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Quinoxaline-bridged cavitands (QxCav)1 are molecular receptors
for aromatic guests in solution,2 in the gas phase,3 and at the solid-
gas interfaces.4 They present the peculiar property of a thermally
driven reversible switching between a closed vase conformation,
presenting a deep cavity for guest complexation, and an open kite
conformation with a flat extended surface.5 It has been shown that
the conformational switch could be induced by a change of the
surrounding pH or temperature,6,7 as well as by interactions with
metal ions.8 Decreasing the pH converts the cavitand molecules
from the vase to the kite structure, a function that could be
considered as an action of grabbing and releasing a guest molecule.9

In this context and considering the possible applications of such
molecules as sensors,4 it is of pivotal interest to monitor in situ
these conformational changes at a molecular scale for cavitands
deposited at an interface with their cavities oriented toward air or
water. Second-harmonic generation (SHG) and sum frequency
generation (SFG) spectroscopy have the unique capability to probe
a monolayer at an interface with relatively short acquisition times.
They can play a key role in probing static molecular conformations
and dynamical changes of interfacial cavitand molecules.

In a previous work, SHG and surface tension measurements were
used to monitor the molecular orientation of cavitand monolayers
on water and their possible conformational switching as the bulk
pH varied.10 It was found that a quinoxaline-bridged cavitand
(QxCav, Figure 1a) monolayer on water switched from a vase to
kite conformation at sufficiently low pH. Coulombic repulsion be-
tween protonated wings of the cavitand molecules was responsible
for the switching to the open kite conformation. The SHG response
derived from electronic contributions of the molecules, does not
provide direct information on the molecular structure and the con-
formational change. Sum-frequency vibrational spectroscopy (SFVS),
however, can provide direct structural and therefore conformational
information, such as average orientations of selected moieties within
the molecular monolayer through their vibrational spectra.11

This paper reports an SFVS study of a C11H23-footed QxCav
monolayer on water with two different pH values that ensure the
two different configurations, vase and kite, respectively.10 In our
experiment, the SF signal is generated in reflection from two input
beams atωvis (18800 cm-1) andωIR (2700-3200 cm-1) that overlap
at the water/vapor interface covered by a QxCav monolayer. (See
Figure 1b.) The SF signal is given by11

where êi, L
T

i and Ii denote the polarization, the transmission
Fresnel coefficients at the interface, and the beam intensity atωi,
respectively, andøT(2) is the surface nonlinear susceptibility that
can be expressed as

Here, øTNR
(2) denotes the nonresonant background,Ns and f(Ω) are

the number density of the surface molecules and the orientational
distribution of the selected moiety, andRT(2) is the resonant molec-

ular hyperpolarizability, in whichA
T

q, ωq, and Γq are the ampli-
tude, resonant frequency, and damping coefficient of theqth vibra-
tional mode, respectively.

The QxCav monolayer on water is azimuthally isotropic, and
its nonvanishingøT(2) elements areøzzz

(2), øzxx
(2) ) øzyy

(2) ≈ øxzx
(2) ) øyzy

(2),
and øxxz

(2) ) øyyz
(2), with z referring to the direction of the surface

normal. They can be deduced from measurement with various input/
output polarization combinations, namely, SSP (referring to S-, S-,
and P-polarizations for SF output, visible input, and IR input,
respectively), SPS, and PPP. The S-polarization is parallel to the
surface and perpendicular to the incidence plane. Therefore, the
SPS polarization combination can only excite vibrational modes
with a component along the surface and perpendicular to the inci-
dence plane, while SSP can excite modes with a component in the
incidence plane.

Shown in Figure 2 are the SFG spectra of a QxCav monolayer
on water at a surface pressure of 50 mN/m for the three polarization
combinations in the spectral range from 2750 to 3150 cm-1 at pH
) 5.7 and pH) 0.2. The observed peaks between 2800 and 3000
cm-1 arise from CH stretches of the alkyl chains pointing toward
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vis)(êIR.L
T

IR)|2IvisI′IR (1)

øT(2) ) øTNR
(2) + Ns∫RT(2)(Ω) f (Ω) dΩ

RT(2) ) ∑
q

A
T

q

ωIR - ωq + iΓq

(2)

Figure 1. (a) Molecular structure of quinoxaline-bridged cavitand (QxCav)
having four C11H23 alkyl chains at the lower rim; (b) schematic of the setup
for SFVS on QxCav on water with SPS polarization combination.
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air. They are attributed to symmetric (2845 cm-1) and antisymmetric
stretch modes of CH2 (2910 cm-1) and symmetric (2870 cm-1),
antisymmetric (2940 cm-1), and Fermi resonance (2960 cm-1)
modes of CH3 stretches. The relatively strong CH2 modes are an
indication that the alkyl chains had appreciable gauche defects. The
peaks at 3036 and 3064 cm-1 are attributed to theν7 andν2 mode
of the aromatic rings of the wings. Theν2 mode is much more
prominent thanν7, and at pH) 5.7, is∼20 times stronger in SSP
than in SPS, indicating that the aromatic rings were oriented with
their axes close to the surface normal.

At a pH of 0.2 however, the overall intensity of the SSP spectra
is weaker by a factor of∼4, and the relative intensities of the all
CH2 and CH3 modes remain roughly the same, indicating that the
alkyl chains on the cavitand bowl extending out of the surface had
their orientation and conformation nearly unchanged. The SPS
spectra are much weaker, and therefore reveal less information on
conformation even though the observed change is more significant.
From eqs 1 and 2, we can conclude that the reduction of the SFG
intensity by 4 corresponds to a reduction of the surface molecular
density by 2, which is seen directly from the surface-pressure/molec-
ular area measurement.10 This change is due to vase-to-kite switch-
ing of the cavitand molecules induced by protonation at low pH.

Figure 2 shows that even after taking the reduction of the surface
molecular density into account, theν2 mode of the aromatic rings
is still much weaker at pH) 0.2 in all spectra. This indicates that
the average orientation of the aromatic rings, and hence the wings,
of cavitand molecules must now lie close toward the surface plane,
a consequence of vase-to-kite switching of the molecules. We can
analyze theν2 spectral peaks and deduce more quantitative
information about the conformational change.

From fitting of the SFG spectra using eqs 1 and 2, the nonvanish-
ing |øS,ijk

(2) | of the ν2 mode in the lab coordinates can be deduced.
For theν2 mode, only two hyperpolarizability elements,Rúúú

(2) , and
Rêêú

(2) , in the molecular coordinates withú̂ being along the main
molecular axis andê̂ in the molecular plane, are nonvanishing. From

eq 2, the relations betweenøS,ijk
(2) and Rlmn

(2) for an azimuthally
isotropic surface are

whereθ is the angle betweenú̂ andẑ, r ≡ Rúúú/Rêêú, and the angular
brackets denote an orientational average withf(Ω) ) f(θ) δ(ψ -
π/2) as the distribution function. We assume a truncated flat dis-
tribution f(θ) ) constant forθmin < θ < θmax , andf(θ) ) 0 else-
where. Then using eq 3 and the experimental values oføS,XXZ

(2) ,
øS,XZX

(2) andøS,ZZZ
(2) , we can deduce∆θ ) (θmin , θmax ) for pH ) 5.7

and pH) 0.2. Following the above procedure to analyze the spectra
in Figure 2, we foundr = 2.4, ∆θ ) (0°, 29°) and ∆θ ) (65°,
112°) for the case of pH) 5.7 and pH) 0.2, respectively. This
set of parameters describes that in the vase configuration of QxCav,
the aromatic rings of quinoxaline wings were oriented more or less
along the surface normal, but in the kite configuration, nearly flat
on the surface. In conclusion, we have demonstrated that SF
vibrational spectroscopy is a noninvasive probe of cavitand mono-
layer conformation. Specifically, we showed unambiguously that
the QxCav monolayer undergoes a vase to kite conformational
change by changing the pH of the water subphase from 5.7 to 0.2.
The spectra of the CH stretch modes of the alkyl chains showed
that at a fixed surface pressure of 50 mN/m, the conformational
transition decreased the surface molecular density by a factor of 2
because of the larger effective area of the kite compared to that of
the vase. In addition, the spectra of the breathing mode of the aro-
matic rings on the wings showed that the orientation of the quin-
oxaline wings changed from nearly perpendicular to nearly parallel
to the water surface. The results reported here provide the first quan-
titative molecular-level description of a vase-kite conformational
change of a cavitand monolayer, showing that SFVS is a valuable
technique and ideal for monitoring the conformational behavior of
molecular receptors at interfaces.
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Figure 2. SFG spectra of a QxCav monolayer on water at pH) 5.7 and
pH ) 0.2 with polarization combinations (a) SSP, (b) SPS, and (c) PPP.
Spectra at pH) 0.2 are multiplied by 4. The insets of panels b and c depict
the closed and totally open QxCav molecular structure.
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