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Quinoxaline-bridged cavitands (QxCéaare molecular receptors A T @A T oA T ,

for aromatic guests in solutictin the gas phasgand at the soliet Swsg) U I(EsrLs)x (2)'(e\/iS'LVis) (e'R'L'R)|2|ViSI'R @)
gas interface$.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 surfat#.has been shown that
the conformational switch could be induced by a change of the
surrounding pH or temperatufé,as well as by interactions with
metal ions® Decreasing the pH converts the cavitand molecules

where @ L; and I; denote the polarization, the transmission
Fresnel coefficients at the interface, and the beam intensity, at
respectively, and}‘z) is the surface nonlinear susceptibility that
can be expressed as

79 =T+ N, [AP(Q) f(Q) dQ

from the vase to the kite structure, a function that could be ‘TAq
considered as an action of grabbing and releasing a guest mdlecule. =5 2)
In this context and considering the possible applications of such TWR ~ Wq + in

molecules as sensatst is of pivotal interest to monitor in situ @)

these conformational changes at a molecular scale for cavitandsHere, xyr denotes the nonresonant backgrouNgdandf(<2) are
deposited at an interface with their cavities oriented toward air or the number density of the surface molecules and the orientational
water. Second-harmonic generation (SHG) and sum frequencydistribution of the selected moietx, antf is the resonant molec-
generation (SFG) spectroscopy have the unique capability to probeular hyperpolarizability, in whichA,, wq, and Ty are the ampli-

a monolayer at an interface with relatively short acquisition times. tude, resonant frequency, and damping coefficient ofgthevibra-
They can play a key role in probing static molecular conformations tional mode, respectively.

and dynamical changes of interfacial cavitand molecules. The QxCav m”(zzr;olayer on wat?zr) is(gzimu(tzr;ally i(g)otropi((zz), and
In a previous work, SHG and surface tension measurements were'tS nonvanishingy™” elements arer, x;u = Zzy = Xoox = Xyzy

. . . . @ — @ i ; ; ;
used to monitor the molecular orientation of cavitand monolayers @1 X = Xyy» With z referring to the direction of the surface

on water and their possible conformational switching as the bulk "ormal. They can be deduced from measurement with various input/
pH varied® It was found that a quinoxaline-bridged cavitand ©UtPUt polarization combinations, namely, SSP (referring to S-, S-,
(QxCav, Figure 1a) monolayer on water switched from a vase to and P-polarlzatlons for SF output, V|S|ble_ |nput,_and IR input,

kite conformation at sufficiently low pH. Coulombic repulsion be- reSFectlvelﬁ), SPS, Z.nd IPPF' ;Ilj]hels-%olarlzatllon 1S _lF_);Wa”?' to ttr;]e
tween protonated wings of the cavitand molecules was responsibleSur ace and perpendicuiar to the incidence plane. 'herefore, the

- . . P larization combination can only excite vibrational m
for the switching to the open kite conformation. The SHG response S. S polarization combination can only excite t_Jato a o_des_
. . I~ with a component along the surface and perpendicular to the inci-
derived from electronic contributions of the molecules, does not

. . : . dence plane, while SSP can excite modes with a component in the
provide direct information on the molecular structure and the con-

) - incidence plane.
formational change. Sum-frequency vibrational spectroscopy (SFVS),

however, can provide direct structural and therefore conformational Q Q:}ug ©lIR= 2700-3200 em” @SFG=oVis+olR
information, such as average orientations of selected moieties within Ry Pe0 f ) Poro=43.76
oD"_oo 00?0
i

the molecular monolayer through their vibrational spe€tra.

This paper reports an SFVS study of alds-footed QxCav
monolayer on water with two different pH values that ensure the
two different configurations, vase and kite, respectivélin our
experiment, the SF signal is generated in reflection from two input

) 1 1 Figure 1. (a) Molecular structure of quinoxaline-bridged cavitand (QxCav)
beams atyis (18800 cnt) andwir (2700-3200 cnr) that overlap having four GiH,3 alkyl chains at the lower rim; (b) schematic of the setup

at the water/vapor interface covered by a QxCav monolayer. (Seefor SFVS on QxCav on water with SPS polarization combination.
Figure 1b.) The SF signal is given By

£

[P

a)

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

# Universitadella Calabria.

IUniversity of California Berkeley. combinations in the spectral range from 2750 to 3150%cat pH
. Hgiy;rgéesig'r‘éﬁat‘;bé}atory = 5.7 and pH= 0.2. The observed peaks between 2800 and 3000
U Universitadi Parma. cm~! arise from CH stretches of the alkyl chains pointing toward

12610 = J. AM. CHEM. SOC. 2006, 128, 12610—12611 10.1021/ja064158g CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

=
E
2
=
=
g
@
§
w .
2750 2800 2850 2900 2850 3000 3050 00 3150
610
'_?g 5104 LS
] - 4
| ar* H
a2 N v
% 2104 e
g ] \
] PRl
2 .
T 1104
& 5 lb) , _
2750 2800 2850 2900 2950 3000 3050 3100 3150
U 02
2 a5t (c) Kite +
E it
2 i
s 2 . 3 =
3 = ; _
2 510" 2 AB=83
g i
a (AT Jﬁl
£ 5104 [ \J' 1
bt 1 LY
£ i 1 lf -fﬁ o
w o £
2750 2800 2850 2900 2950 3000 3050 310D 3150

Wavenumber fcm”

Figure 2. SFG spectra of a QxCav monolayer on water at-p13.7 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.

air. They are attributed to symmetric (2845 ¢inand antisymmetric
stretch modes of CH(2910 cn1!) and symmetric (2870 cm),
antisymmetric (2940 crt), and Fermi resonance (2960 ch
modes of CH stretches. The relatively strong @lhodes are an

eq 2, the relations betweey), and of), for an azimuthally
isotropic surface are

(2)

Axxz =
N2 [6050[3 + cos 2 + 2 sirf H(2r — cos )]
Aoy = —%Nsag?gmose sinf (1 — 2r + cos 2p)0]
15, = NaGoso(cody sin’0 + r cod )0 (3)

wheref is the angle betweehandz, r = o:z-/0zz, and the angular
brackets denote an orientational average Vi(i€) = f(0) 6(y —

7/2) as the distribution function. We assume a truncated flat dis-
tribution f(6) = constant fofmin < 6 < Omax, andf(6) = 0 else-
where. Then using eq 3 and the experimental value%(szggt(z,
25y andy£),,, we can deducAd = (Omin , Omax) for pH = 5.7

and pH= 0.2. Following the above procedure to analyze the spectra
in Figure 2, we found = 2.4, A6 = (0°, 29°) and A9 = (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

indication that the alkyl chains had appreciable gauche defects. Thethe vase. In addition, the spectra of the breathing mode of the aro-

peaks at 3036 and 3064 cfare attributed to the; andv, mode
of the aromatic rings of the wings. The mode is much more
prominent than/7, 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
CH; and CH modes remain roughly the same, indicating that the

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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their orientation and conformation nearly unchanged. The SPS  Supporting Information Available: Details of sample preparation
spectra are much weaker, and therefore reveal less information onand compression isotherms. This material is available free of charge
conformation even though the observed change is more significant.via the Internet at http://pubs.acs.org.

From egs 1 and 2, we can conclude that the reduction of the SFG

intensity by 4 corresponds to a reduction of the surface molecular References

density by 2, which is seen directly from the surface-pressure/molec-

ular area measuremefitThis 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, tiee 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 thewv, spectral peaks and deduce more quantitative
information about the conformational change.

From fitting of the SFG spectra using egs 1 and 2, the nonvanish-

ing &), | of the v, mode in the lab coordinates can be deduced.
. ™ 2

Fgg thevz mode, only two hyF.)erp0|al’I.Z<:;1bI|It.y elementxsgc)c, anq

oz in the molecular coordinates with being along the main

molecular axis and in the molecular plane, are nonvanishing. From
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