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Abstract Five novel complexes of asymmetric mono-

methyne cyanine dye (1), with a-, b-, c-cyclodextrins and

the corresponding functionalized derivatives, namely

acetyl-b-(Ac-b-CD) and acetyl-c-(Ac-c-CD) cyclodextrins

were studied by means of UV–VIS, linear-polarized

infrared and fluorescence spectroscopy, as well as scanning

electron microscopy, powder X-ray diffraction, and ther-

mal methods both in solution and in solid-state. Compu-

tational chemistry methods were employed with the

purpose of elucidating the electronic structure and vibra-

tional properties of the organic dye.
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Introduction

Native cyclodextrins (CDs) are among the most interesting

and functional host natural materials [1–4], having a rigid,

well-defined ring structure, with the shape of a truncated

cone, and an ability to bind in their hydrophobic cavity

various organic [3] and inorganic [4] molecules via

hydrophobic, van der Waals, electrostatic and hydrogen

bond interactions. Inclusion complexes of 1:1 and/or 1:2

stoichiometry (guest/host) have been widely observed in

aqueous solutions [1–4] as a result of the combined action

of several factors, as for example hydrophobicity, chirality,

and most importantly the size/shape of the guest and the

size of the cyclodextrin macro ring employed. Moreover, it

has been found that the interaction of appropriate linear

oligomeric or polymeric chains with some CDs can lead to

supramolecular assemblies such as rotaxanes [5, 6],

polyrotaxanes [6–9], and threaded CDs [10], which do not

involve any covalent bonding between the starting reac-

tants. Another strategy for devising supramolecular archi-

tectures utilizes the interaction of CDs with some small

rodlike molecules. Although the CDs themselves do not

interact with each other in aqueous solutions, in the pres-

ence of an appropriate rodlike guest, the initially formed

supramolecular building blocks, namely, singly occupied

complexes are self-assembled to form complex architec-

tures [11]. These architectures can be viewed as poly-

pseudorotaxanes often referred to as ‘‘supramolecular

polymers’’ [11].

The application of the organic dyes as guest molecules

in host–guest systems with CDs has been used as strategy

in crystal engineering for obtaining photodimeric products

[12], with potential application in optical technologies.

Therefore herein we are presenting, the interaction of

the asymmetric monomethyne cyanine dye (1), with native

a-, b-, c-CDs and the corresponding functionalized

derivatives acetyl-b-(Ac-b-CD) and acetyl-c-(Ac-c-CD)

CDs (Scheme 1). The methods such as UV–VIS, fluores-

cence spectroscopy, linear-polarized infrared (IR-LD)

spectroscopy of oriented colloids in nematic host, 1H-

NMR spectroscopy, scanning electron microscopy (SEM),

powder X-ray diffraction (XRD) as well as thermal

methods were used. Theoretical quantum chemical cal-

culations were also carried out with the purpose of

obtaining the electronic spectra and vibrational properties

of the isolated dye in order further to support the exper-

imental elucidation of the optical properties of the inclu-

sion complexes examined.
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Experimental

Materials and methods

Conventional and polarized IR-spectra were measured on a

Thermo Nicolet FTIR-spectrometer (4000–400 cm-1,

2 cm-1 resolution, 200 scans) equipped with a Specac wire-

grid polarizer. Non-polarized solid-state IR-spectra were

recorded using the KBr disk technique. The oriented samples

were obtained as a colloid suspension in a nematic liquid

crystal ZLI 1695. The theoretical approach, as well as the

experimental technique for preparing the samples and the

procedures for polarized IR-spectra interpretation, have been

presented elsewhere [13–17]. The influence of the liquid

crystal medium on peak positions and integral absorbances

of the guest molecule bands, the rheological model, the

nature and the balance of the forces in the nematic liquid

crystal suspension system, as well as the morphology of the

suspended particles have also been discussed [13].
1H-NMR measurements, referenced to sodium 3-(trim-

ethylsylyl)-tetradeuteriopropionate, were made at 298 K

with a Bruker DRX-400 spectrometer using 5 mm tubes

and D2O as solvent.

Electronic (UV–Vis) spectra were recorded on a Tecan

Safire Absorbance/Fluorescence XFluor 4 V 4.40 and Evo-

lution 300 spectrophotometers, operating between 190 and

900 nm, both in the solid-state and in solution at a concen-

tration of 2.5 9 10-5 M, using 0.0921 cm quartz cells.

The thermal analyses were performed in the range of

300–500 K on a Differential Scanning Calorimeter Perkin–

Elmer DSC-7, and a Differential Thermal Analyzer DTA/

TG (Seiko Instrument, model TG/DTA 300). The experi-

ments were carried out at a scanning rate of 10 K/min

under an argon atmosphere.

The elemental analysis was carried out according to the

standard procedures for C and H (as CO2, and H2O) and N

(by the Dumas method).

Scanning electron microscopy experiments were per-

formed on A HITACHI S-3500 N instrument.

The photographs of the plates were obtained on the

Leica Microscope S3 with the LAS ES 1.6.0 software.

X-ray powder diffraction patterns were obtained using a

Rigaku MiniFlex powder diffraction system, equipped with

a horizontal goniometer in the h/2-h mode (Tokyo, Japan).

The X-ray source was nickel-filtered K-a emission of

copper (1.54056 Å). Samples were packed into an alumi-

num holder using a back-fill procedure and were scanned

over the range of 50–6� 2-h, at a scan rate of 0.5�
2-h min-1. Using a data acquisition rate of one point per

second, the scanning parameters equate to a step size of

0.0084� 2-h. Calibration of each powder pattern was

effected using the characteristic scattering peaks of alu-

minum at 44.738 and 38.472� 2-h.

Theoretical calculations

Quantum chemical calculations were performed with the

GAUSSIAN 98 and Dalton 2.0 program packages [18,

19]. The output files are visualized by means of the

ChemCraft program [20]. The geometries were optimized

at the second-order Moller–Pleset perturbation theory

(MP2) level, using the 6-31??G** basis set. The

molecular geometries of the studied species were fully

optimized by the force gradient method using Bernys’

algorithm. For each structure, the stationary points found

on the molecule potential energy hyper surfaces were

characterized using standard analytical harmonic vibra-

tional analysis. The absence of imaginary frequencies (i.e.,

negative eigenvalues of the second-derivative matrix)

confirmed that the stationary points correspond to minima

on the potential energy hyper surfaces. The calculated

vibrational frequencies and infrared intensities were

checked to establish which kind of performed calculations

agreed best with the experimental data. The MP2/6-

31??G** data are presented in the result and discussion

part of the manuscript, where a modification of the results

using the empirical scaling factor 0.8929 is made to

achieve better correspondence between the experimental

and the theoretical values. The UV spectra of the com-

pound in the gas phase and in aqueous solution are

obtained by CIS/6-311??G** and TDDFT calculations.

N

S

CH3

N
CH3

x CH3SO4

(1) 

O O

HO

OH OH n = 6, 7 or 8 n = 7 or 8

O O

OH OH

O

CH3

O

(I) (II)

Scheme 1 Chemical formulas of the asymmetric monomethyne

cyanine dye, a- (n = 6), b- (n = 7) and c- (n = 8) cyclodextrins

(I) and the functionalized derivatives, acetyl-b- (n = 7) and acetyl-

c- (n = 8) cyclodextrins (II)
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Synthesis

The dye 1-methyl-4-[(3-methyl-2(3H)-benzothiazolylid-

ene)methyl]quinolinium methosulphate (1), was synthe-

sized following the common scheme for the asymmetric

monomethyne cyanine dyes [21]. A mixture of 0.01 mol of

quaternary heterocyclic compound (Scheme 2, A) and

0.012 mol of sulfobetainic compound (Scheme 2, B) was

suspended in 20 mL methoxyethanol and refluxed for

10 min. The reaction mixture was cooled and diethyl ether

was added to the dye solution. The dye was precipitated as

oil and the ether solution was decanted. The oil was dis-

solved in 50 mL ethanol, the solution was filtered hot,

evaporated to 1–15 mL and after cooling the dye (1) was

collected by filtration. After leaving to stand, red crystals

were obtained from the resulting red solution and were

filtered off and dried under air. (Found: C, 56.70; H, 4.84;

N, 6.74; [C20H20N2S2O4] calcd.: C, 57.67; H, 4.84; N,

6.73%). The HPLC ESI MS–MS data show a formation of

one reaction product. The TGV and DSC data in the

temperature range of 300–500 K show an absence of the

included solvent molecules.

The ‘‘supramolecular polymers’’ of the CDs in the pres-

ence of (1) were obtained after mixing of equimolar amounts

of each of the components in 20 mL aqueous solutions under

continuous stirring and heating at 40 �C for 20 min. The

obtained five new red–orange plates (Scheme 3) rest at

normal conditions for 7 weeks. The products were filtered

off and dried on air at room temperature. 1H-NMR mea-

surements for all of the systems studied represent a super-

position of the corresponding proton signals of the CDs and

those of the dye (1). In the cases of the corresponding systems

with the acetylated derivatives additionally are observed

signals at 5.11 ppm of the OCH3 groups. The proton signals

of the dye could be assigned in a following way:

d = 1.33 ppm (s, 6H, N–CH3), AA0BB0 signals dAA’, 6.33,

6.41, 2H, dBB’ 6.81, 6.90 ppm 2H, AB-signals 1H, 7.11,
3JAB = 13.0 Hz, AA0BB0 signals dAA’ 7.48, 1H, dBB’, 8.00,

8.07 ppm, 2H, 8.44, 8.46, 9.01 ppm, 3H, respectively.

Results and discussion

The electronic spectra of the starting a-, b- and c-CD display

‘‘transparency’’ in the whole range between 200 and 800 nm.

The corresponding functionalized analogues of the CDs (II)

(Scheme 1) are characterized with an absorption band around

325 nm with em within 89–102 L mol-1 cm-1 (Fig. 1a),

which belongs to n ? p transition of the acetyl-substituent in

the CDs. The UV–Vis spectrum of the organic dye (1) and the

systems Dye/CDs are characterized with absorption bands

about 290 (em * 1000 L mol-1 cm-1), 305 (em * 900 L -

mol-1 cm-1), 472 and 504 nm (em * 7000 L mol-1 cm-1),

respectively. The first two maxima correspond to the B-band

(a) (b) 1

Scheme 2 Reaction scheme for

synthesis of (1)

Scheme 3 Photographs and SEM images of the systems (1)/Ac-b-CD (a) and (1)/Ac-c-CD (b), respectively
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of the aromatic fragments, while the second ones in the visible

region—to CT band in the dye (Fig. 1b). The keeping of the

band position and profile is typical for the other CD–dye

systems, where the corresponding organic dye is adsorbed on

the CDs surfaces by weak van der Waals interactions. The

most popular method for estimating the stoichiometry, the

equilibrium constant and the molar absorptivity of non-

covalent complexes is the Benesi-Hildebrand method [22]. In

our previous paper, we have reported studies on some 2-sty-

rylindolium dyes in aqueous solution and in the presence of

CDs [23]. On the basis of the significant changes in the

absorption behaviour of the supramolecular complexes, the

Benesi-Hildebrand analysis has proven the suggested 1:1

stoichiometry. In contrast, the recorded absorption and fluo-

rescence spectra of our present samples show no significant

changes in presence of different concentrations of CDs.

Therefore, we assume that supramolecular adsorption type

complex is formed rather than classical inclusion one and the

Benesi-Hildebrand method is not applicable for this particular

case.

The data are in good correlation also with the theoretical

electronic spectrum of the dye in aqueous solution,

obtained by means of calculations at TD-DFT level of

theory, giving bands at 290 (f = 0.0321), 300 (f = 0.0451),

465 (f = 0.1231) and 500 (f = 0.2356) nm, respectively.

The HOMO and LUMO (Scheme 4) MOs gaps illustrate

the CT transition in the dye, responsible for the observation

of the absorption band in the visible region of the spectrum.

The observation of the interaction between the CDs and the

dye molecule by means of the IR-spectroscopy is complicated

and difficult task due to the strong overlap of the IR-bands of

the CDs in the whole middle 4000–400 cm-1 IR-region. Most

of the previous studies [14, 17, 24–27] were found to deal with

the vibration band assignments (both IR- and Raman) of the

mOH stretching vibrations within 3600–3000 cm-1 (maximum

about 3390 cm-1 in Fig. 2). These regions are further com-

plicated however by the fact that usually the CDs contain large

number of solvent water molecules, displaying broad and

intense absorption bands about 3300 cm-1, which addition-

ally complicate the interpretation of the IR-spectroscopic

patterns. The polarized IR-LD spectroscopy of oriented col-

loids in nematic host surmounts most of these difficulties,

giving a possibility for experimental IR-band assignment as

well as ‘‘local structural’’ information for the guest–host

systems. In the cases of the functionalized CDs additionally

are observed the typical for the acetyl-group characteristic IR-

bands of mC=O stretching vibration about 1740 cm-1 and

within 1100–1000 cm-1 (Fig. 2).

The capabilities of the polarized IR-LD spectroscopy

were used for the assignment of the experimental IR-bands

of the dye as well as those in the complexes with CDs.

These data were compared with the corresponding theo-

retical estimates. The obtained vibrations are for the most

stable conformer of the compound studied (Scheme 5). The

geometry of the dye is effectively flat with 0.1� deviation

from the perfect planarity. The N–CH3 groups lies in the

plane of the molecular skeleton with interplanar angles of

0.1(1)� and 0.00(3)�, respectively. For the purpose of the

vibrational analysis, these data suggest that the transition

moments of a00 symmetry class of the aromatic fragments

should be co-linear in principle with those of the out-of-

plane cCH vibrations of the differently substituted double

bonds (Scheme 1). However the theoretical calculations

show a partial charge redistribution in the frame of the

skeleton (Scheme 5), which affect as well on the obtained

data of the bond lengths with the values within

1.372–1.420 Å (Scheme 6). The most intense bands in the

Scheme 4 HOMO and LUMO

MOs gaps of the dye

 3500  2500  1500  500

Absorbance / Wavenumber (cm-1)

Fig. 2 Solid-state IR-spectra of Ac-b-CD (blue line) and Ac-c-CD

(red line), respectively. (Color figure online)
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(1) are those of 1575, 1585, 1442, 1245 and 1213 cm-1

which belong to the in-plane a0 symmetry class (in terms of

Cs symmetry of the molecule of (1)) as well as at 883 and

807 cm-1 corresponding to a’’ out-of-plane vibrations

(Fig. 3). The computed vibrations correlated well with the

experimental values—a difference within 2–5 cm-1.

The experimental IR-LD spectroscopic analysis proves

the suggested assignment of the characteristic IR-bands in

the case of the pure dye as far as the subsequent elimination

of the a0 and a00 bands is observed. In all cases the elimi-

nation of the given IR-band leads to observation of the

second component, as a result of the presence of more than

one non equivalent molecules in the unit cell [28–34],

phenomenon typical for stilbazolium salts as well [35–38].

The IR-spectra of the CDs in the presence of (1), depicted

in Fig. 4 are characterized with the overlapping effect of

the characteristic IR-bands of the CDs and the (1). The

intense bands about 3412 cm-1 belong to the mOH stretch-

ing vibrations of the OH groups in the CDs as well as of the

clatrate solvent water molecules included in the CDs

‘‘supramolecular polymers’’. The observation of the same

peaks position of the pure dye (Fig. 4(6)) and in corre-

sponding systems with CDs, additionally support the

assumption about the adsorption of the dye on the CDs

surfaces. The acetyl-fragments in the functionalized CDs

are also affected weakly, due to the mC=O stretching

vibration in the Figs. 4(4) and (5) are influenced only with

2 cm-1, comparing with the data of the neutral CDs (see

Fig. 2).

Thermal methods (mainly DSC, DTA and TGA) repre-

sent a very popular and wide spread analytical approach to

the characterization of multicomponent systems such as

inclusion compounds in the solid-state [39]. Such methods

are commonly used for rapid preliminary qualitative inves-

tigations by comparison of the thermal stabilities of single

components, their physical mixtures and the inclusion

compound candidates. The thermal analyses of the samples

under study show similar results for the mechanical mixtures

of (1) with any of the CDs compared with their putative

inclusion complexes. All the samples tend to lose weight

Scheme 5 Most stable conformer and geometry parameters (bond lengths in Å, and angles in [�]) of the dye, optimized at MP2/6-31??G**

level of approximation

Scheme 6 Single atomic charge redistribution

3000 2500 2000 1500 1000 500

Absorbance/Wavenumber (cm-1)

Fig. 3 Theoretical IR-spectrum of dye, optimized at MP2/6-31??G**

level of approximation, and a scaling factor of 0.8929
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within the temperature range 315–350 �C, for example ((1)/

CDs-(I)) 315–330 �C and ((1)/CDs(II)) 340–350 �C, and at

about 550 �C they lost 80%, of their original weight. Dif-

ferential Thermal Analyzer experiments were performed and

they indicated that the systems display exothermic peaks

within 320 �C ((1)/CDs-(I)) and 350 �C ((1)/CDs(II)).

These results provide further support of our assumption

about the formation of supramolecular adsorption type of

complexes. Surface morphologies of the supramolecular

polymers are examined by SEM experiments (Scheme 2).

The SEM images gave the macrostructure information about

the Ac-b-CD, Ac-c-CD as well as the corresponding

‘‘polymers’’. Pure CDs and its functionalized derivatives

showed preferentially the 3D regular structures. However,

the surfaces of the five systems in the presence of (1) are

different (Scheme 3). Such difference in the surface mor-

phologies indicated that the presence of the (1), changes the

macrostructures or the self-assembly of the CDs [33]. Only

in the case of the system (1)/Ac-b-CD the morphology of the

plates that are observed differs from the rest of the samples.

This could be explained with the fact that the starting

material contains differently acetylated b-CD molecules,

which are observed also in the corresponding system in the

presence of the (1). In order to elucidate this phenomenon we

preformed the powder XRD experiment, thus proving the

amorphous character of the CDs in the presence of (1).

Conclusions

The interaction of native CDs, i.e. a-, b- and c-CD as well

as the acetylated derivatives Ac-b-CD and Ac-c-CD with

the organic asymmetric monomethyne cyanine dye, leads

to the formation of ‘‘supramolecular polymers’’ when the

molar ratio of the cyclodextrin towards organic dye is 1:1.

The presence of the more than one acetylated form of the

starting Ac-b-CD as well as in corresponding supramo-

lecular polymer plates leads to their different morphology.

The physical properties and the correlation structure-

spectroscopic data of the systems studied are elucidated by

means of methods such as UV–VIS, IR-LD spectroscopy as

well as 1H-NMR, SEM, powder XRD, and thermal meth-

ods both in solution and in the solid-state. Computational

chemistry methods were employed with the purpose of

elucidating the electronic structure and vibrational prop-

erties of the organic dye.
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Ivanov, P., Spiteller, M.: Surface interaction and self-assembly of

cyclodextrins with organic dyes. J. Incl. Phenom. Macrocycl.

Chem. 67, 317–324 (2010)

39. Giordano, F., Novak, C., Moyano, J.: Thermal analysis of

cyclodextrins and their inclusion compounds. Thermochim. Acta

380, 123–151 (2001)

J Incl Phenom Macrocycl Chem (2012) 72:63–69 69

123

http://dx.doi.org/10.1007/s11224-010-9635-5
http://www.kjemi.uio.no/software/dalton/dalton.html

	Spectroscopic elucidation of the interaction of native cyclodextrins and their acetylated derivatives with asymmetric monomethyne cyanine dye
	Abstract
	Introduction
	Experimental
	Materials and methods
	Theoretical calculations
	Synthesis

	Results and discussion
	Conclusions
	Acknowledgments
	References


