra for different polarization configurations SSP, SPS and
PPP through the following relations (see eq. 1.9):

Aq,SSP = Lyy (ωSF)Lyy (ω1)Lzz (ω2)sinβ2 Aq,xxz

Aq,SPS = Lyy (ωSF)Lzz (ω1)Lyy (ω2)sinβ1 Aq,xzx

Aq,PPP =−Lxx (ωSF)Lxx (ω1)Lzz (ω2)cosβSF cosβ1 sinβ2 Aq,xxz+

+[−Lxx (ωSF)Lzz (ω1)Lxx (ω2)cosβSF sinβ1 cosβ2+

+−Lzz (ωSF)Lxx (ω1)Lxx (ω2)sinβSF cosβ1 cosβ2]Aq,xzx+

+Lzz (ωSF)Lzz (ω1)Lzz (ω2)sinβSF sinβ1 sinβ2 Aq,zzz

(1.13)

1.4.1 Bond additivity model: CH3 case

The simplest way to estimate the hyperpolarizability of a certain molecular group, far from
electronic resonances, is to assume an additivity model that takes into account all the contri-
butions of each bonds of the moiety. An important role is played by the geometry of the group
that, according to the symmetry of the system, affects the hyperpolarizability tensor. In this
section the calculation of the hyperpolarizability tensor for the methyl (CH3) group is reported
to give an example of the bond additivity model application and because the results obtained
will be used in the following chapters. The methyl group is, indeed, a good vibrational marker,
whose symmetric stretching mode can be used for the determination of its average orientation.
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Furthermore, in the following chapters the analysis on the methyl mode will allow to deduce
the alkyl chains conformation of both surfactant monolayers and cavitand/surfactants hydrid
bilayers. For the methyl (CH3) group, each CH bond has an IR dipole moment derivative µ0

along the bond axis and a Raman polarizability derivative tensor with a cylindrical symmetry:

α0 =

 α0 ·R 0 0
0 α0 ·R 0
0 0 α0

 (1.14)

where the parameter R is related to the anisotropy of CH bond polarizability derivative. Its
value can be determined from theoretical calculations (R = 0.14) [49] or deduced by Raman
spectra [50] (R = 0.18). Because of the C3V symmetry of the methyl group, it is convenient
to choose the symmetry main axis of the moiety as the ζ axis of the molecular frame. To
simplify the following calculations, one of the CH bond is supposed to lie in the ξ ζ plane (see
fig. 1.4).

Figure 1.4: Methyl group in molecular frame (ξ ,η ,ζ )

For the total symmetric stretch of the methyl group the net IR dipole moment derivative is
along the ζ axis:

∂ µζ

∂Q
=

3

∑
i=1

∂ µζ

∂ ri

∂ ri

∂Q
=

1√
3

µ0ζ̂ (1.15)

where ri identifies the direction of the single CH bond. In a similar way, it is also possible
to get the Raman polarizability derivative tensor of the whole molecular group switching to
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normal coordinate:

∂αζ ζ

∂Q
=

3

∑
i=1

∂αζ ζ

∂ ri

∂ ri

∂Q
=

1
3
√

3
(1+8R)α0

∂αξ ξ

∂Q
=

∂αηη

∂Q
=

3

∑
i=1

∂αξ ξ

∂ ri

∂ ri

∂Q
=

1
3
√

3
(4+5R)α0

(1.16)

At this point it is possible to write the nonvanishing hyperpolarizability elements as follows:

a(2)
ξ ξ ζ

= a(2)
ηηζ

=

(
4+5R

9

)
α0µ0

2ωq
△ρq

a(2)
ζ ζ ζ

=

(
1+8R

9

)
α0µ0

2ωq
△ρq

(1.17)

For the methyl group case it will prove useful defining a quantity as

r =
a(2)

ξ ξ ζ

a(2)
ζ ζ ζ

≃ 2.2 , (1.18)

[51] called depolarization ratio.

1.5 Experimental setups

To carry out the experiments two different experimental setups have been used: a broad band
(BB) and a narrow band (NB) SF scheme. The BB-SF setup produces femtosecond IR laser
pulses with a large bandwidth (≃150 cm−1) that allows to obtain a portion of the vibrational
spectrum without tuning the IR central frequency. On the contrary, the visible laser pulses
have a narrow band (≃10 cm−1) for a good resolution of the SF spectra. The NB-SF scheme
generates picosecond IR and visible pulses with a spectral resolution of ≃6 cm−1. For both
the setups the SF signal is generated in reflection geometry by the impinging IR and visible
beams.

1.5.1 BB-SFG setup

A femtosecond Ti:sapphire oscillator (MIRA 900F, Coherent Inc.), with center wavelength at
800 nm, is the seed laser for a regenerative amplifier (Legend FHE, Coherent Inc.) which pro-
duces 120 fs pulses at 1kHz repetition rate and pulse energy up to 2.5 mJ. The amplifier output
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is then split into two beams. The first one is used to pump an Optical Parametric Amplifier
(OPerA, Coherent Inc.), which coupled with a DFG extension (based on Difference Frequency
Generation) generates the mid-IR beam with a pulse energy of ~ 7 μJ. The remaining part of
the seed laser is used as the VIS beam, whose bandwidth is narrowed by passing through a
pulse shaper that allows to achieve a bandwidth of ≃10 cm−1 with a larger temporal width of
4 ps. The IR (2.5-12 μm) and visible (800 nm) beams, in a co-linear geometry, are spatially
and temporally overlapped on the sample stage with an angle of 52° with respect to the surface
normal and the SF output signal is spectrally dispersed with a spectrograph and detected by a
scientific-grade CCD camera. A schematic view of the setup is showed in figure 1.5.

Figure 1.5: BB-SFG scheme

1.5.2 NB-SFG setup

A picosecond Nd:YAG laser (PL2251, 80mJ, 30 ps, 20Hz, EKSPLA) coupled with an har-
monics unit (SFGH1000-2H, Ekspla) generates the Vis beam used in the SF-VS setup and
the 1064nm and 532nm beams used to generate the IR beam through an Optical Parametric
Generator (OPG) coupled with an Optical Parametric Amplifier (OPA). The OPG/OPA sys-
tem produces parametric radiation at 680-1064 nm (Signal) and 1064-2300 nm (Idler) via
non-linear optical process through two BBO crystals. The Idler is then mixed with the funda-
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mental radiation to have an IR beam covering the 2.3-10 μm range by Difference Frequency
Generation (DFG) in a AgGaS crystal. Both IR and visible beams have a pulse duration of
30 ps and a repetition rate of 20 Hz. The incidence angles with respect to the surface normal
are 55° and 60° for the IR and the visible beam, respectively. A basic scheme of the setup is
reported in figure 1.6.

Figure 1.6: NB-SFG setup

1.5.3 Quartz reference

To compare SF spectra with known results in literature, to give a concrete physical meaning
to the quantitative analysis, it is pivotal to present the measurements in meaningful units. In
many cases it is not a simple operation, because SF intensity depends on the intensities of the
impinging beams, detector efficiency, geometry, etc. The SF spectra reported in this thesis are
normalized with respect to the SF signal generated by a Z-cut quartz crystal. Due to the lack of
inversion symmetry, quartz crystal exhibits a strong non-linear optical response mainly from
the bulk. For the normalization of the SF spectra, it is needful to calculate the effective second-
order non-linear susceptibility of the quartz crystal. For its D3 symmetry the non-vanishing
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elements of the←→χ (2) tensor are:

χ
(2)
xxx =−χ

(2)
xyy =−χ

(2)
yyx =−χ

(2)
yxy ≡ χ

(2)
q

χ
(2)
xyz =−χ

(2)
yxz

χ
(2)
xzy =−χ

(2)
yzx

χ
(2)
zxy =−χ

(2)
zyx

(1.19)

The elements equal to χ
(2)
q are the larger ones and all the other elements will be neglected

in the following calculations. The second-order non-linear susceptibility terms in the first row
of eq. 1.19 is χ

(2)
q ≈ 1.6 · 10−12m/V . The effective second-order non-linear susceptibility

terms for SSP, SPS and PPP polarization configurations, thus, can be written as follows:

χ
(2)
e f f ,SSP = Lyy(ωSF)Lyy(ω1)Lxx(ω2)cosβ2χ

(2)
q lc

χ
(2)
e f f ,SPS = Lyy(ωSF)Lxx(ω1)Lyy(ω2)cosβ1χ

(2)
q lc

χ
(2)
e f f ,PPP = Lxx(ωSF)Lxx(ω1)Lxx(ω2)cosβSFcosβ1cosβ2χ

(2)
q lc

(1.20)

In eq. 1.20 lc is the coherence length, that in reflection geometry can be calculated as:

lc =

(
2π

(√
n(ωSF)2− sin2βSF

λSF
+

√
n(ω1)2− sin2β1

λ1
+

√
n(ω2)2− sin2β2

λ2

))−1

. (1.21)

lc determines the uncertainty range 1/lc in which the momentum conservation needs to be
satisfied. In the following tables (1.1 and 1.2) the Fresnel factors and the effective susceptibil-
ity elements of quartz crystal are calculated in two different frequency ranges of the IR beam.
The calculations have been reported for both the SF setups.
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NB scheme ωSF ω1 ω2

λ [nm] 460 532 3400
n 1.552 1.547 1.490
β 59° 60° 55°

Lxx 1.02 1.03 0.99
Lyy 0.57 0.56 0.63

χ
(2)
e f f ,SSP = 0.82 ·10−20m2/V

χ
(2)
e f f ,SPS = 0.85 ·10−20m2/V

χ
(2)
e f f ,PPP = 0.70 ·10−20m2/V

BB scheme ωSF ω1 ω2

λ [nm] 650 800 3400
n 1.543 1.539 1.490
β 52° 52° 52°

Lxx 0.94 0.95 0.96
Lyy 0.64 0.64 0.65

χ
(2)
e f f ,SSP = 1.50 ·10−20m2/V

χ
(2)
e f f ,SPS = 1.53 ·10−20m2/V

χ
(2)
e f f ,PPP = 1.28 ·10−20m2/V

Table 1.1: Fresnel factors and effective susceptibility elements for Z-cut quartz crystal in the
CH stretching region for the NB and BB scheme .

NB scheme ωSF ω1 ω2

λ [nm] 470 532 4400
n 1.552 1.547 1.490
β 59° 60° 55°

Lxx 1.02 1.03 0.99
Lyy 0.57 0.56 0.63

χ
(2)
e f f ,SSP = 0.85 ·10−20m2/V

χ
(2)
e f f ,SPS = 0.88 ·10−20m2/V

χ
(2)
e f f ,PPP = 0.73 ·10−20m2/V

BB scheme ωSF ω1 ω2

λ [nm] 680 800 4400
n 1.541 1.539 1.490
β 52° 52° 52°

Lxx 0.95 0.95 0.96
Lyy 0.64 0.64 0.65

χ
(2)
e f f ,SSP = 1.57 ·10−20m2/V

χ
(2)
e f f ,SPS = 1.60 ·10−20m2/V

χ
(2)
e f f ,PPP = 1.33 ·10−20m2/V

Table 1.2: Fresnel factors and effective susceptibility elements for Z-cut quartz crystal in the
CN stretching region for the NB and BB scheme.

All the spectra reported in this thesis are normalized with respect to the quartz SF signal
according to eq. 1.3 in order to present them in meaningful units [52]:(

χ
(2)
e f f ,sample

)2
=

Isample

IQz
·
(

χ
(2)
e f f ,Qz

)2
(1.22)

where Isample and IQz are the SF intensities from the sample and from the quartz crystal,
respectively, while χ

(2)
e f f ,sample and χ

(2)
e f f ,Qz are the corresponding nonlinear susceptibilities.





Chapter 2

Cavitand−Organosilane Hybrid Bilayers

2.1 Synthetic receptors for chemical sensing

Molecular recognition in living systems is involved in the most important cellular mecha-
nisms such as catalysis, transport of nutrients and ions inside the cell and synthesis of DNA.
All these processes are ruled by specific chemical interactions between molecular receptors
and ligands. In supramolecular chemistry the molecular containers are synthetic cavities that
mimic the specificity, selectivity and geometry of receptor binding sites in Nature [53]. The
ambitious goal of being able to design receptors of desired size, shape and chemical proper-
ties has led in recent years to the synthesis of a wide range of compounds which may find
application in chemistry, medicine, biology and pharmacology [10, 54–58]. They can act as
“nanometer-size” cups, flasks and bottles [59] for chemical sensing applications, drug deliv-
ery, environmental monitoring, prevention of biological risks and preventive diagnosis of dis-
eases. Molecular containers are mainly synthesized starting from calixarenes, resorcinarenes
and their relatives [60, 61]. Beyond the differences in size, shape and chemical properties, all
the molecular containers are characterized by a concave surface to entrap guests. Properties
and behavior of these molecules can be monitored with conventional techniques such as NMR
and X-rays, but the study of the host-guest interactions at the interface is required in order to
understand the mechanisms between the receptor and the ligand at the molecular scale. For
this reason, a nonlinear optical technique as SFVS can provide, at the same time, information
about the organization of receptors and molecular recognition at the interface, with an in-situ
and noninvasive analysis yields valuable information that can lead to a more rational synthe-
sis of receptors in order to improve their entrapment capabilities of guests. Among all these
classes of synthetic receptors, this thesis will be focused on the understanding of conforma-
tion, selectivity and sensitivity of cavitand films at interfaces.
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2.2 Cavitands as supramolecular receptors

Cavitands are organic hosts with an open-ended enforced cavity [62] of molecular dimen-
sion able to engulf specific classes of ligands with which they have strong chemical affinity
and complementarity in size and shape [1, 3, 63, 64]. Complexes of cavitands are called
caviplexes. One of the most common protocol to synthesize cavitands involves the extension
of the aromatic walls of resorcinarene, as happens for the quinoxaline cavitand (QxCav) re-
ported in image 2.1. QxCav has a lipophilic cavity large enough to entrap aromatic guests as

Figure 2.1: Structure of quinoxaline cavitand from X-ray diffraction analysis.

demonstrated in reference [60], where X-Ray structure of QxCav and its complex is reported.
The binding energy for aromatic guests is 2− 3 kcal Mol−1and it is due to weak interactions
such as hydrogen bonding, CH−π , π−π and cation-dipole interactions (fig. 2.2). In order to
stabilize the cavitand structure, hydrogen bonding is used to favor the vase-conformation and
to avoid opening of the walls, therefore creating an energy barrier that prevents the release of
the guests. This fact makes QxCav a molecule with a switchable structure, that can change
its conformation with an external control such as temperature, pH or both. As shown in ref-
erences [37, 38, 65], the vase-to-kite conformational switch of QxCav has been observed by
changing the pH of the water solution. This property also opens to a large area of applications,
because a controlled release of the guests with external factors can be achieved [34]. A great
number of works about QxCav have been reported in literature. Its strong selectivity toward
airborne aromatic hydrocarbons at ppb levels [2] makes it a good candidate for a thorough
detection of the most common pollutants in air such as benzene, toluene, ethylbenzene and
xylene (BTEX).

Different QxCav derivatives have been synthesized specifically to increase their selectivity
toward other classes of aromatic guests. For example, a carboxylic group COOH at the upper
rim can increase the efficiency of complexation of nitro-aromatic volatile compounds, denot-
ing the presence of TNT, due to the formation of an additional H-bonding interaction with the
NO2 group [66] as showed in fig. 2.4-a . Recently, a QxCav derivative for selective detection
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Figure 2.2: Weak interactions involved in the recognition event.

Figure 2.3: Representation of host-guest interactions between a) phosphonate cavitand and
common illicit drugs [1], b) QxCav and benzene [2] and c) phosphonate cavitand and sarcosine
[3].
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Figure 2.4: Complexation of a) nitrobenzene in COOH-QxCav cavity and b) benzene inside
the conformtionally-blocked cavity mouth of the Et-QxBOX.

of BTEX compounds, namely QxBOX, has been synthesized. Its fixed walls, that do not allow
the vase-to-kite switch, form a rigid structural arrangement due to aliphatic linkers that tighten
the cavity mouth. The rigidity of structure guarantees a more efficient entrapment of the guest
molecules (see fig. 2.4-b).

However, for the recognition of compounds as inorganic cations, methylammonium and
pyridinium salts, neutral molecules and alchools, tetraphosphonate cavitands (Tiiii) have proven
a remarkable versatility, especially in the aqueous phase[6, 67]. This results, for example, in
potential medical application for the detection of amino acid such as sarcosine [3], whose high
levels in the urine can be a symptom of prostate cancer [68].

This chapter will be devoted to the conformational study of QxCav film at air/solid inter-
face.

2.3 Solid Supported Hybrid Bilayer (SSHB)

A crucial step toward real sensing application of chemical receptors consists in their integra-
tion on a proper solid support in order to be able to study their complexation capabilities in
air or liquid phase, with a particular attention on the efficiency of selective interactions and
sensitivity at very low concentrations of target molecule. Hybrid molecular architectures that
mimics the properties of biological systems are of great interest for the study of membranes
[69], micelles [70] and vesicles [71]. In this regard, instead of covalent grafting of cavitands
onto solid surfaces [1, 63, 64, 72], an alternative approach was pioneered. To realize a SSHB,
a QxCav layer was transferred on a solid support covered with a hydrophobic self-assembled
monolayer (SAM) of organosilane molecules. The surfactants, whose head group covalently
attaches to a substrate (i.e. fused silica, quartz, gold, silicon ...), form a well ordered and
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packed molecular film (fig. 2.5). To be able to anchor the QxCav receptors on the SAM, the
hydrophobic interactions between the QxCAv chains and the SAM have been exploited.

The selectivity and the sensitivity of the QxCav organized in such hybrid bilayer system
can be affected by the molecular density of receptors and their conformations. In this regard,
a technique as SFVS is preferred to other ones, because it offers the possibility to obtain all
the chemical and structural information about receptors, if properly organized, directly at the
interface. In other words, the investigation of QxCav conformation at air/solid interface is a
crucial step to understand how molecular architecture of receptors can affect sensing capa-
bilities of the sensitive layer. For the hydrophobic template, a SAM of Octadecyltrichlorosi-

Figure 2.5: Hydrophobic SAM and SS-HB of QxCav on fused silica

lane (OTS) on fused silica is realized. OTS is an amphiphilic molecule with a long alkyl
chain (C18H37−) and a polar head group (SiCl3−) which has been widely studied in SF spec-
troscopy and provides a benchmark for the stretching of the aliphatic CH groups in the region
2800−3000 cm−1 [29, 73, 74].

The optically polished fused silica substrates (NHI-1200, Helios Italquartz s.r.l.) were first
cleaned with acetone and then soaked for 24 h at room temperature in an oxidizing acid
solution, that is, a mixture of a solid oxidizer (NoChromix, Godax Laboratories) and con-
centrated sulfuric acid (95-98%, Sigma-Aldrich), to remove organic and inorganic contam-
inants from the surface. The substrates were then rinsed thoroughly with ultrapure water
(18.2MΩ · cm@25◦C, Synergy UV Millipore) and blown dry with a jet of nitrogen. The ac-
tivation of the hydroxyl groups of the glass surface was finally performed with a plasma-
cleaner for 8 minutes. The hydroxylated substrates were immersed in a 2 mM solution of
OTS (CH3(CH2)17SiCl3, 90%, Sigma-Aldrich) in hexane (90%) and chloroform (10%) for 10
minutes, then exposed to air for 5 minutes and finally baked in an oven at 120 °C for 45 min-
utes in order to promote cross-linking between molecules and covalent bond formation with
the surface. The substrate was left to cool to room temperature and then was soaked in an
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ultrasonic bath in chloroform for 10 minutes to remove all the excess of OTS molecules that
are not covalently bonded to the surface.
In addition to the OTS template, a different hydrophobic monolayer was arranged on the
bare fused silica substrate using a different surfactant called N,N-dimethyl-N-octadecyl-3-
aminopropyltrimethoxysilylchloride (DMOAP, CH3(CH2)17(CH3)2N+(CH2)3Si(CH3O)3Cl−,
72% in methanol, Sigma-Aldrich). This compound has an alkyl chain of the same length of
the OTS but a larger polar head. The main goal is to compare two different hydrophobic tem-
plates with different peculiarities (as molecular density and conformation of the alkyl chains)
and put in evidence differences in the transfer of the receptor layer and its conformation in
relation to the underlayer. For this reason the protocol optimized for the production of the
OTS film was extended to the case of DMOAP [75].
To assemble the SS-HB, a film of QxCav is transferred on the hydrophobic substrates (both
OTS and DMOAP) adopting a Langmuir-Scheafer deposition procedure. To favor the forma-
tion of a compact monolayer of receptors at the air/water interface of a commercial Langmuir
Trough (KSV NIMA), few drops of a 1 µM solution of QxCav in chloroform were spread on
the water subphase. The QxCav molecules, being amphiphilic, are oriented with their alkyl
chains pointing to the gas phase and with the polar head towards the aqueous phase. After
waiting for 30 minutes the solvent was completely evaporated, the QxCav film was com-
pressed until it reached the liquid-condensed phase (2.6) at a surface pressure of 20 mN/m.

The hydrophobic templates were then put in contact with the film of C11H23−footed Qx-
Cav molecules for 5 minutes (2.7-a) and afterwards the samples were slowly raised up by
compressing the barriers to maintain a constant surface pressure. Due to the dispersion in-
teractions among alkyl chains, part of the Langmuir film is transferred on the hydrophobic
substrate 2.7-b. The coverage percentage of the sample with the QxCav monolayer can be
estimated from the area of the Langmuir trough before and after the deposition and comparing
it with the one of the substrate. Therefore, it is possible to estimate a coverage of about 10%
and 25% for the OTS and the DMOAP templates, respectively.

2.4 Molecular architecture at air/solid interface

In this section the molecular architectures of both OTS and DMOAP templates and their cor-
responding SSHBs have been deduced from the study of SF spectra and compared with the
complementary results obtained with other investigation techniques. The information deduced
from SF measurements allows to reconstruct a more complete physical picture of such sys-
tems, elucidating the conformation of receptors at the interface in relation to different tem-
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Figure 2.6: Isotherm of a Langmuir film of QxCav molecules

plates.

2.4.1 Characterization of OTS and DMOAP templates

Static contact angle measurements were performed on both DMOAP and OTS templates to ap-
preciate the quality of the silanized fused silica substrates. The hydrophilic bare glass showed
a contact angle of 21°± 2°, typical of hydroxylated surfaces [76]. Because of their strong
hydrophobic behavior, surfactant-coated substrates showed contact angles of 91°± 2° and
102°±2° for DMOAP and OTS, respectively. These measurements are comparable with those
of compact monolayers, whose theoretical densities are 3.5 chains/nm2 and 2.5 chains/nm2

for OTS and DMOAP SAM, respectively. [22, 29, 31]. These values of contact angles suggest,
thus, the formation of monolayers with high coverage for both SAMs.

The silanized substrates were morphologically characterized by Atomic Force Microscopy
(AFM) in air by a Nanoscope IIIa (Bruker, CA) operating in tapping mode. Silicon probes
(Bruker, CA) with resonance frequency 150-300 kHz, cantilever length 125 µm and tip radius
of curvature 10nm, were used. DMOAP and OTS templates 2.8-a,b exhibit a similar behavior
with a quite uniform morphology, except for the small agglomerates on the DMOAP surface
with size of few tens of nm and height of ≃ 6 nm. The measured roughness, 0.45nm for
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Figure 2.7: Langmuir-Scheafer procedure for deposition of QxCav film on hydrophobic mono-
layer deposited on fused silica

DMOAP and 0.25nm for OTS template, proves the homogeneity of the organosilane SAMs
as assumed after the preliminary contact angle measurements. The SFG characterization has
been carried out with the SFG-BB scheme (1.5.1) in the spectral range of the aliphatic CH
stretch (2800−3000cm−1) in order to deduce the conformation of alkyl chains. In fig. 2.9 the
SF spectra of both OTS (in black) and DMOAP (in red) are reported for SSP, SPS and PPP
polarization configuration. The five peaks in the spectra are related to the symmetric stretching
(2851cm−1, d+) and antisymmetric stretching (2918cm−1, d−) stretch mode of the methylene
(CH2) groups, and the symmetric (2877 cm−1, r+), antisymmetric (2964 cm−1, r−) and Fermi
resonance (2942 cm−1, r+FR) of the methyl groups. The break of the centrosymmetry along the
chains, due to the formation of gauche defects, makes the CH2 modes visible in the SFVS. The
presence of more prominent CH2 resonances for the DMOAP template is indicative of a higher
disorder of the alkyl chains with respect to the OTS template. In a first qualitative description,
the OTS monolayer seems to be more ordered, fully-packed and with most of the alkyl chains
in an all-trans configuration, as the virtually absent methylene resonances suggest. In addition
to this first experimental evidence, the methyl symmetric stretch r+is more prominent in the
SSP spectrum than in the SPS one, hinting a net polar orientation of the methyl group with its
main axis close to the surface normal. Deducing the average orientation of the methyl group
can help to trace back, in a more quantitative way, to the conformation of the alkyl chains. This
is physically relevant in the case of the OTS template, while it is trickier for the DMOP case,
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Figure 2.8: AFM images (2×2 µm2) of a) DMOAP, b) OTS, c) DMOAP-QxCav and d) OTS-
QxCav that show the topography of the samples.The height profiles in panel c and d were
measured for the SSHBs along the white line.

where the presence of a high number of gauche defects does not allow to relate the average
orientation of the methyl group with the one of the whole molecule.

To figure out the average orientation of the CH3 group for the two templates, the resonant
amplitudes Aq,i jk in lab coordinates must be related to their counterparts aq,lmn in molecular
coordinates. Through an opportune coordinate transformation and supposing an orientational
distribution function (ODF) f (Ω) for the methyl group, the eq. 1.10 can be written as:

Aq,i jk = NS

∫
∑
lmn

aq,lmn
(
î · l̂
)(

ĵ · m̂
)(

k̂ · n̂
)

f (Ω)dΩ (2.1)

where Ω = (φ ,θ ,ψ) indicates the Euler angles. From data fit, the resonant amplitudes can be
deduced and related to their theoretical values in order to obtain the angles and thus the average
orientation of the methyl group. For the r+ vibrational mode, three resonant amplitudes are
necessary to get the average orientation of the group, because of the C∞ symmetry of the OTS
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Figure 2.9: SFG spectra (scatters) and relative curve fits (solid line) of OTS (in black) and
DMOAP (in red) templates in the aliphatic CH stretching region. The inset in fig. a) shows
the symmetric stretch of the methyl group with the net dipole moment along ζ axis, forming
an angle θ with respect to the Z axis in the lab frame.
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and DMOAP templates. These terms can be written through eq. 2.1 as:

Ar+,xxz =
1
2

NCH3αr+,ζ ζ ζ

[
(1+ rr+)⟨cosθ⟩− (1− rr+)

〈
cos3

θ
〉]

Ar+,xzx =
1
2

NCH3αr+,ζ ζ ζ (1− rr+)
[
⟨cosθ⟩−

〈
cos3

θ
〉]

Ar+,zzz = NCH3αr+,ζ ζ ζ

[
rr+ ⟨cosθ⟩+(1− rr+)

〈
cos3

θ
〉]

(2.2)

where rr+ is the depolarization ratio for the symmetric stretch of the CH3 group, θ is the
polar angle in Euler notation, NCH3 is the surface density of the methyl groups and the angular
brackets represent the ensemble average over the ODFs f(Ω). These theoretical expressions
must be compared with their corresponding experimental values deduced from the fit of the
data through the relations 1.13.

The Fresnel factors for the organosilane monolayers on fused silica substrates are reported
in tab. 2.1, where a surface refractive index n′= 1.21 [48] has been considered. The theoretical

BB-scheme λ (nm) β (deg) n Lxx Lyy Lzz

ωSF 650 52 1.457 0.98 0.67 0.70
ω1 800 52 1.453 0.97 0.67 0.70
ω2 3400 52 1.409 0.98 0.69 0.70

Table 2.1: Fresnel factors for organosilane monolayers on fused silica substrates.

curves of the amplitude ratios Ar+,SPS/Ar+,SSP and Ar+,PPP/Ar+,SSP are reported in fig. 2.10
as a function of the polar angle θ in the simple case of Dirac delta ODF for a value of the
depolarization ratio rr+ = 2.2 (as valued in expression 1.18). The amplitude ratios showed in
fig. 2.10 give an idea on their dependence from the polar angle. Instead of a Dirac delta ODF,
a more realistic distribution, as the one shown in eq. 2.3, is assumed: f (θ) = 1

4π2(cosθmin−cosθmax)
for θmin ≤ θ ≤ θmax

f (θ) = 0 elsewhere
(2.3)

where isotropic distribution is assumed for ψ and φ angles. With the experimental amplitudes
listed in tab. 2.2 for the r+ mode through the eq. 1.13, the calculated values for the polar angle
are 0° ≤ θCH3,OT S ≤ 54° and 30° ≤ θCH3,DMOAP ≤ 87° for the OTS and DMOAP template,
respectively. For the OTS monolayer, because of the predominant all-trans configuration of
the alkyl chains, the orientational information obtained for the methyl groups can be used to
deduce those of the OTS molecules. Considering the average value

〈
θCH3,OT S

〉
≃ 36° and
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Figure 2.10: Amplitude ratios Ar+,SPS/Ar+,SSP (in blue) and Ar+,PPP/Ar+,SSP (in purple) for
the r+ mode as a function of the polar angle θ in the simple case of Dirac delta ODF. Green
and yellow area represent the experimental ranges for OTS SAM.

that the methyl group forms an angle of about 35◦ with the main axis of the molecule [28], it
is reasonable to conclude that the OTS molecules are mostly in a straight configuration with
their axis close to the surface normal. The larger polar angle range of the methyl groups for the
DMOAP SAM, with an average value of

〈
θCH3,OT S

〉
≃ 63°, and the more prominent methylene

resonance d+ in the SSP spectrum, are evidence of a larger density of gauche defects in the
alkyl chains.

OTS ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2850 5 0.2 0.1 0.9
r+ 2881 6.4 4.6 -0.6 -1.5
d− 2908 12 1.7 -1.3 -0.6
r+FR 2946 11 8.3 -1.4 0.4
r− 2963 11 0.2 4.8 -5.7

DMOAP ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2854 7.3 2.5 0.1 -0.3
r+ 2881 8.1 4.0 -0.4 0.3
d− 2916 15 4.4 3.1 0.8
r+FR 2944 13 7.9 -3.4 -1.3
r− 2972 10 -4.4 2.8 4.1

Table 2.2: Fit parameters for the OTS and DMOAP template

From this analysis it is also possible to assess the ratio between the surface densities of
the two templates NDMOAP/NOT S ≃ 0.7 by the direct comparison between the corresponding
amplitudes Ar+,xxz through eq. 2.2 and the ODF. The reason for such difference is due to
the different size of the polar head, that is bigger in the case of DMOAP molecule. This
implies a lower surface density of the alkyl chains for the DMOAP template that favors a more
disordered configuration and promotes the formation of a larger number of gauche defects.
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2.4.2 SS-HBs: orientation of receptors at interface

After the organosilane template characterization, a monolayer of QxCav was transferred by
LS procedure on top of both OTS and DMOAP coated substrates. A preliminary AFM anal-
ysis (2.8-c,d) showed a different morphology after the deposition of cavitand films. For both
OTS-QxCav and DMOAP-QxCav samples the roughness increases to 1.2nm and 2.0nm, re-
spectively. Moreover, the analysis revealed the presence of island-like structures for both
SAMs, demonstrating the fact that the outermost QxCav layer is not perfectly uniform. In
the inset of fig. 2.8 the height profiles are in agreement with the nominal length of the Qx-
Cav molecule (2.4 nm), endorsing the hypothesis of a single layer coating for the most of
the surface. In fig. 2.11 the SF spectra of the OTS-QxCav and DMOAP-QxCav bilayers in
the range 2800− 3100 cm−1 are reported. Up to 3000 cm−1 all the stretching modes of both
methyl and methylene groups are present as in the case of bare SAMs in fig. 2.9. In addition
to these, two new resonances appear at 3024 (ν7) and 3064 cm−1 (ν2), relative to the aromatic
CH stretching modes of the quinoxaline wings [75, 77]. By a first qualitative comparison with
the spectra of SAMs (see fig. 2.12), there are no significant changes in the part of the spectra
relative to the vibrational modes of the methyl and methylene groups. This may be due to the
low density of the cavitand films on both SAMs and to the high disorder of QxCav chains (as
shown in ref. [38], due to the shorter chain length with respect to the organosilane ones). This
clarification is necessary because, in a configuration in which the cavitand layer was compact
and with all the alkyl chains in straight configuration, the SF signals of the methyl groups
of QxCav layer (pointing downward) and SAM (pointing upward) should cancel each other.
At a closer look, it is possible to notice an increased intensity of the d+ mode for the OTS-
QxCav sample in SSP spectrum due to a higher disorder of the alkyl chains introduced by the
QxCav layer. The DMOAP-QxCav sample, on the contrary, exhibits an overall increasing of
the signal probably due to the increased total density of the more disordered alkyl chains. In
addition to the conformational information of the alkyl chains, the aromatic ν2 peak (relative
to the total symmetric CH stretch of the quinoxaline wings) appears more prominent in the
case of DMOAP template. This experimental evidence suggests a higher cavitand transfer
on the DMOAP monolayer, in which the lower surface density could favor a more efficient
intercalation of the QxCav chains.

All these arguments are supported by the quantitative analysis over the ν2 mode, to deduce
the average orientation of the receptor layer. In tab. 2.3 the fit parameters of both OTS-QxCav
and DMOAP-QxCav bilayers for the SF spectra in fig. 2.11 are reported. Carrying out a
similar analysis to the previous r+case, through eq. 2.1 the amplitudes for the ν2 mode of the
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Figure 2.11: SFG spectra (scatters) and relative curve fits (solid line) of OTS-Qx (in black)
and DMOAP-Qx (in red) SS-HB in the CH stretch (aliphatic and aromatic) region. The inset
in fig. a) shows a quinoxaline wing in the molecular frame and its symmetric CH stretching
mode ν2.



2.4 Molecular architecture at air/solid interface 31

Figure 2.12: SSP spectra of: a) OTS (black markers) and DMOAP SAMs (red markers) and b)
OTS/QxCav (black markers) and DMOAP/QxCav (red markers) SSHBs. Solid lines are the
corresponding best curve fits.

OTS-Qx ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2850 7.8 1.4 0.4 -0.5
r+ 2870 11 7.8 1.1 -3.8
d− 2925 13 2.0 1.0 1.1
r+FR 2938 13 8.1 -2.1 3.9
r− 2958 11 -0.9 8.6 -6.9
ν2 3024 10 1.1 0.4 0.4
ν7 3062 12 2.4 0.7 0.5

DMOAP-Qx ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2852 12 -5.6 -0.6 -2.1
r+ 2878 11 -6.1 -1.0 -2.5
d− 2926 13 -4.1 -2.0 1.7
r+FR 2944 12 -7.0 1.1 -0.1
r− 2965 12 -1.1 -4.4 4.5
ν2 3024 10 2.0 0.2 0.8
ν7 3062 12 -5.0 -1.2 1.2

Table 2.3: Fit parameters for the OTS-Qx and DMOAP-Qx SS-HB.

quinoxaline wings can be written as follows [38]:

Aν2,xxz =
1
8

NQxaν2,ξ ξ ζ

〈
cosθ

[
3+ cos2θ +2sin2

θ (2rν2− cos2ψ)
]〉

Aν2,xzx =−
1
4

NQxaν2,ξ ξ ζ

〈
cosθ sin2

θ (1−2rν2 + cos2ψ)
〉

Aν2,zzz = NQxaν2,ξ ξ ζ

〈
cosθ

(
cos2

ψ sin2
θ + rν2 cos2

θ
)〉

(2.4)

where the angles θ and ψ are the polar and the torsion Euler angle, respectively [75] and
NQx is the surface density of the quinoxaline moeties. rν2 = aν2,ζ ζ ζ/aν2,ξ ξ ζ = 2.4 [38] is the
depolarization ratio for the quinoxaline moiety expressed in the group frame (ξ ,η ,ζ ), whose
hyperpolarizability tensor has only two nonvanishing independent terms. In the following
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calculations, an ODF as the one reported in eq. 2.5 was assumed, considering an isotropic
distribution for the φ angle: f (Ω) =

δ

(
ψ−π/2

)
2π(cosθmin−cosθmax)

for θmin ≤ θ ≤ θmax

f (Ω) = 0 elsewhere
(2.5)

The ψ angle was fixed to π/2, according to the symmetry of the QxCav molecule, as shown
in fig. 2.13-a. It is pivotal to specify that in the model chosen to derive eq. 2.4, QxCav
molecules are supposed to have their main axis perpendicular to the surface and the angle
θ is the opening angle of Qx wings with respect to the QxCav main axis. This assumption
may appear too rough, but in first approximation it is reasonable to assume that the QxCav
molecules of the Langmuir monolayer, intrinsically well ordered and fully-packed, maintain
their average orientation even after the transfer on the substrate preferring, thus, an orientation
with the cavity facing upwards. A more realistic model for the QxCav will be discussed in
the chapter 3. However, even with this simplified model it is possible to derive significant
information about the average orientation of Qxcav molecules.

Figure 2.13: a) Z-Y-Z convention for Euler angles and b) top view of a QxCav molecule with
the typical C4V symmetry of its quinoxaline wings.

The expressions in eq. 2.4 were compared with the experimental amplitudes of the ν2 mode
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reported in tab. 2.3, passing through relations 1.13. From the analysis of the total symmetric
stretch of the quinoxaline moiety, the polar angular ranges obtained for both OTS-QxCav and
DMOAP-QxCav bilayer are 0° ≤ θQx(OT S) ≤ 34° and 0° ≤ θQx(DMOAP) ≤ 33° , respectively.
These results are in agreement with those of the ref. [38], in which a Langmuir film of Qx-
Cav on water is investigated. This accordance highlights that the QxCav molecules are in a
vase configuration with their main axis parallel to the surface normal and pointing towards the
gas phase for both the templates. Also in this case, the relative surface density of the QxCav
layer on both the OTS and DMOAP SAMs, estimated from the ratio between the amplitudes
Aν2,xxz, is N(DMOAP)

Qx /N(OT S)
Qx ≃ 2.5. This result is in agreement with the QxCav transfer ratios

for OTS (10%) and DMOAP (25%) templates obtained during the LS deposition. The reason
of this disparity is most probably related to the different surface density of the two SAMs,
that is lower for the DMOAP template and promotes a more efficient intercalation of QxCav
alkyl chains through the organosilane layer. Therefore, a better cavitand transfer is possible
for the DMOAP template, demonstrating that the surface density of the underlayer can affect
that of the uppermost QxCav coating. The advantage given by the lower molecular density
in the DMOAP SAM could be partially compensated by its lower ordering. Indeed, the pres-
ence of trans−gauche defects and the wider average polar angle of the outer fragments of the
DMOAP alkyl chains could somewhat hamper the intercalation of the cavitand molecules by
steric hindrance, thus reducing the potential upload of a conceivable template with comparable
molecular density but with straight alkyl chains. A mixed SAM of long and short aliphatic
organosilanes, with proper molar fraction and chains lengths, could improve the LS transfer
efficiency, combining the benefits of loosely packed outer alkyl chain fragments, while still
being straight and aligned with the surface normal. This could favor a denser packing in the
lower part of the SAM, avoiding formation of too many defects, and a lower density in the
upper part, in order to have a more efficient transfer of QxCav. This strategy will be adopted
in chapter 3 for the realization of SS-HB, with an higher coverage of cavitands, for molecular
recognition of aromatic hydrocarbons.





Chapter 3

Molecular recognition at solid/gas
interface

Despite the large variety of synthetic receptors, their application in the real world presents
common practical issues. The technology of chemical sensors is based, indeed, on the cou-
pling of a receptor-decorated surface with a transduction mechanism, that enables to convert
the specific chemical interaction between the receptor and the analyte in a readable signal. In
this regard, it is pivotal to study recognition events at the interfaces, where receptors are orga-
nized. This allows to achieve a molecular-level understanding of the complexation processes
that can suggest how to optimize receptor molecular architecture to improve the sensor per-
formance in terms of accuracy and sensitivity. Furthermore, the study of host-guest complexes
at the interfaces, in the widest range of possible operating conditions, can help in the design
of synthetic receptors aiming to improve their selectivity toward target molecules and their
organization for an efficient transduction scheme.

When receptors are transferred at interfaces, preservation of their selectivity and sensitiv-
ity is not irrelevant. Although their capabilities in molecular recognition have been widely
studied in solution or in solid phase, their study directly at the interfaces requires additional
investigations. SFVS is an in-situ analytical technique that allows to study both organization
of receptors and host-guest interactions in real-world gas sensor operating conditions.

In this chapter, a QxCav-decorated solid substrate is studied by SFVS to elucidate the
complexation of monosubstituted benzene guest. Such physico-chemical investigation pro-
vides a microscopic picture of the host-guest interaction directly at the interface, pointing out
the conformation and the orientation of the QxCav molecule and the complexation geometry
of the analyte inside the receptor cavity [78].
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3.1 Chemical sensing of Volatile Organic Compounds

The class of Volatile Organic Compounds (VOCs) includes a large set of molecules with var-
ious functional groups and different chemical and physical properties. These chemical com-
pounds are characterized by a high vapor pressure at ordinary room temperature that favors
their considerable evaporation or sublimation in the environment. In the class of VOCs there
are common organic solvents as fuels and paint diluents. The aromatic and aliphatic hydrocar-
bons, oxygen- and chlorine-based compounds, aldehydes, ethers, alcohols, esters, chlorofluo-
rocabons and hydrofluorocarbons also belong to this class. In this huge variety of chemicals,
the aromatic hydrocarbons known with the acronym BTEX (Benzene, Toluene, Ethylben-
zene and Xylene) have strong negative effects on the central nervous system. Their presence
in common substances, such as gasoline, favors the accidental exposure to these hazardous
chemicals increasing the risks of correlated pathologies. Moreover, the BTEX compounds are
known because of the contamination of soil, air and water sources they produce, especially in
the vicinity of oil refineries and storage tanks.

Benzene and other aromatic compounds have a high toxicity and genotoxicity and are the
causes of many diseases and pathologies that affect human and animal health. Because of the
unavoidable exposition, due to the increasing amount of these aromatic pollutants in the envi-
ronment, a continuous monitoring of BTEX concentrations is strongly required. Institutions
for global health and security, in many parts of the world, have adopted different strategies
and formulated many regulations for reducing the contamination of the atmosphere and water
resources by these compounds. Benzene is widely used in the chemical industry as antiknock
component in gasoline, but it is also naturally present in crude oil and in some petroleum
derivatives. The effect due to its excessive contamination threatens global security especially
for the high genotoxicity of its metabolites. Previous works, about the effects generated by
the exposition to benzene, point out its behavior as myelotoxic and leukemogenic substance
that decreases the production of leukocytes with a consequent weakening of the immune sys-
tem, due to its accumulation in the bone marrow [79, 80]. Its various phenolic metabolites
leads to the production of active oxygen that can produce carcinogenic and mutagenic effects
on human DNA [81] inducing hereditary mutations and promoting pathologies as benzolism
[82].

The employment of cavitands to work out new chemical sensors, due to their high selec-
tivity and sensitivity, could play an important role in the environmental monitoring of these
harmful compounds. For this reason, in order to safeguard global health, it is necessary to have
precise and reliable methods for the monitoring of these substances into the environment. In
this regard, quinoxaline cavitands have been proposed as viable synthetic receptors for BTEX
[2, 83, 84] thanks to their selective detection of aromatic compound even in presence of inter-
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ferents [40]. Their sensitivity and selectivity toward aromatic cyclic compounds make them
ideal candidates for chemical sensing applications.

3.2 SS-HB characterization

The QxCav SS-HB, introduced in sec. 2.3, has been widely characterized in the second chap-
ter and its molecular architecture has been deduced comparing two different organosilane
templates. Starting from the results of that analysis, in order to achieve a higher QxCav trans-
fer without increase in the disorder of the alkyl chains, the advantages offered by a mixed
organosilane template have been exploited. Using a mixed SAM of two alkylsiloxanes with
different chain length, a 30% cavitand transfer ratio (higher than that obtained for the DMOAP
template) was achieved on the fused silica substrate without further increase of disorder. As
shown in fig. 3.1, the high chain density at the lower rim avoids the formation of gauche
defects, while the lower packing at the upper rim favors a better QxCav transfer. The mixed
SAM combines, indeed, the advantages of a fully-packed SAM (as for the sole OTS SAM)
with those of a less dense monolayer (as for the DMOAP case). To this purpose, both octade-
cyltrichlorosilane (OTS, CH3(CH2)17SiCl3) and octyltrichlorosilane (CH3(CH2)7SiCl3) (1:1)
were used to prepare the hydrophobic template following the protocol used in sec. 2.3 for the
sole OTS SAM. The SF measurements reported in this chapter have been carried out with the
NB-SFG setup, described in sec. 1.5.2.

3.2.1 Mixed alkylsiloxane template

In fig. 3.2 the SF spectra from the mixed SAM (whose schematic picture is shown in fig. 3.1)
are reported for SSP, SPS and PPP polarization configurations in the aliphatic CH stretching
region 2800− 3000 cm−1. All the methyl and methylene modes, previously discussed in the
sec. 2.4.1 for the OTS and DMOAP templates (fig. 2.9), are present [47, 75].

Figure 3.1: Schematic view of the mixed SAM



38 Molecular recognition at solid/gas interface

Comparing the SSP spectrum of the mixed SAM with those of OTS and DMOAP templates
(inset of fig. 3.2), it appears more similar to the DMOAP SAM (red squares). The presence
of a prominent d+peak suggests, indeed, the formation of gauche defects, probably due to the
lower density of the mixed SAM in the upper rim (see fig. 3.1). As mentioned in chapter 2, the
theoretical surface density for a compact OTS monolayer is 3.5 chains/nm2. This means that
for the mixed SAM a density of about 1.8 chains/nm2 is expected at the upper rim. Despite
this chain density is also less than that of DMOAP (about 2.5 chains/nm2), the mixed SAM
does not show a more disordered conformation thanks to the higher packing at the lower part.
This discussion is supported below by quantitative analysis on the r+ mode, that allows to
deduce the average polar orientation of the methyl group.

Figure 3.2: SF spectra from mixed CH3(CH2)17− and CH3(CH2)7−silane (1:1) SAM (in
the inset of the graph) in SSP, SPS and PPP polarization configurations. Solid lines are the
corresponding best curve fits. In inset the SSP spectra of OTS (black squares) and DMOAP
(red squares) templates.

The fit parameters of the mixed OTS SAM (solid lines in fig. 3.2) are reported in table 3.1.
From the resonant amplitudes of the methyl mode r+ an the average orientation of the methyl
group has been evaluated

〈
θCH3,OT S

〉
≃ 61°± 4° (see fig. 2.10), assuming an ODF f (Ω) =

δ (θ −θCH3)/
(
4π2 sinθCH3

)
. The polar angle of the CH3 group is close to that obtained for
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mixed OTS ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2854 8 0.4 0.2 -0.4
r+ 2880 10 0.7 -0.2 0.4
d− 2925 9 0.5 0.0 0.6
r+FR 2938 9 1.0 -0.1 -0.4
r− 2967 9 -0.2 0.3 5.7

Table 3.1: Fit parameters for mixed OTS SAM

the DMOAP SAM, supporting what discussed above. The mixed SAM offers, indeed, a lower
chain density at the upper rim with respect to the DMOAP template without affecting more
the alkyl chain conformation.

3.2.2 Orientational analysis of receptors

After the quantitative analysis on the mixed SAM, a QxCav-alkylsiloxane bilayer 3.3 was re-
alized with the LS procedure described in sec. 2.3. The mixed SAM of CH3(CH2)17− and
CH3(CH2)7−OTS (1:1), preferred in order to increase the QxCav coverage without increasing
the disorder of the alkyl chains, promotes a QxCav transfer ratio of about 30% as estimated
during the LS deposition, performed in the liquid-condensed phase at about 20 mN/m. This re-
sults confirms that the choice of a mixed SAM favors a enhanced QxCav transfer with respect
to both the pure OTS (10%) and DMOAP (25%). Further investigations have been planned in
order to optimize the ordering of the SAM and promote even higher transfer, by varying both
aliphatic chain lenght and molar ratio in the alkylsilane solution.

Figure 3.3: SS-HB of QxCav deposited on a mixed alkylsiloxane SAM of CH3(CH2)17− and
CH3(CH2)7−silane (1:1) (1:1)

The SF spectra of the QxCav-alkylsiloxane sample are reported in fig. 3.4 for SSP, SPS and
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PPP polarization configurations in the 2800− 3100 cm−1 range, in which both aliphatic and
aromatic CH stretch modes are expected. The resonant modes in the aliphatic range are due to
the alkyl chains of both SAM and QxCav molecules and are assigned to symmetric stretching,
asymmetric stretching and Fermi resonance of methylene and methyl groups. Three aromatic
resonances can be distinguished in the range 3000− 3100 cm−1 and attributed to the asym-
metric stretch ν7 (3038 cm−1) and the symmetric stretches ν2 and ν20 (3066 and 3080 cm−1)
of the quinoxaline wings [75, 77]. In the inset of fig. 3.4, an enlargement of the spectra in
the aromatic CH stretching region is reported with the vector diagrams of symmetric ν2 and
ν20 modes. From the curve fits on these experimental data (solid lines in inset of fig. 3.4),
it is possible to deduce the resonant amplitudes for the total-symmetric stretch ν2 needed to
deduce the average orientation of the the QxCav molecules [38, 75, 85]. We have carried

Figure 3.4: SF spectra of QxCav-organosilane bilayers for SSP, SPS and PPP polarization
configurations. The inset shows an enlargement of the spectra in the aromatic CH stretching
region and their best curve fits. The vector diagrams for ν2 and ν20 modes are also reported.

out spectral analysis for the aromatic CH stretch mode ν2 of the quinoxaline (Qx) group to
deduce information about the aperture angle θm of the Qx wings and the average polar ori-
entation θp of the QxCav (fig. 3.5). In order to write the three independent non-vanishing
resonant amplitudes Aν2,i jk in term of the two non-vanishing hyperpolarizability amplitudes
aν2,ξ ξ ζ and aν2,ζ ζ ζ = rν2aν2,ξ ξ ζ of the Qx group (rν2 ≃ 2.4), we should consider that each
QxCav molecule comprises four Qx wings (C4v symmetry in the closed vase conformation)
which contribute to the hyperolarizability of the whole molecule. The effective hyperpolariz-
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ability amplitudes aν2,l′m′n′ for the QxCav in its molecular frame (ξ ′,η ′,ζ ′) can be calculated
considering the Euler angles of each quinoxaline moiety and their hyperpolarizability ele-
ments aν2,lmn expressed in its group frame (ξ ,η ,ζ ). In fig. 2.13 a schematic representation of
the Euler angles for the Qx moiety is shown. The hyperpolarizability terms of the QxCav in
its frame (ξ ′,η ′,ζ ′) can be calculated taking into account the four quinoxaline contributions
using the bond additivity model (explained in sec. 1.4) as reported in eq. 3.1.

aν2,ξ ′ξ ′ζ ′ = aν2,η ′η ′ζ ′ = 2aν2,ξ ξ ζ cosθm
(
1+ rν2 sin2

θm
)

aν2,ξ ′ζ ′ξ ′ = aν2,ζ ′ξ ′ξ ′ = aν2,η ′ζ ′η ′ = aν2,ζ ′η ′η ′ = 2rν2aν2,ξ ξ ζ sin2
θm cosθm

aν2,ζ ′ζ ′ζ ′ = 4rν2aν2,ξ ξ ζ cos3 θm

(3.1)

In the expressions above, θm is the aperture angle of the Qx wings with respect to the QxCav
main axis ζ ′. Now the macroscopic resonant amplitudes Aν2,i jk can be written in the sample
frame (X,Y, Z) as follows:

Aν2,xxz=2NQxCavaν2,ξ ξ ζ ⟨cosθ cosθm[1+rν2 sin2
θm−sin2

θ sin2
φ(1−2rν2+5rν2 sin2

θm)]⟩

Aν2,xzx = 2NQxCavaν2,ξ ξ ζ ⟨cosθ cosθm[rν2 sin2
θm−sin2

θ sin2
φ(1−2rν2+5rν2 sin2

θm)]⟩

Aν2,zzz = 2NQxCavaν2,ξ ξ ζ ⟨cosθ cosθm[sin2
θ(1+3rν2)+rν2 cos2 θm(5cos2 θ−3)]⟩

(3.2)

where NQxCav is the surface density of QxCav molecules and θ is the polar angle the QxCav
main axis ζ ′ forms with the Z axis, as shown in fig. 3.5, and the angular brackets denote
the average over the ODF of the QxCav molecules. Because of the symmetry of the system,
isotropic orientational distribution is assumed with respect to the azimuth φ and torsion ψ

Euler angles and the normalized ODF can be written as:

f (Ω) =
δ (θ −θp)

4π2 sinθp
(3.3)
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NB-scheme λ (nm) β (deg) n Lxx Lyy Lzz

ωSF 460 59 1.459 1.04 0.61 0.66
ω1 532 60 1.458 1.05 0.60 0.65
ω2 3400 55 1.409 1.00 0.67 0.69

Table 3.2: Fresnel factors calculated for the SS-HB in the CH stretching region, for NB-SFS
setup

The evaluation of the terms in angular brackets of eqs. 3.2 allows to write the macroscopic
resonant amplitudes Aν2,i jk as:

Aν2,xxz =
1
4

NQxCavaν2,ξ ξ ζ cosθp cosθm[(2+rν2)(3+cos2θp)+rν2(1−5cos2θp)cos2θm]

Aν2,xzx =
1
4

NQxCavaν2,ξ ξ ζ cosθp cosθm[rν2 cos2θm−2+3rν2+cos2θp(2+rν2−5rν2 cos2θm)]

Aν2,zzz =
1
2

NQxCavaν2,ξ ξ ζ cosθp cosθm[−(2+rν2)cos2θp+5rν2+2+rν2(−1+5cos2θp)cos2θm]

(3.4)

The eqs 3.4 enable to carry out a quantitative analysis on the ν2 to deduce both orientation and
conformation of the QxCav molecules.

Figure 3.5: Representation of QxCav in sample frame, where θm is the aperture angle of the
quinoxaline moiety with respect to the cavitand main axis ζ ′, while θ indicates the polar angle
that the whole QxCav molecule forms with the Z axis.

Through eqs. 3.4, in relation to the Fresnel factors reported in tab. 3.2 and to the angles of
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input and output beams, it is possible to compare theoretical values of the resonant amplitudes
Aν2,i jk with their experimental values, obtained from the fits of the SF data reported in tab. 3.3.

SS-HB ω [cm−1] Γ [cm−1] ASSP ASPS APPP

ν7 3038 4.3 0.1 0.2 -0.7
ν2 3066 7.2 6.3 1.7 2.9
ν20 3080 7.5 -2.0 0.3 -0.7

Table 3.3: Fit parameters for the SF spectra of SS-HB in the aromatic CH stretching region.

In fig. 3.6 the ratios between the amplitudes Aν2,SPS/Aν2,SSP and Aν2,PPP/Aν2,SSP, calcu-
lated through eq. 1.13, are reported as a function of the angles θm and θp. From the quantitative

Figure 3.6: Amplitude ratios Aν2,SPS/Aν2,SSP and Aν2,PPP/Aν2,SSP as a function of the aperture
θm and polar θp angles.

analysis the polar angle θp = (48°±11°) and the aperture angle θm = (13°±2°) are deduced,
confirming that the QxCav molecules keep the vase configuration, the most favourite one for
guest complexation. [38]. The polar angle θp ≃ 48° suggests that the QxCav molecules point
towards the gas phase, but with their main axis exhibiting a significant deviation from the
surface normal.

3.3 Sensing at air/solid interface

To have evidence of analyte complexation at the gas/solid interface, the SS-HB was exposed
to vapors of an aromatic compound. In particular, benzonitrile (C6H5CN) was chosen as the
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target molecule because of the strong chemical affinity of its aromatic part with the QxCav.
Furthermore, the CN group is a strong vibrational marker whose resonant frequency does not
overlap with those of the aliphatic and aromatic CH stretching modes. Taking into account the
CN stretching mode, the average orientation of the analyte can be deduced and the geometry of
complexation can be reconstructed. To this purpose, the QxCav-alkylsiloxane SSHB is placed
in a gastight chamber (triangle) and exposed to saturated C6H5CN vapor in air (see fig. 3.7) at
normal temperature and pressure. The chamber is equipped with two barium fluoride windows
(in yellow), transparent in the spectral range of the input and output beams. SSP (S-polarized
SF output, S-polarized visible, and P-polarized IR inputs) polarization combination is shown.
The beams angles θi are reported versus the surface normal.

Figure 3.7: Schematic view of the gastight chamber (triangle) used for the SF measurements
performed in benzonitrile vapor. The two windows (in yellow) are transparent in the spectral
range of the input and output beams. The SSP polarization configuration is shown.

In fig. 3.8 the SF spectra of both the SS-HB and bare SAM exposed to vapor of ben-
zonitrile are reported in the CN stretching range 2200−2300 cm−1 [86, 87] for SSP, SPS and
PPP polarization configurations. A prominent peak at ∼ 2240 cm−1 in the SSP spectrum of
SS-HB (black circles), relative to the stretching mode of the CN group, attests the occurred
complexation of the analyte, while it appears less intense in SPS and PPP spectra. This dif-
ference between SSP, SPS and PPP spectra suggests that the ζ̂ ” axis of the analyte (see inset
of fig. 3.8-a) has a significant projection along the surface normal. In the case of the bare
SAM exposed to benzonitrile vapor, the CN peak in the spectra (red circles) is virtually ab-
sent. This experimental evidence indicates that the SS-HB promotes a net polar orientation
of the complexed benzonitrile molecules at the solid-vapor interface, while for the bare tem-
plate the much lower CN peaks can be attributed to non-specific interactions between the alkyl
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chains and the analyte. Thus, the QxCav layer increases the sensitivity of the sample due to
the specific host-guest interactions with the benzonitrile molecules.

Figure 3.8: SF spectra in the CN stretching range of QxCav SS-HB (black circles) and alkyl-
siloxane template (red circles) exposed to saturated vapor of benzonitrile in air. The black
lines are the best curve fits on the QxCav SS-HB spectra. The insets shows the benzonitrile
molecule in the molecular frame (ξ ”,η”,ζ ”), where the ζ ” axis is along the CN bond and the
phenyl ring in the ξ ”−ζ ” plane.

This qualitative analysis is supported by spectral fitting of the SS-HB exposed to ben-
zonitrile vapors, whose best curves and fit parameters are reported in fig. 3.8 and tab. 3.4,
respectively.

The orientation of the analyte chemisorbed at the SS-HB surface has been evaluated from
the amplitudes of the CN stretching mode (reported in tab. 3.4) and the corresponding three
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SS-HB ω [cm−1] Γ [cm−1] ASSP ASPS APPP

CN 2238 11 4.6 2.4 -0.75

Table 3.4: Fit parameters for the SF spectra of SS-HB exposed to benzonitrile vapors in the
CN stretching range.

NB-scheme λ (nm) β (deg) n Lxx Lyy Lzz

ωSF 470 59 1.459 1.03 0.62 0.66
ω1 532 60 1.458 1.05 0.60 0.65
ω2 4400 55 1.409 1.00 0.67 0.68

Table 3.5: Fresnel factors for SS-HB in the CN stretching region

nonvanishing amplitudes of the resonant contribution to the nonlinear susceptibility.

ACN,xxz =
1
2

NCNaCN,ζ ”ζ ”ζ ”
[
(1+ rCN)⟨cosθ⟩− (1− rCN)

〈
cos3

θ
〉]

ACN,xzx =
1
2

NCNaCN,ζ ”ζ ”ζ ” (1− rCN)
[
⟨cosθ⟩−

〈
cos3

θ
〉]

ACN,zzz = NCNaCN,ζ ”ζ ”ζ ”
[
rCN ⟨cosθ⟩+(1− rCN)

〈
cos3

θ
〉]

(3.5)

where NCN is the surface density of CN groups, and thus of benzonitrile molecules, rCN =

aCN,ξ ”ξ ”ζ ”/aCN,ζ ”ζ ”ζ ” = 0.26 is the depolarization ratio [47, 86, 87], θ is the polar angle
between ζ ” axis of the analyte (see inset of fig. 3.8) and the surface normal and the angular
brackets denote an average over the assumed ODF f (Ω) = δ (θ − θCN)/4π2 sinθCN . In fig.
3.9 the theoretical ratios between the resonance amplitudes of the CN stretching mode are
reported as a function of the polar angle according to Fresnel factors in tab. 3.5 and eqs. 3.5
and 1.13 . Comparing the theoretical amplitudes with the fitted parameters of tab. 3.4, a value
for the polar angle of θCN = (43°±15°) is deduced.

The perfect overlap between the average polar angle of the analyte (θCN) and the cavitand
(θp) suggests a on-axis complexation of the analyte within the QxCav cavity, which therefore
engulfs the benzonitrile molecule with its major axis along ζ ′. However, this analysis does
not allow to distinguish between the two possible orientations of the CN group, which can
point towards the cavity of the receptor ζ̂ ”∼=−ζ̂ ′ or toward the gas phase ζ̂ ”∼= ζ̂ ′ (as shown
in fig. 3.10). To establish the absolute orientation of the complexed molecules, an analysis of
the aromatic CH modes of the sample exposed to air and to benzonitrile vapors is required.
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Figure 3.9: Amplitude ratios ACN,SPS/ACN,SSP (blue line) and ACN,PPP/ACN,SSP (purple line)
as a function of polar angle θ . Green and yellow area represent the experimental ranges for
CN stretch amplitude ratios.

Figure 3.10: Representation of the complexation of benzonitrile molecule inside the receptor
cavity. θCN is the polar angle between the main axis of the analyte ζ ” and the Z axis.

To clarify what is the absolute orientation of the analyte, the SF spectra of the SS-HB
exposed to air (solid circles) and to benzonitrile vapors (open circles) with their relative curve
fit (black lines) are shown 3.11 in the range 3000− 3100 cm−1. The single contributions of
the symmetric stretching modes ν20 (blue line) and ν2 (red line), with their relative sign, to
the SSP spectrum are reported in fig. 3.11-a for the sample exposed to air (solid lines) and to
benzonitrile vapors (dashed lines).

The amplitude of the ν2 mode for the SS-HB exposed to air (red solid line) goes to zero
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after the exposure to benzonitrile vapors (red dashed line).

Figure 3.11: SF spectra of QxCav SS-HB exposed to air (solid circles) and to saturated vapor
of benzonitrile in air (open circles) with their best curve fits (solid and dashed lines, respec-
tively) in the aromatic CH stretching range. The red and blue lines reported in a) are the ν2

and ν20 vibrational modes, respectively, that contribute to the spectra of bilayer exposed to air
(solid lines) and to saturated vapor of benzonitrile in air (dashed lines).

This is the result of the destructive interference between the quinoxaline wings and the
aromatic moieties of the benzonitrile molecules, whose resonance frequencies are overlapped
to the quinoxaline ones. Also the amplitude of the ν20 mode (blue solid line) decreases and
changes sign after the exposition to the analyte (blue dashed line) due to the destructive inter-
ference between the host and the guest. The suppression of both the ν2 and ν20 amplitudes is a
confirmation that the analyte prefers to be complexed with the aromatic part inside the cavity
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of the QxCav and with the CN group that points toward the gas phase. This is not surprising
because the specific host-guest interactions are due to the strong chemical affinity of QxCav
with aromatic compounds, as confirmed by studies about the complexation of monosubstituted
benzene guests [60] in solid state and solution.

The analysis performed on the CN stretching mode allowed to deduce the average ori-
entation of the complexed benzonitrile molecules, while the analysis carried out on the aro-
matic stretching modes permitted to distinguish between the two possible configurations: up
(ζ̂ ” ∼= ζ̂ ′) or down (ζ̂ ” ∼= −ζ̂ ′). The obtained results provided a complete physical picture of
the complexation mechanism highlighting the geometry of host-guest interaction.

3.3.1 Testing selectivity of QxCav

In order to test the selectivity of the QxCav SS-HB in the chemical recognition of aromatic
compounds, the sample was exposed to acetonitrile (CH3CN) vapors. The presence of the
same CN group allows to compare the SF spectra of the sample exposed to benzonitrile and
acetonitrile in the CN stretching region, as reported in fig. 3.12.

Figure 3.12: SF spectra of QxCav SS-HB, in SSP polarization configuration, exposed to air
(blue circles) and to saturated vapor of benzonitrile (black circles) and acetonitrile (red circles)
in the CN stretching region.

The SSP spectrum of the SS-HB exposed to benzonitrile vapors (black circles) exhibits
a prominent peak relative to the CN stretching mode, while the same resonance is virtually
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absent for the sample exposed to acetonitrile vapors (red circles). Such evidence signifies that
CH3CN molecules do not show any preferential ordering imposed by the uppermost QxCav
layer. They are either not adsorbed or simply physisorbed without ordering at the interface,
as expected because of the their low chemical affinity with QxCav. This experimental evi-
dence proves that the selectivity of QxCav towards aromatic compounds is maintained at the
solid/gas interface.

3.4 High non-resonant susceptibility substrates

The analysis presented in this chapter has put in evidence the difficulty in deducing absolute
orientation of molecules at interface. For the benzonitrile case, for example, a supplementary
analysis on the ν2 mode has been necessary to distinguish between the up or down orientation
of the nitrile group. The reason is that each resonant mode has a proper phase, being the
resonant part of the←→χ (2) tensor a complex quantity, but SFG intensity is proportional to the
square modulus of the effective nonlinear susceptibility (eq 1.3). Therefore, phase information
is often not easily accessible. This problem can be overcome with different approaches [88,
89]. A substrate with a high nonlinear optical response, that contributes significantly the
total second-order non-linear susceptibility←→χ (2), can offers advantages in deducing absolute
phases, and thus orientation, of molecules. The overall susceptibility depends, indeed, on both
resonant and non-resonant contribution as:

χ
(2)
i jk =

∣∣∣χ(2)
NR,i jk

∣∣∣eiϕNR +
∣∣∣χ(2)

R,i jk

∣∣∣eiϕR (3.6)

where the terms
∣∣∣χ(2)

NR,i jk

∣∣∣ and
∣∣∣χ(2)

R,i jk

∣∣∣ are the magnitudes of the non-resonant and resonant
susceptibility, respectively, while ϕNR and ϕR indicate the corresponding phases. Assuming a
resonant susceptibility with only one non-zero component to simplify the following calcula-
tions, the SF intensity can be written as:

ISF ∝

∣∣∣∣∣∣χ(2)
NR,i jk

∣∣∣eiϕNR +
∣∣∣χ(2)

R,i jk

∣∣∣eiϕR

∣∣∣2 =
∣∣∣χ(2)

NR,i jk

∣∣∣2 + ∣∣∣χ(2)
R,i jk

∣∣∣2 +2 ·
∣∣∣χ(2)

NR,i jk

∣∣∣ · ∣∣∣χ(2)
R,i jk

∣∣∣ · cos(ϕNR−ϕR)

(3.7)

For many centrosymmetric dielectric substrates, for example fused silica and glass sur-
faces,

∣∣∣χ(2)
NR,i jk

∣∣∣ is almost zero, because both IR and visible frequencies are far from elec-
tronic, vibrational or phonon modes. On the contrary, materials like metals and crystals (i.e.
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Figure 3.13: a) Magnitude and b) phase of χ
(2)
R,i jk for an arbitrary resonance centered at ωq =

2900 cm−1 with amplitude Aq = 1 and damping constant Γq = 1.

gold, silver and quartz), far from interband transition, exhibit a strong non-resonant response
with a constant phase, enhancing the overall SF signal and acting as a reference. The term
cos(ϕNR− ϕR) affects the SF intensity due to the interference between resonant and non-
resonant terms. For example, when resonant and nonresonant contributions are out of phase, a
reduction of the SF intensity occurs and the corresponding resonance in the spectrum appears
as a deep (see fig. 3.4).

Figure 3.14: Calculated SFG spectra assuming
∣∣∣χ(2)

NR,i jk

∣∣∣= 1 and ϕNR =−π/2, and an arbitrary

resonance centered at ωq = 2900 cm−1 with amplitude |Aq|= 1 and damping constant Γq = 1.
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Furthermore, the possibility to anchor cavitands directly on metals or crystals can combine
the advantages offered by SFVS with those related to the transduction mechanism. The chem-
ical host-guest interaction, indeed, has to be converted into a readable optical or electrical
signal. For instance, metal substrates can act as intermediate in transduction process and can
be easily integrated into opto-electronic devices. Gold, for example, is widely used in Surface
Plasmonic Resonance (SPR) studies for chemical sensing applications [90] and functional-
ized quartz crystals are already used in Quartz Crystal Microbalance (QCM) as sensors [91].
Another strategy to deduce the phases associated to the vibrational modes is offered by the
Phase-Sensitive SFVS, that uses a SF generator (e.g. quartz) to obtain a reference SF signal,
allowing spectral measurements of both amplitude and phase of the susceptibility tensor←→χ (2)

[74].
In previous studies the advantages offered by semiconductor, metal and crystal substrates,

properly coated with synthetic receptors, have been exploited [1, 72, 92–96]. With proper
functionalities at the lower rim, indeed, cavitands can be covalently grafted on technologically
relevant surfaces.

In this section the investigation of a SAM of alkylthiols deposited on a gold substrate is
reported. This is a preliminary analyis that wants to drive to a more rational functionalization
of gold substrate. The final goal, indeed, is to anchor cavitands with proper functional groups
at the lower rim on gold substrates.

3.4.1 SAM on gold surface

The non-resonant contribution of a gold substrate provides an internal reference that obviates
the need for an external reference, usually called local oscillator, necessary for phase-sensitive
SFVS such as quartz plate. In this regard, a gold film, with a thickness of about 200 nm,
was evaporated on a glass substrate on which a thinner layer of Nickel (about 8 nm) was
previously deposited to increase gold adhesion. The substrate was then immersed in a 2mM
solution of dodecanethiol (CH3(CH2)11SH, 98% Sigma Aldrich) in ethanol for about 20 h
[97]. Static contact angle measurements were performed on both bare and dodecanethiol-
coated gold surfaces to verify the quality of the SAM. Contact angle of θ = 40° and θ = 108°
were found for the gold substrate before and after SAM formation, respectively, as shown in
fig. 3.15. The contact angle found for the dodecanethiol (DCT) SAM is in agreement with
that of a compact monolayer [98].

In fig. 3.16 the SF spectra of DCT SAM on gold substrate are reported in the aliphatic
CH stretching region for SSP, SPS and PPP polarization configurations together with their
corresponding best curve fits. The alkyl chain of the DCT molecules exhibit the same methyl
and methylene modes previously observed for OTS and DMOAP SAMs, but the non-resonant
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Figure 3.15: Contact angle measurements of a) bare gold and b) dodecanethiol-coated gold
surface

NB-scheme λ (nm) β (deg) n Lxx Lyy Lzz

ωSF 460 59 1.418 0.39 0.38 0.66
ω1 532 60 0.467 0.17 0.11 0.29
ω2 3400 55 2.052 0.40 0.48 0.69

Table 3.6: Fresnel factors for DCT on gold.

contribution is, in this case, much greater. This increases the square modulus of the effective
susceptiptibility tensor, resulting in an global enhancement of the SF signal [99].

From the fit of the data the resonant amplitudes of the r+ stretching mode of the methyl
group can be deduced (see tab. 3.7). Assuming an ODF as f (Ω)= δ (θ −θCH3)/

(
4π2 sinθCH3

)
,

an average orientation for the methyl group of about θCH3 ≃ 62° is found. In fig. 3.17 the the-
oretical amplitude ratios for the methyl group are reported for the assumed ODF.

Considering that methyl group forms an angle of about 35° with the main axis of the
aliphatic chain, an angle of about θ ≃ 27° is deduced for the DCT molecule with respect to
the surface normal (a schematic picture of the DCT orientation on gold surface is shown in fig.
3.18). This is in agreement with previous results in literature for a compact DCT monlayer
[100, 101]. In addition, information about the absolute orientation of the CH3 group can be
deduced. Accordingly to ref. [33], a phase of −π/2 has been assumed for the gold substrate
[102]. Because of the r+ peak in SSP spectrum appears as a deep, this means that a destructive
interference with the substrate occurs and, thus, a phase of about π/2 can be deduced for r+

ω [cm−1] Γ [cm−1] ASSP ASPS APPP

d+ 2856 11.5 0.02 0.16 0.52
r+ 2879 5.9 -0.22 0.06 -0.82
d− 2935 5 -0.20 0.0 -2.1
r+FR 2945 15 0.55 0.37 1.3
r− 2964 5 0.08 0.05 -0.37

Table 3.7: CH3 resonant amplitudes deduced from the fit of data in fig. 3.16
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Figure 3.16: SSP (black), SPS (red) and PPP (blue) spctra of DCT SAM on gold surface in
aliphatic CH stretching region and their best curve fits.

mode from eq. 3.7. This is in agreement with a configuration of the methyl group that orients
toward the gas phase [102].

Figure 3.17: Theoretical amplitude ratios as a function of the polar angle θCH3 for the methyl
group. Green and yellow area represent the experimental ranges of the amplitude ratios for r+

mode.
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Based on the reported results, future works will concern the investigation of molecular
architectures of SSHB of alkyl-footed cavitands and direct grafting of properly functionalized
cavitands, with proper substitution at the lower rim such as tioctic acid, on gold surfaces
[63, 93].

Figure 3.18: Schematic picture of the DCT orientation on gold surface.





Chapter 4

Host-guest complexation at liquid/gas
interface

Molecular recognition in liquid phase is widely diffused in living systems, in which the molec-
ular receptors preserve their complexation ability under various conditions as pH or temper-
ature variation, presence of ions or different molecular species. It is not simple for synthetic
receptors to reproduce their stability, selectivity and sensitivity in real world operating condi-
tions. Many external factors can affect their performances and, for this reason, the study of
recognition events in liquid environment is pivotal to understand how the capability of recep-
tors to engulf guests can be affected. In other words, a thorough understanding of the complex-
ation events is required. In this regard, Langmuir films offer an advantageous model system
to study properties of organic films organized on liquid subphases. Being two-dimensional or-
dered systems of molecules, they have been widely studied in literature allowing to investigate
molecular layer directly at the liquid/gas interface under variation of pH [37, 38], temperature
[103] and charged molecular species [104]. In this regard, Langmuir films of receptors al-
low to probe host-guest interactions directly at the interface in the widest possible range of
operating conditions. Coupled with SFVS as investigation tool, these give the possibility to
deduce structural information and to study complexation capabilities of receptors. In partic-
ular molecular conformation of the film, recognition event and host-guest interactions can be
studied. For example, QxCav Langmuir films have been previously investigated with SFVS
[38] and Second Harmonic Generation (SHG) [37]. In these works the vase-to-kite transi-
tion of the QxCav has been induced at very low pH, and conformational changes have been
observed. In the kite configuration, indeed, because of the aperture of the quinoxaline walls,
the QxCav loses its capability to engulf guests. In this regard, the conformationally blocked
QxCav, namely QxBOX, has been designed and synthesized to be insensitive to temperature
and pH variations. Its cavity mouth is bound in the vase configuration in which a rigid con-
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formation is achieved with four methylenoxy or ethylenoxy bridges that link the quinoxaline
walls to the corresponding neighboring ones. This receptor can be helpful in liquid systems
for the control of BTEX critical concentrations in water sources. Its strong sensitivity toward
benzene and its derivatives and its strong thermal stability have been demonstrated in a recent
work [40, 105]. In this regard, a molecular-level understanding of the host-guest interactions
in liquid phase can give information about the receptor efficiency in terms of external factors
such as pH, temperature, analyte concentration or presence of different molecular species.

A preliminary investigation of the complexation ability of QxBOX toward aromatic com-
pounds at liquid/gas interface is reported in this chapter. In particular, a QxBOX Langmuir
film is realized on the water surface to study the complexation of an aromatic guest dissolved
in water phase at different concentrations. The evidence of molecular recognition is reported
and the orientation of both cavitand and analyte is deduced from SF spectra, elucidating the
geometry of the guest engulfing.

4.1 QxBOX at liquid/gas interface

The QxBOX cavitand is QxCav derivative in which the cavity mouth is blocked in the vase
configuration with the addition of four ethylenoxy (or alternatively methylenoxy) bridges that
link the quinoxaline walls to the adjacent ones. Reported in fig. 4.1, the molecular structure of
the QxBOX with an aromatic guest as toluene engulfed in the cavity mouth thanks to CH−π

interactions. The vase-blocked conformation makes this cavitand insensitive to pH variation
and increases its thermal stability [40]. In order to study its complexation capability, it is
organized at water/air interface forming a compact and ordered monolayer.

To this purpose, a home-made Langmuir through was designed and built up expressly
for the NB-SFG spectrograph. A schematic view of the system is shown in fig. 4.2. A
teflon through (a), with a mechanical control of the barrier performed with a microcontroller
(b, Arduino UNO R3 + Stepper motor driver Easydriver V44), is coupled with a balance
(c, Radwag AS 220.R2) and a Wilhelmy plate (d, Whatman F319-04 filter paper) for the
monitoring of the surface pressure. The whole system is controlled with a LabVIEW software
(e).

18 µL of 1mM solution of QxBOX in chloroform were spread drop-by-drop on the ultra-
pure water (18.2MΩ · cm@25◦C, Synergy UV Millipore) subphase in the Langmuir through
and left for 30 min to allow for complete evaporation of the solvent. The molecules were then
compressed to the liquid-condensed phase at a surface pressure of about 20 mN/m (see black
line in fig. 4.5). The QxBOX molecules orient their polar head toward the water phase, while
the strongly hydrophobic alkyl chains point out to the air. A representation of the QxBOX
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Figure 4.1: Molecular structure of QxBOX-toluene complex (Jakub Waldemar Trzciński, PhD
thesis).

Figure 4.2: Langmuir through coupled with balance and microcontroller connected through
LabVIEW interface
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Figure 4.3: SF spectra of a) QxBOX film on ultrapure water at surface pressure of 20 mN/m
in the CH stretching region. The inset b) is an enlargement of the spectra in the aromatic
stretching region (circles) with their corresponding best curve fits (solid lines).

film is reported in fig. 4.2-a. The SSP, SPS and PPP SF spectra of the QxBOX monolayer in
the aliphatic and aromatic CH stretching region 2750−3150cm−1 are reported in fig. 4.3. All
the resonances relative to the symmetric and asymmetric stretches of methyl and and methy-
lene groups are present in the range 2750−3000 cm−1, due to the alkyl chains of the QxBOX
molecules. The CH aromatic stretch in the region 3000− 3150 cm−1 is assigned to the sym-
metric stretch mode ν2 (3062 cm−1) of the quinoxaline walls.

The SSP spectrum in the CH aliphatic region exhibits a prominent symmetric stretch peak
of the methylene group, suggesting the presence of gauche defects along the alkyl chains,
as found for the QxCav Langmuir film [38]. The presence of a peak corresponding to the
symmetric stretch ν2 of quinoxaline moieties is evidence of a net polar orientation of receptors
at water/air interface, as expected for an ordered two-dimensional system.

A fit of the data in the CH aromatic range was performed to get information about the
molecular orientation of the QxBOX cavity at air/water interface. In particular, the resonant
amplitudes of total symmetric stretch ν2 of the quinoxaline moieties were used for the quan-
titative analysis. In tab. 4.1 the fit parameters of the spectra shown in inset of fig. 4.3 are
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reported.

QxBOX film ω [cm−1] Γ [cm−1] ASSP ASPS APPP

ν2 3062 15 0.56 0.18 0.50

Table 4.1: Fit parameters of SF spectra reported in inset of fig. 4.3

To calculate the average orientation of the QxBOX molecules, the model used in sec. 3.2.2
for the QxCav was assumed. In this particular case, the aperture angle was kept at θm ≃ 6°,
in agreement with the X-ray analysis [40], because of the vase-blocked conformation of the
cavity mouth. Using eqs. 3.4 and 1.13 (corresponding Fresnel factors are reported in tab. 4.2)
the average orientation of QxBOX cavity can be deduced.

NB-scheme λ (nm) β (deg) n Lxx Lyy Lzz

ωSF 460 59 1.336 1.05 0.67 0.68
ω1 532 60 1.334 1.07 0.66 0.67
ω2 3400 55 1.456 0.99 0.65 0.72

Table 4.2: Fresnel factors for QxBOX film at air/water interface

In fig. 4.4 the amplitude ratios as a function of the polar angle θp are shown, assuming
and ODF f (Ω) = δ (θ −θp)/4π2 sinθp. The resonant amplitudes for the total symmetric
stretch of the quinoxaline walls give an average orientation of the QxBOX molecules of about
θp ≃ 37°±6° with respect to the surface normal, as shown in inset of fig. 4.4.
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Figure 4.4: Amplitude ratios Aν2,SPS/Aν2,SSP (in blue) and Aν2,PPP/Aν2,SSP (in purple) for the
ν2 mode as a function of the polar angle θ in the simple case of Dirac delta ODF. The inset is
a representation of QxBOX average orientation at air/water interface.

4.2 Molecular recognition at water/air interface

After the characterization of the Langmuir film, the QxBOX monolayer was compressed on
a benzonitrile solution in water to have evidence of molecular recognition of aromatic guests
dispersed in the water phase at water/air interface. Benzonitrile solutions were prepared at
different concentrations: 8, 20 and 40 mM in ultrapure water. Because of the poor solubility
of benzonitrile in water (∼ 2g/L), the solutions were stirred for 2 hours at 30°. The SSP spec-
trum of the benzonitrile solution (20mM) in water in the CN stretching range is reported in the
inset of fig. 4.5, where the peak at 2240 cm−1 indicates a net polar orientation of the benzoni-
trile molecules at water/air interface, as shown in previous works on nitrile-monosubstituted
aromatic compounds [86, 106]. The CN stretching peak intensity is then measured in presence
of the QxBox film in order to observe if the cavitand layer affect the arrangement of analyte
molecules at the interface. In this regard, 18 µL of 1mM solution of QxBOX in chloroform
were spread on the benzonitrile solutions (20mM) drop-by-drop. After solvent evaporation,
the film was compressed in the liquid-condensed phase up to 18mN/m, that corresponds to
an area per molecule of about 90 Å. In fig. 4.5 the QxBOX compression curve (black line) is
reported as a function of the area per molecule. The CN stretch peak intensity was monitored
during the compression of the cavitand monolayer and, as evident in fig. 4.5, the SF signal



4.2 Molecular recognition at water/air interface 63

Figure 4.5: Compression curve of QxBOX film (black line) on benzonitrile solution (20mM)
and SF intensity of CN stretch (red circles) as a function of the area per molecule. In inset the
SSP spectrum of the sole benzonitrile solution (20mM).

at 2240 cm−1 (red circles) increases with the reduction of the area per molecules. Further-
more, the CN signal at low value of the area per molecule (≃ 90 Å) is one order of magnitude
higher than that of the sole benzonitrile in water. This means that the presence of the receptor
monolayer affects the benzonitrile surface density. The compression of the sole benzoni-
trile solution, indeed, does not change the surface pressure or the intensity of the CN stretch.
Therefore, the increasing of the CN peak is due to the benzonitrile molecules engulfed in the
QxBOX binding cavities.

In fig. 4.6 the SSP, SPS and PPP spectra of the QxBOX film at a surface pressure of
20mN/m on benzonitrile solution at 8 (b), 20 (c) and 40 (d) mM are reported in the CH
aliphatic and aromatic stretching region, to highlight possible changes due to the analyte con-
centration in water phase. In the range 2750−3000 cm−1 no significant changes are observed
that suggest variation in the alkyl chain conformation versus benzonitrile concentrations, while
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the aromatic part 3000−3150 cm−1 shows a different behavior.

Figure 4.6: SSP (black circles), SPS (red circles) and PPP spectra (blue circles) spectra of
QxBOX film on a) water and on benzonitrile solution in water at b) 8 mM, c) 20mM and d)
40mM in the CH aliphatic and aromatic stretching region.

In fig. 4.7, an enlargement of the SSP spectra showed in fig. 4.6 in the CH aromatic range
(black circles) is reported. From the best curve fits (black lines), the resonant amplitudes for
the QxBOX on water (a) and on benzonitrile solutions at 8 (b), 20 (c) and 40 (c) mM have been
deduced. The red, blue and green lines, respectively, represent their contribution to the spec-
tra. The amplitude of the symmetric stretching ν2 and ν20 increase with the concentration of
benzonitrile in solution, whose aromatic group exhibits a resonance at about 3080 cm−1. The
SSP spectrum of the sole benzonitrile solution (20mM) in the CH aromatic range is reported
in fig. 4.7-c to for comparison.

In addition, the CN stretch region is also investigated to obtain information about the
analyte orientation at the interface. In fig. 4.8 the SSP and SPS spectra of QxBOX film on
benzonitrile solution at 8 (a), 20 (b) and 40 (c) mM. In all spectra a peak at about 2240 cm−1

indicates the complexation of benzonitrile molecules with a net polar orientation. The intensity
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Figure 4.7: SSP spectra (black circles) of a) QxBOX on pure water and benzonitrile solutions
at b) 8, d) 20 and e) 40mM in the CH aromatic stretching region with their corresponding best
curve fits (black lines). The red, green and blue lines are the contribution of the mode ν2 ,ν20
, and ν7 resonances to the spectra. Green circles in c) represent the SSP spectrum of the sole
benzonitrile in solution (20mM) in the CH aromatic range.
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Figure 4.8: SSP (black circles) and SPS (red circles) spectra of QxBOX film on a) pure water
and on benzonitrile solution at c) 8 mM, b) 20mM and d) 40mM in the CN stretching region.
The solid lines are their corresponding curve fits.

in the SSP spectrum for the 20 mM solution is higher with respect that at 8 mM, indicating
a larger number of complexed molecules. No significant difference are observed between the
20 and 40 mM case, probably due to a saturation of the disposable complexation sites. In
addition, the resonance frequency exhibits a red shift at higher concentrations (see tab. 4.3),
as shown in ref. [106]. For the sake of clarity the SSP sectrum of the QxBOX on pure water
is reported in fig. 4.8-b (dashed line) which accounts for the shape of the CN peak due to
the non-resonant contribution. The parameters deduced from the best curve fits of the data
(shown as solid lines) are reported in tab. 4.3. The contribution to the CN peak due to “free”
benzonitrile oriented at the interface is neglected in the following calculations because, as
mentioned before, is one order of magnitude lower than that of the complexed molecules.

The data presented in fig. 4.8 have been fitted (solid lines) and the corresponding pa-
rameters are reported in tab. 4.3. Assuming as ODF for the CN group f (Ω) = δ (θ −
θCN)/4π2 sinθCN , its average orientation can be deduced from the resonant amplitudes of
SSP and SPS spectra through eqs. 3.5 and 1.13. The theoretical amplitude ratios are reported
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in fig. 4.9 for the assumed ODF.

C6H5CN concentration ω [cm−1] Γ [cm−1] ASSP ASPS ASPS/ASSP θCN

8 mM 2246 30 0.80 0.32 0.4 41°±11°
20 mM 2242 20 2.52 0.96 0.38 38°±7◦

40 mM 2235 14 2.10 0.75 0.36 37◦±4°

Table 4.3: Fit of the CN stretching mode for QxBOX film

The average values of the polar angle θCN at different concentration are reported in tab. 4.3
and indicate that the benzonitrile molecules form an angle of about θCN ≃ 38° with the surface
normal. This result is in perfect agreement with the hypothesis of an on-axis complextion of
the guest inside the receptor cavity, being this angle very close to that obtained for the QxBOX
molecule θp ≃ 37°. In addition, the polar angle θCN does not depend on the concentration of
the analyte in solution, demonstrating that the average orientation of the benzonitrile only
depends on the conformation of the uppermost cavitand layer.

Figure 4.9: Amplitude ratios ACN,SPS/ACN,SSP (in blue) and ACN,PPP/ACN,SSP (in purple) for
the CN mode as a function of the polar angle θ in the simple case of Dirac delta ODF. Green
area represents the experimental amplitude ratio for CN stretch.

Furthermore, the benzonitrile molecules prefer a configuration with the CN group that
points toward the water phase [106] while the aromatic moiety is hosted inside the receptor
cavity, as found for the QxCav SSHB case in chapter 3. This leads to the conclusion that the
benzonitrile molecule is complexed with its main axis parallel to that of the QxBOX cavitand
with the nitrile group that points toward the water subphase.
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Figure 4.10: Schematic diagram of the benzonitrile complexation inside the QxBOX cavity,
at the air/water interface.

The investigation of QxBOX Langmuir film by SFVS has allowed to study the host-guest
interactions directly at liquid/gas interface, making possible the reconstruction of the physical
picture of the complexation process, that is schematically depicted in fig. 4.10.

4.3 QxCav at water/air interface: quantitative comparison
with QxBOX film

In this section the previous results obtained for QxBOX film are compared with those of a
QxCav monolayer in the same experimental conditions. The main goal of this study is to
highlight possible differences in terms of host-guest complexation efficiency and geometry
between the two cavitands. The ability of QxCav to engulf aromatic compounds has been
tested at water/air interface for recognition of benzonitrile dispersed in the liquid phase. The
QxCav film is compressed until it reaches a surface pressure of 20mN/m on a 20mM benzoni-
trile solution in water. From the quantitative analysis on the CN stretching mode, the average
orientation of the complexed molecules is deduced and their molecular density is compared
with that of the QxBOX film.

In fig. 4.11 the SF spectra of a QxCav monolayer on ultrapure water are reported for SSP,
SPS and PPP polarization configuration at the surface pressure of 20mN/m in the CH aliphatic
and aromatic stretching region 2800−3100 cm−1. All the symmetric and asymmetric stretch-
ing modes of methyl and methylene groups are present in the range 2800− 3000 cm−1 due
to the alkyl chains of QxCav molecules, while aromatic stretching modes of the quinoxaline
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QxCav film ω [cm−1] Γ [cm−1] ASSP ASPS APPP

ν7 3040 13 0.24 0.26 -0.29
ν2 3065 7 1.07 0.27 0.24
ν20 3080 8 -0.61 0.10 -0.16

Table 4.4: Fit parameters of SF spectra reported in inset of fig. 4.11

moieties are clearly visible in the region 3000− 3100 cm−1, whose enlargement is shown in
the inset of fig. 4.11, where the experimental data are reported with their corresponding best
curve fits.

Figure 4.11: SF spectra of a) QxCav film on ultrapure water at surface pressure of 20 mN/m
in the CH stretching region. The inset b) is an enlargement of the spectra in the aromatic
stretching region (circles) with their corresponding best curve fits (solid lines).

In order to deduce the average orientation of the QxCav molecules a quantitative analysis
on the ν2 mode is carried out assuming the model adopted in chapter 3 (subsec. 3.2.2). The
fit parameters of the spectra in the CH aromatic region are reported in tab. 4.4. From the
quantitative analysis on the ν2 mode a polar angle of θp = 40°± 8° and aperture angle of
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θm = 5°± 2° for the QxCav are calculated. These results indicate that the QxCav is in a
vase configuration with its main axis oriented at 40° with respect to the surface normal. This
analysis confirms that the QxCav orientation at water/air interface is very close to that of the
QxBOX previously discussed. To compare the performances of these two cavitands in terms of
complexation efficiency, the experiment is repeated after the addition of benzonitrile (20mM)
in the water subphase. In fig. 4.12, the CN signal (red circles) and the compression curve
of the QxCav film on benzonitrile solution (20mM) as a function of the area per molecule.
The surface pressure is increased up to about 25mN/m, that corresponds to a 90 Å2 area per
molecule (as shown in fig. 4.5 for the QxBOX film). At first sight, comparing the CN signal
of fig. 4.12 and 4.5, a difference between absolute intensity for the two cavitand films can be
noticed at the same area per molecule. For the QxBOX case a larger value of the CN signal is
achieved at about 90 Å2 suggesting a higher density of the complexed benzonitrile molecules at
the water/air interface. In order to make a direct comparison between the densities of engulfed
guests for QxCav and QxBox films, a quantitative analysis on the CN mode for the QxCav
monolayer is also required.

Figure 4.12: Compression curve of QxCav film (black line) on benzonitrile solution (20mM)
and SF intensity of CN stretch (red circles) as a function of the area per molecule.
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C6H5CN concentration ω [cm−1] Γ [cm−1] ASSP ASPS ASPS/ASSP θCN

20 mM 2233 12 0.88 0.29 0.33 34°±6◦

Table 4.5: Fit of the CN stretching mode for QxCav film

In fig. 4.13 the SSP (black circles) and SPS (red circles) spectra of the QxCav film on
benzonitrile solution (20mM) are reported in the CN stretching region. A prominent peak at
about 2240 cm−1 is clearly visible in the SSP spectrum and it is assigned to the CN stretch.
From the fits of the experimental data (corresponding solid lines) and assuming the ODF
f (Ω) = δ (θ − θCN)/4π2 sinθCN , the average orientation of the CN group θCN = 34° is de-
duced.

Figure 4.13: SSP (black circles) and SPS (red circles) spectra of QxCav film on benzonitrile
solution at 20mM in the CN stretching region. The solid lines are their corresponding curve
fits.

This average orientation is compatible with an on-axis inclusion of the guest in the cav-
ity mouth of the QxCav, in agreement with the results obtained for the QxBOX film. The
relative surface density of the engulfed benzonitrile molecules for the QxCav and QxBOX
monolayers, estimated from the ratio between the amplitudes ACN,xxz (see eqs. 3.5), is about
N(QxBOX)

CN /N(QxCav)
CN ≃ 2. This result confirms that the ability of QxBOX film to engulf aromatic

guests is about two times higher than that of QxCav one, probably due to the rigid structure
of its cavity mouth. Indeed, it has been recently proposed that QxBox is able to strengthen
the host-guest interactions and enhances the complexation efficiency toward monosubstituted
benzene guests, with respect to the QxCav. Thanks to its conformationally blocked configura-
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tion QxBOX increases the stability of the complexes avoiding the release of guests due to the
vibrations of the quinoxaline walls.



Conclusions

In summary, different cavitand architectures and their complexation ability toward aromatic
compounds at solid/gas and liquid/gas interfaces were investigated. In particular the average
orientation of both receptors and ligands was deduced from SF spectra, allowing a reconstruc-
tion of the physico-chemical picture of the complexes. The QxCav hybrid bilayers on top of
two different hydrophobic templates, namely OTS and DMOAP, at air/fused silica interface
were investigated. The SFVS was used to describe their conformation and to understand how
the density and order of the underlayer templates affected the transfer ratio of the cavitand
layer by Langmuir−Schaefer method, demonstrating a more efficient QxCav coverage for the
loosely packed DMOAP template, 2.5 times denser than that obtained on top of the OTS
SAM. The conformation of the QxCav SSHBs was deduced for both the DMOAP and OTS
templates, demonstrating that QxCav preserves the vase configuration, with an aperture angle
of about 20°, and points its cavity toward the gas phase. Based on these results, a viable strat-
egy was proposed to improve the cavitand surface density in SSHBs, which is of paramount
importance for the potential applications of such architectures in chemical and biochemical
sensing. In this regard, the complexation capability of a QxCav layer transferred on a mixed
alkylsilanes SAM (characterized by a lower molecular density at the upper rim) was tested,
as well its selectivity toward aromatic compounds. In particular, by probing the solid-gas
interface in the aromatic CH and CN stretching ranges, the average polar orientation of the
QxCav binding pocket and of the engulfed benzonitrile molecules was deduced, revealing an
“on-axis” complexation.

The first evidence of recognition event by SFVS was proved also at the liquid/gas interface,
where a Langmuir film of QxBOX cavitands was compressed on the water subphase contain-
ing different concentrations of the target molecules. From the analysis of the CH aliphatic and
aromatic stretches, the molecular architecture of the receptors was inferred together with the
average orientation of the host and guest molecules. An on-axis inclusion of the analyte inside
the host binding site was deduced, confirming the same complexation geometry found for the
QxCav SSHB at air/fused silica interface.

These results provided a first molecular level picture of chemical recognition at the inter-
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faces, close to the actual environment for sensing applications, demonstrating that SFVS is an
effective noninvasive tool to investigate both the molecular architecture of receptor decorated
surfaces and the host−guest association at the interfaces.

The work presented in this thesis paves the way to a different approach in the study of host-
guest interactions at the interfaces, with a technique as SFVS that allows in-situ investigation
of recognition events. This could lead to more rational design and synthesis of receptors as
well as to correlate the complexation phenomena that occur at surfaces, essential for trans-
duction mechanisms, to the conformation and arrangement of the receptor layer. SFVS has
been proved to be a versatile technique to study complexes at the interfaces and to elucidate
the geometry of the analyte inclusion within the receptor cavity. Starting from these results,
many goals can be achieved. The direct anchoring of the receptors, with proper substitutions
at the lower rim, on technologically relevant surfaces could have a huge impact for all the
possible chemical and bio-chemical sensing applications. In this frame, a technique as SFVS
can help to optimize chemosensor performances in terms of organization and conformation of
the receptors at the interfaces. Furthermore, the study can be extended to other host molecules
and ligands. For instance, tetraphosphonate cavitands, ideal for recognition of illicit drugs
and aminoacid, could be probed in liquid environment exploiting the wider possible range of
external conditions, as temperature or pH, allowing to test such receptors in real world operat-
ing conditions. Complexation capability of COOH-QxCav toward nitroaromatic compounds
could be studied because the detection of explosives in air, soil and liquids it is still an open
challenge that demands selective and sensitive devices.



Appendix A

Fluorescence of QxBOX as transduction
method for host-guest complexation

Recently, the acquisition of a tunable femtosecond laser system coupled with a streak camera
with high spectral and temporal resolution has allowed us to carry out the first measurements
of time-resolved fluorescence spectroscopy. In particular, preliminary analysis have been per-
formed on the QxBOX cavitand in solution, because of its intense fluorescent emission in the
visible range under UV light excitation, that can offer advantages in terms of transduction
mechanism. In this sense, simultaneous static and time-resolved fluorescence spectroscopies
have been used to study complexation phenomena and to elucidate how the presence of the
analyte in solution can affect the QxBOX emission.

Several fluorescent receptors, indeed, have been synthesized [107, 108] and their com-
plexation capabilities have been probed and demonstrated by fluorescence spectroscopy [108–
111]. Here a first preliminary study of the QxBox fluorescence activity in solution is presented,
in order to probe the formation of complexes due to the presence of guest molecules in solu-
tion. Both static and time-resolved fluorescence measurements have been carried out. The
theory of fluorescence spectroscopy is beyond the scope of this appendix and can be found
elsewhere [112], but its basic principles are summarized here to guide the reader in the fol-
lowing analysis. The normalized fluorescence intensity can be written as:(

I0

I

)
= (1+ kD[Q]) (1+ ka[Q]) (A.1)

where I0 and I are the intensities of the sole emitters in solution and after addition of quencher,
[Q] is the quencher concentration, while kD and ka are the dynamic Stern-Volmer and the
association rate constants, respectively. The terms (1+ kD[Q]) and (1+ ka[Q]) account for the
dynamic and the static quenching processes.
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Figure A.1: Plots of eqs. A.1 (red line) and A.2 (blue line)

The first one is related to a non-radiative energy transfer due to the collisions between
emitter and quencher or to the overlap between their absorption spectra, while the second one
is due to the formation of complexes in solution. The dynamic quenching is related to the
lifetime through the following equation:

τ0

τ
= 1+ kD[Q] (A.2)

where τ0 and τ are the lifetimes of the sole fluorescent molecules and after the addition of the
quencher. These two terms can be deduced from the time-resolved fluorescence measurements
(as those shown in fig. A.3), allowing to calculate the value of kD. In order to evaluate the
contribution due to the static quenching, it is useful to write the eq. A.1 as:(

I0

I

)
/
(

τ0

τ

)
= 1+Ka[Q] (A.3)

From static fluorescence measurements, the intensities I0 and I can be deduced, and the con-
stant ka finally calculated. It is important to notice that static quenching does not affect the
lifetime of a process, whose variation only depends on dynamic quenching [113].

In this regard, both static and time-resolved fluorescence spectroscopies have been used to
investigate how the presence of the analyte in solution can affect the response of the emitting
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Figure A.2: Fluorescence intensity of the sole QxBOX 0.5mM in acetone (black line) and
after addition of benzonitrile (2-12mM).

QxBOX molecules. The static fluorescence spectra have been acquired with a commercial
spectrometer (USB2000+, Ocean Optics) for the sole QxBOX 0.5mM in acetone and after the
addition of benzonitrile with concentration ranging in 2-12mM. The fluorescence spectra are
reported in fig. A.2 in the spectral range 400-750 nm. The broad peak centered at about 520
nm is due to the QxBOX molecules. After the addition of the analyte in solution, a quenching
of the fluorescence peak is observed (peak intensity for each curves is reported in tab. A.2). In
order to understand the mechanism of the quenching process, complementary time-resolved
fluorescence measurements have been carried out. A 400 nm femtosecond laser (20 µJ, 130
fs) was used to pump the samples and the signal has been analyzed with a streak camera
(Universal Streak Camera C10910-01 + Slow Single Sweep module M10913-01, Hamamatsu)
in the spectral range 490-580 nm in a temporal window of 100 ns with temporal resolution of
20 ps. Shown in fig. A.3 the fluorescence emission at about 520 nm for the sole QxBOX (a)
and after the addition of the analyte 12mM (b) as a function of time.
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Figure A.3: Fluorescence intensity (black circles) at 520 nm for the sole QxBOX 0.5mM (a)
and after addition of benzonitrile 12mM (b) as a function of time. The solid lines represent
the corresponding best curve fits.

Their fit parameters, with those of other intermediate concentrations, are reported in tab.
A.1. Two different emission processes can be observed for the sole QxBOX and at low con-
centration (2mM) of the analyte, one faster with a lifetime of 2.87 ns and a second one with a
longer lifetime of 11.21 ns. Increasing the benzonitrile concentration the shorter time disap-
pears while the longest time decreases (see inset of fig. A.3), indicating that dynamic quench-
ing occurs. For the 0-2mM analyte concentrations an average lifetime has been calculated
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as:

τ = ∑
i

fiτi where fi =
Aiτi

∑
i
Aiτi

(A.4)

[Q] mM A1 τ1(ns) A2 τ2(ns) ∑
i
Aiτi f1 f2 τ ([Q])

0 0.37 2.87 0.65 11.21 8.37 0.13 0.87 10.16 (= τ0)

2 0.24 2.35 0.75 10.5 8.48 0.07 0.093 9.95
4 - - 1 9.50 - - - 9.50
6 - - 1 9.13 - - - 9.13
8 - - 1 8.83 - - - 8.83

10 - - 1 8.28 - - - 8.28
12 - - 1 8.00 - - - 8.00

Table A.1: Fit parameters of time-resolved fluorescent emission at 520nm.

In tab. A.2 the peak intensities I ([Q]) of the static fluorescent emission are reported for
different analyte concentrations and the calculated ratios for the intensities and lifetimes.

[Q] mM I ([Q])counts I0/I ([Q]) τ0/τ ([Q]) (I0/I ([Q]))/(τ0/τ ([Q]))

0 42280 (= I0) 1.00 1.00 1.00
2 31850 1.33 1.02 1.30
4 23250 1.82 1.07 1.70
6 17670 2.39 1.11 2.15
8 14130 2.99 1.15 2.60

10 11320 3.73 1.23 3.03
12 10000 4.23 1.27 3.33

Table A.2: Calculated ratios of intensities and lifetimes.

In fig. A.4 the Stern-Volmer plot of the QxBOX solution as a function of the analyte
concentration is reported. From the best curve fits of the data, the dynamic Stern-Volmer kD =

23mol−1 and the association rate kA = 203mol−1 constants can be deduced. The quadratic
behavior of the curve I0/I confirms the formation of non-emitting complexes, suggesting that
the host-guest association is the predominant cause of quenching phenomenon.
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Figure A.4: Stern-Volmer plot of QxBox 0.5mM in acetone versus benzonitrile concentration
in solution.

Figure A.5: Stern-Volmer plot of QxBox 0.5mM in acetone versus acetonitrile (in green) and
benzonitrile (in red) concentration in solution. Red and green circles are the experimental data
and solid lines are their best curve fits.
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The measurements have been repeated using a different analyte, namely acetonitrile (CH3CN),
that does not exhibit any specific chemical affinity with QxBOX cavity.In this case the com-
plexation of the ligand inside the receptor mouth is not favored and a linear behavior of the
curve I0/I is expected. In fig. A.5 a comparison between the I0/I curves for benzonitrile
(in red) and acetonitrile (in green) cases. The linear behavior of the intensity ratio I0/I for
the aliphatic guest is evidence of dynamic quenching, while static quenching does not occur.
The dynamic Stern-Volmer constant, indeed, is very close to that found for the benzonitrile
case. This evidence is a confirmation that only aromatic guests with a strong chemical affin-
ity with the QxBOX cavity, as benzonitrile, can be engulfed forming stable and non-emitting
complexes.

These preliminary analysis want to propose a strategy to study the effects of complexation
on the fluorescence activity of QxBOX receptors. Measurements at several concentrations
of the analyte in solution have been carried out to give a precise and quantitative analysis of
the host-guest association effects, whose study in liquid is only the first step. In the future,
QxBOX grafted on solid substrates will be probed to elucidate the receptor-ligand interactions
directly at solid/liquid and solid/gas interfaces.
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