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Abstract Host-guest principles are put into action advantageously by cyclodextrins that give remark-
able sensor responses to halogenated hydrocarbons on mass-sensitive devices such as QMB (quartz
micro balance) and SAW (surface acoustic wave) resonators. Modifications of the structure can tune
the compound to different analytes and molecular modeling allows us to understand and predict spe-
cific host-guest interctions. The FIR analysis of CDC| incorporated into a partially methylated
cyclodextrine, yields an astonishingly strong band shift of about 50tanfower wave numbers, in
contrast to the permethylated product that shows a displaced band of! k6rcthe C-D stretching
vibration. The eplanation can be given by semiempirical methods and force field d&@oglaTwo

CDCI, binding sites are revealed, one being a multicentered inclugier2(95 cnt) of CDC, at the

upper rim of thef-cyclodextrine cone, whereas the other is incorporated within the cgvit2240

cnrl).
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terest for both experimental results and their understanding
with the help of computational chemistry. Besides separa-
) , , ) i tions in gas chromatography with high stereoselectivity,
Host-guest interactions can be exploited in the de5|g'n O‘Eyclodextrines[2,3] are already used in analytical chemistry
chemical sensors.[1] Especially supramolecular chemistryor mass-sensitive detection principles. The hydrophilic hy-
can be utilized for sensor technology with compounds “kedroxyl groups at the upper and the lower rimtiod (-
cyclodextrine, paracyclophanes and calixarenes that are cgyclodextrine cavity affect the cross sensitivity to water,
pable of forming molecular g:avi'ties to include analytes bewhich makes it very difficult to use them as sensor materi-
cause of the high preorganization of these structures. It i§|s. This problem can be solved by methylation or silylation
possible to customize these guest molecules for differengs the hydroxyl groups of the host molecule.[4] Such de-
hosts and influence their chemical properties by varying thgjyatives can be applied for mass-sensitive measurements to
size of the hollow or subunit arrangements, which is of in'QMB[5,6] or SAW[7] devices based on piezoelectric crys-
tals.[2,8] To gain a better insight into host-guest geometry
and particularly into the orientation and inclusion of the
analyte in cyclodextrine, it is essential to determine the ef-
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fects of the host-guest intations. TheC-D-stretching vi- Scheme 1In the cross-sec-
bration of deuterochloroform is well suited since the bantien of the B-cyclodextrine

of the host molecule do not interfere in the same specirality represents two oppo-
range. This vibrational label has been used as a conforsite glucose units

tional probe for the orientation of the nitrogen atoms in 1, o]
(k+2) diazabicyclo[k.k.k]alkanes.[9] Based on semiempiri-

cal methods (MM3, MOPAC)[10,11] computational chemis-

try is applied to improve the understanding of the mecha- n=7
nism of the observed frequency shift in CD@bst interac-

tions. Mass-sensitive and optical measurements determine the

specific sensor characteristics of the layer used.

humidity were adjusted with mass flow controllers (Tylan
FC-260).

Experimental
Force-field and semiempirical calculations

Chemicals Force-field calculations[13,14] of the structures were per-
formed with the HyperChem 5.1[15] modeling software on a

The compounds investigated are the permetedl$- pentium computer to preoptimize the geometries of the mol-

cyclodextine TMBCD and the TNBCD/OH, which contains ecules and generate the input coordinates for MOPAC

only very few hydroxyl gnups. hese two products have beeiv6[16,17]. To shorten calculation-time when optimizing big

synthesized by methylation of df+cyclodextrine using structures, the files were transferred to a RISC workstation

iodomethane/sodium hydride. The final recrystallization frofH{P 9000/715-80) and were calculated with the MM3/92

cyclohexane separates the pure methylated compound

TMBCD from the product containing one hydroxyl group

TMBCD-OH that corresponds to a methylation degree of 95%,

experimentally verified byH-NMR. Position 3 ( Scheme 1)

of the glucose unit is most difficult to methylate[12] becau: Time (TMBCD/ndecyl) [h]

of internal H-bonding between the neighboring hydrox 0 2 4 6

groups at C-atoms 2 and 3. Thus, fGD-OH is mainly §3-

cyclodextrine with one remaining hydroxyl group at C(3).

8

Measuring procedure

0 = b
{1 :

Mass-sensitive measurements were peréat with AFcut ] i ' TMBCD/ndecyl /A‘
QMB resonators with gold electrodes on each side (5.5 r 1 N 20 |
in diameter) operating in the thickness shear mode witt__ 5 ] t ®
fundamental frequency of 10 MHz. A dual line chip enabley ™ ] 120 o !
the parallel recording of a sensor and an uncoated refereE . 13 oo 13 % /I
line to eliminate instabilities caused by pressure or tempe g T N, e ML(I %

ture fluctuations. A gas mixing apparatus was used to set ! 100_ 1
vent vapor concentrations and resonance frequencies v o ] TM5CD§ e
measured with a Keithley 775 A frequency counter and trars
ferredvia an IEC bus to a personal computer and subtrac ] \ M
digitally. 150- :

Spectra in solution and gas phase were measured wi . :
Perkin-Elmer FT-IR spectrometer system 2000 equipped w 1 : “w%Ww
gas and liquid cells. For the measurements, the thin fil ] R i
were exposed to CDLIn a temperature controlled cell with 200 — 7777
CaF, or NaCl windevs. All measurements were taken at 0.0 02 04 0.6 08 1.0
temperature of 20 °C. The inner surface of one of the-Ca ]
windows was cod with a 5um film of TMBCD or Time (TMBCD) [h]
TMBCD-OH. Thelength of the gas cell was 1 mm, spectra
were taken with 20 coadded scans with a resolution of 2 crigigure 1 Sensor responses of a 10 MHz QMB coated with a
The background taken was the coated substrate with 0% r16D nm TNBCD and a TMBCD/ndecyl layer to chloroform at
The desired concentration of the solvent analyte and relade°C, RH = 30%
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Figure 2 Sensor responses of a 10 MHz QMB coated witt
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version ofAllinger’s molecular modelling progm.[18] Af- wavenumber v [cm ']

terwards these output files were transferred back to the PC to

obtain the internal distances and angles. Since HyperChem .

allows the input of crystallographic data, an X-ray structufddure 3 FT-IR-spectrum of CDGl a 10 um film of par-

of B-cyclodextrine was used as an initial model. The methy#ally methylaed S-cyclodextrine (TMSCD-OH) in a vapor
ated structure was optimized by keeping the ring struct®eCDCL. Spectra were taken with 20 scans with a resolution
fixed and optimizing the alkyl chains and afterwawiise Of 2 ¢

versa This was repeated until no further changes occurred.

The partially methylated cyclodextrine (P@D-OH) was

generated by the calculation of seven different conformers,

each of them having a different methoxy group changedResults

OH. Theconformer with the lowest energy was chosen for

the interaction with chloroform. With this method a specifigccording to mass-sensitive experiments using QMB devices,
interaction of CDCJand TM3CD-OH could be made plausi-thin films of TMBCD and TMBCD-OH absorb CDGlfrom

ble. Final optimizations of the structure and calculations @fe gas phase. Figure 1 shows these sensor responses of 10
the force matrix and vibrational spectrum were performggz QMBs coated with TCD and its derivative with a n-
with semiempirical methods using the MOPAC V6 progragiecy| chain boundvia ether bridgs. Alinear dependency
with PM3 parameters on the workstation. Since the complgigween concentration and mass-sensitive effect is observed
arrangement is too complex for the semiempirical calculgy poth and the effect is fully reversible. Both layers are
tion, a Z-matrix of a moiety of this complex was developegyproximately 100 nm thick and since BEID forms a very
Thus, only a fraction of the whole structure was optimize@mpact layer, the sensor response is rather sluggish and slow
and for this purpose two glucose units were separated affl reacts on a time scale that is larger by a factor of ten. The
saturated with hydroxyl gups. The ratual angle of these n_decyl spacer loosens up the layer and diffusion to deeper
rings was set fixed to simulate the arrangement in the Copgts of the layer is more easily possible, so retention times
No other rigid units were defined. Optimizations of the strugre down to a few minutes. The overall effect for the30D/

tures of the host and guest were performed separately. WR&fecyl layer is smaller. A possible explanation for this could
adding the guest molecule to the host, the guest molegydethat some of the alkyl chains block the entrance of some
was held fixed, while the host was optimized in the hogf the cavities, so the number of accessible guest molecules
guest complex. Afterwards the host was held fixed and f8&maller. Figure 2 gives sensor responses of a 10 MHz QMB
guest was optimized. This was repeated until no changes@gsted with TMBCD to some solvents with different donor-
curred. The vibrational spectra were obtained with the FORGEceptor properties and polariziability. The largest effects are
command of the PM3 method. obtained for perchloroethylene and chloroform. Due to the
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Table 1 Calculated frequencies of CDQlompared with experimental values. Calculations were performed using all imple-
mented parameters of the different semiempirical methods of MOPAC V6

vibrations of CDCl, exp. [cnY] MNDO [cm-Y] MINDO/3 [cm -] AM1 [cm-Y] PM3 [cm-]
V(C-Cl)-stretching, sym.,,a 651 739 608 685 623
v(C-ClI)-stretching, asym., e 742 829 649 773 645
v(C-D)-rocking, asym., e 913 1021 926 898 847
v(C-D)-stretching, a 2258 2394 2557 2199 2168

Table 2 Calculated C-D-stretching frequencies, relative absorption coefficients and values of @id@llenght and order
compared with experimental values. Semiempirical calculations were performed with MOPAC 6, PM3

solvent Ay [cm] Ay [cmT] AA AA calc. bond calc. bond
exp. [a] calc. exp. [b] calc. length [A] order
CDCl; pure 0 0 1 1 1.1114 0.9644
THF -9 -10 3.8 4 1.1134 0.9579
methanol -8 -12 4 3.8 1.1129 0.9597
triethylamine -76 -66 11 10 1.1266 0.9340

[a] Ay : frequency shift compared with pure CQQAY =¥ —7 , including sign
[b] AA: proportion of the absorbance A relative to the absorbtigo#pure CDCJ, AA = A/ A,

high number of oxygen atoms on the inner walls of the caights the under rim of the cavity with a very much reduced
ity, the cyclodextrine possess donor properties amter cross sensitivity.[2]

polarizability and are therefore very suitable for the detec- If the sensor mate TMBCD-OH is applied to a CgF
tion of halogenated solvent vapors with chlorine atomsubstrate, the sensor effect to CD€in be followed by FT-
Permethylation of the OH-groups inverts the polarity of thR as described. In the spectra two bands of the C-D stretch-
compound into hydrophobic and generates a cavity thairig vibration can be observed. The major band is shifted about
still capable of strong interactions in the interior. Since ti® cm! to lower wave numbers (at 2195 énhcompared to
methyl group is very small, the cavity is not closed kiyee deutereochloroform. An additional broader band shows
permethylation, but some deformations occur. The alkylatioasery appreciable dislocation of about 50'¢to 2243 cr,
increases the height of the cone, widens the upper rim aed Figure8). When permethylated cyclodextrins are stud-

Figure 4 FT-IR spectrum of 100
1.8 mol/l CDC] in CClI, af-
ter addition of 21 mmol/l par-
tially methylated 3-cyclo-
dextrine (TM3CD-OH), 0.25
mol/l triethylamine and 0.4
mol/l pyridine. Spectra were
taken in a Cak-cell (d = 1
mm) with 20 scans and a
resolution of 2 crmt

transmittance [%o]

\ triethylamine

N
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pyridine
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Figure 5 Scheme of the final
estimated complex between
CDCl, and TM3BCD-OH.
Calculations were performed !
with MOPAC V6 with PM3
parameters

ied, this second significant band shift change is not observelgxes of different solvents with CDCtompared with the
In CCl, as solvent with CDGland TM3CD-OH this effect is pure CDCJ in Table 2 are very close to the experimental
also shown. By adding analytes with ether or alcohdéta.
functionalities to the CDGholutions instead of TRCD-OH, Based on X-ray structefl9] TMBCD and several con-
the shift is by about 10 citnNitrogen containing donors suchformers of TM3CD-OH were calculated using the MM3 force
as triethylamine, however, can force an experimentally meéistd program. These calcuians show that the free hydroxyl
ured frequency shift of up to 90 éno lower wave numbers. group is located at the broader end of the cone and is orien-
Figure 4 shows FT-IR spectra of CQ@h CCl, after addi- tated to the outside. The optimized structure yields a
tion of TMRCD-OH, trethylamine and pyridine. stabilization by 7.7 kcal-mdlin comparison to 14.2
To elucidate the nature of the band shift, model calcukeal-mof* of a chloroform situated in the cone. The semiem-
tions were performed. The C-D vibration frequencies pirical calculation of the moiety containing only two glucose
CDCl, were calculated using all implemented parametersuifits indicates a dipole-dipole interaction between the hy-
MOPAC V6. Different semiempirical methods were used awdoxyl group and the C-D-bonding. Furthermore, the com-
Table 1 shows that PM3 gives the best results compareglex is stabilized by van der aéls interactions between the
the experiments. Differences could be due to anharmoniahlorine and a methoxy group of the cyclodextrine. Figure 5
of large amplitudes and to coupling between vibrationsthows the calculated structure of the complexes between
modes that is not accounted for in the computational modeDCl, and TM3CD-OH. This final geometry exhibits a cal-
Having found that PM3 works best, in a second step calcutatated frequency shift of 36 ch{about 50 cm experimen-
tions of complexes between CDGInd single solvent mol- tal) and a relative absorption coefficient of 0.783 compared
ecules were performed to interpret experimental FT-I8 0.284 of the pure CDCI
spectra. Table 2 gives a comparison of measured and calcufo determine the amount of incorporated CDGhtura-
lated data of the C-D stretching frequencies and their rei@mn experiments were performed. Figure 6 shows the
tive absorbances. Although the absolute values of the resatisorbances of two C-D-stretching vibrations (Figure 3) due
in Table 1 show an offset, the frequency shifts for the com-an exposure of TBCD-OH to CDCJ gas. As can be seen,
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Figure 6 Absorbance of the two C-D-stretching vibrationsigure 7 Two different interaction possibilities between
of CDCl, incorporaed in TM3CD-OH as a function of ¢ CDCI, and hydroxyl groups. Prediction of a polar interac-
(CDCL,). NaCl-cell (d = 1 mm), coated on both sides (~ §on between CDGland a hydroxI-function. Calculations were
um) with TMBCD-OH, 20 °C, RH = 0%, spectra were takemperformed with MOPAC V6/PM3

with 20 scans and a resolution of 22ém

the absorbance dt = 2195 cnt shows saturation behaviorThe addition of dipole-dipole interaction and two van der
above 3% CDClin the state of saturation, whereas the alVaals bindings, as shown in Figure 5, influences the C-D-
sorbance of the stronger shifted band 2243 cm' increases bond.
monotonously. According to the fact that the major band2243 cm-!

can be observed in both derivatives, this frequency shift is

Discussion

50 em! shift
7.7 kcal/mol

The mass-sensitive measurements proved incorporation of
chloroform into the cyclodextrine compounds. Obviously
more CDC] is incorporated by the layers than cavities are
available. The FT-IR spectra presented clearly indicate that
different binding sites for CDCIin TMBCD-OH exist. The
plateau of the absorbance at 2195'qmnoves specific inter-
action and the building of stoichiometric complexes, while
the continuous increase of the absorbance at 2243wt
cates that interstitial sites must also be considered. To ex-
pound this phenomenon, calculations were made by varying
the distance between the two centers. As shown in Figure 7,
polar interactions of CDGMwith methanol were studied. The
formation of a hydrogen binding between the chlorine atom
in CDCL, and the -OH of methanol shows obviously no ef-
fect. The oxygen donor atom of methanol forms a hydrogen el
bond to the “D” of CDC] that gives a frequency shift of only 10 em™ shift
10 cm. 14.2 keal/mol

The experimental comparison of the complexes of ) . )
deuterochloroform and the two diféstt -cyclodextrine de- Figure 8 Semiempirical ca]culaﬂon of the structure of the
rivatives indicates that the single free hydroxyl group f@mplexes of TBCD-OH with CDC for the two observed
essential in the complex interaction of the strongly shiftéd-absorbtions using PM3 parameters of MOPAE To in-
vibration band observed. This finding corresponds to bdifgase clarity, several atoms of the calculated structure are
the measured experimental data and the calculated vibrati®¥é.depicted
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