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Raman spectroscopy is a convenient technique for the efficient
evaluation of cyclodextrin inclusion molecular complexes
of azo-dye colorants and largely polarisable guest molecules

Aldo Arrais Æ Piero Savarino

Received: 18 June 2008 / Accepted: 7 January 2009 / Published online: 23 January 2009

� Springer Science+Business Media B.V. 2009

Abstract Raman spectroscopy has been successfully

employed in order to investigate the formation of

b-cyclodextrin host–guest inclusion molecular complexes

with several different azo-dye structures. The Raman pat-

tern of the carbohydrate framework results negligible when

neared to the magnificent intensity of the highly polarisable

guest systems and a complete and feasible comparison of

the spectral features between the free and the complexed

situation of the guest molecule is allowed. In general, with

respect to the free guest state, it was found within the

complex that a hampering of Raman intensity displays,

accompanied by a levelling directed variation of the rela-

tive peak intensities, and peculiar Raman peak broadening

with shifts occur, relatable to the host–guest settling of

inclusive intermolecular interactions. Supportively to the

other commonly established characterising methods, or in

valid alternative, Raman technique has proved astoundingly

useful under the perspective of the diagnostic evaluation of

cyclodextrin host–guest molecular inclusion for azo-dyes

and, more generally, for a highly polarisable guest structure.

It features sample non-destructivity, handiness, fastness and

sensitive reproducibility, occasionally providing useful

suggestions about the complexation topology.

Keywords b-Cyclodextrin � Azo-dyes � Host–guest

inclusion phenomena � Raman spectroscopy

Introduction

Inclusion of molecules within large hosting cavities

favours the expansion of the potential appliances for the

included guest structures [1]. In particular, host–guest

molecular complexation of hydrophobic molecules within

the polar cyclodextrins [2] provides an outer hydrophilic

surface that determines an evident solubility for such sys-

tems in polar solvents, such as water, becoming therefore

essential in many technical and industrial processes, such

as phase transfer catalysis [3], drug delivery [4], textile

finishing [5].

However, the reliable assessment of the actual molecu-

lar inclusion within hosting cavities is of course ineludibly

the eligible topic point in the aim of validating all these

chemical routes. In general, confirmation of molecular

complexation provided by cyclodextrin usually relies on

both solution and solid-state spectroscopy and structural

techniques. Primarily, both the solution and the solid state

Cross-Polarization Magic Angle Spinning Nuclear Mag-

netic Resonance (NMR and CP MAS NMR) spectroscopy

[6, 7], the Thermo Gravimetrical Analysis and Differential

Thermal Analysis (TGA-DTA) methods [8, 9], the X-ray

Powder Diffraction (XRPD) [10] and a documented library

of vibrational IR and Raman spectroscopy [11, 12] are

successfully profited in complexing detection.
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In the vibrational context, the extreme electron polar-

isability of several potential guest apolar molecules that are

easily included within the lipophilic cyclodextrin cavities

can select these substrates as highly responsive targets for

Raman spectroscopy. On the converse, the more modest

polarisability of a carbohydrate frame is expected to pro-

vide a correspondingly more modest, or even comparably

negligible, Raman activity [13].

In this paper, we report on an experimental study of

assessment of complex molecular inclusion performed by

b-cyclodextrin (bCD) of 12 different disperse azo-dyes

(listed in Table 1) by mean of high-resolution solid state

Raman spectroscopy. Spectroscopic results illustrated

clearly variations of the vibrational features of structures as

a consequence of the interactive modifications occurring

after complex inclusion [14], with an extremely sensitive

responsiveness, that is comparable or even superior to the

spectral responses available by the other commonly used

techniques. In detail, the relative Raman transparency of

cyclodextrinic host frame focused therefore Raman infor-

mation exclusively on the highly active guest molecule,

evidencing usefully the complete spectral comparison

between the free and the complexed situation. In addition,

the vibrational data provision by Raman method is featured

by non-destructivity of the examined samples, combined

with actual measurement fastness and handiness, and

reproducible sensitiveness of observed responses.

Experimental section

Materials and methods

b-cyclodextrin (Cawamax W7 Pharma sample) was sup-

plied by Wacker-Chemie Ltd (Burghausen, Germany).

Azo-dyes ((1)–(12) labels of Table 1) were synthesised and

characterised in accordance to established literature meth-

ods [15–30]. Detailed description of dye application with

cyclodextrin are reported elsewhere [30–32]. b-cyclodex-

trin\dye molecular inclusion complexes (ICs) were formed

experimentally by solid-state reaction of 2:1 cyclodex-

trin\guest molar mixtures, promoted mechanically by a

multi-step ball-milling procedure (24 h total reaction time)

[3, 33]. Crude products were used without further purifi-

cation. With these experimental conditions, systematic

TGA-DTA [3] supported by XRPD control measurements

excluded the presence of the free dye after milling.

Cyclodextrin excess extent is not excluded [30]. Ethanol

was purchased by Fluka (Buchs, Switzerland). Dyes with

different crystalline morphologies were obtained from the

quiet or rapid (within Ar stream) evaporation of ethanol

solution.

Instrumental measurements

High-Resolution Raman Spectra were collected on a Fou-

rier-transformed Bruker RFS100 spectrophotometer,

equipped with a Nd:YAG laser, emitting at 1.064 lm (NIR

region), as the excitation source, and a liquid-nitrogen

cooled Ge detector. Instrumental resolution was set at

1 cm-1. Samples powders were systematically irradiated

within Raman-inert common laboratory glass pipes. Low

laser power was maintained constant at 50 mW throughout

all measurements. 500 averaged scansions were acquired

for each spectrum. At such experimental setting, each

single measurement lasted ca. 50 min. No final materials

decomposition was observed when recovering each matter

after Raman laser irradiation.

Table 1 Chemical description of the twelve ((1)–(12)) examined

disperse colorant azo-dye guest molecules (above) included within

the host cavity of b-cyclodextrin (below). Related azo-dye referencing

is listed

N

N N
CH 2

CH 2

R CH 2 R

CH 3

1 2

Azo-Dye

Molecule R1 R2 Reference

(1) –NO2 –CN [15–17]

(2) –NO2 –OH [16, 18–20]

(3) –NO2 –H [16, 20, 21]

(4) –OMe –CN [16, 22]

(5) –OMe –OH [22]

(6) –OMe –H [22–24]

(7) –CN –CN [16]

(8) –CN –OH [25]

(9) –CN –H [16, 24, 26]

(10) –H –CN [16, 17, 22]

(11) –H –OH [16, 20, 27]

(12) –H –H [22–24, 28, 29]

O
O

OH

OOH

O

OH

OH

O

O OH

OH

O

O
OH

O
O

OH

O

O

O

OH

OH

OH
OH OH

OHO

OH

OH

OH

OH

OH
OH

OH

βCD
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X-ray Powder Diffraction (XRPD) diffractograms were

acquired on a Thermo ARL ’Xtra instrumentation, equip-

ped with a 1.540562 Å Ka1 Cu X-ray radiation source

(operating at 45 kV voltage and 40 mA current), in the

2 \ 2h\ 100 degree interval, at a 2.5 2h/min scan rate.

Thermo Gravimetrical Analysis (TGA) and Differential

Temperature Analysis (DTA) simultaneous measurements

were recorded on a TA Instruments TGA-DTA SDT 2960

device, within the 25–350 �C temperature range (N2

atmosphere, 10 �C/min heating ramp).

Results and discussion

Results of the comparison between the 2:1 cyclodex-

trin\azo-dyes milled products containing the complexes

and the respective free precursor molecules are reported for

the several different examined species. Observed spectral

trends were collected consistently for all the examined

systems; an illustrative representative selection is presented

hereafter.

Primarily, Raman spectrum intensity of the bCD within

all the entire typical extension (i.e., 4000–100 cm-1) is

actually negligible when confronted with that of the free

azo-dyes guest molecules. The markedly different electron

a molecular polarisability, responsible of Raman activity,

[34–36] discriminates the highly divergent strong and weak

relative spectral intensities between the apolar unsaturated
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Fig. 1 Raman spectra of (1) (a), (2) (b), (4) (c) and (10) (d) azo-dyes

guest molecules and bCD host (e), with the actual achieved

experimental relative intensities at the operative conditions. The

expansion below shows the magnification of bCD pattern (e) at the

reported instrumental conditions
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Fig. 2 Raman spectra of (3) (a) and bCD\(3) inclusion complex (b).

The actual achieved experimental relative intensities are reported
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Fig. 3 Raman spectra of (5) (a) and bCD\(5) inclusion complex (b).

The actual achieved experimental relative intensities are reported.

The expansion below shows the magnification of bCD\(5) pattern (b)

J Incl Phenom Macrocycl Chem (2009) 64:73–81 75

123



conjugated organic guest and the polar oxidized saturated

carbohydrate frames, respectively. In Fig. 1, exemplifica-

tive spectral comparisons between (1), (2), (4) and (10) free

guests (Fig. 1a–d) and the bCD (Fig. 1e) profiles, reporting

orderly the actual experimental achieved intensities, is
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Fig. 4 Raman spectra of (6) (a) and bCD\(6) inclusion complex

(b). The actual achieved experimental relative intensities are reported
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Fig. 5 Raman spectra of (7) (a) and bCD\(7) inclusion complex

(b). Relative experimental spectral intensities have been scaled for

comparison
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Fig. 6 Raman spectra of (11) (a) and bCD\(11) inclusion complex.

Relative experimental spectral intensities have been scaled for

comparison
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Fig. 7 Raman spectra of (12) and bCD\(12) inclusion complex.

Relative experimental spectral intensities have been scaled for

comparison
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Fig. 8 Raman spectra of (4) (a), 2:1 bCD\(4) physical mixture

(b) and bCD\(4) inclusion complex (c). Relative experimental spectral

intensities have been scaled for comparison
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Fig. 9 Raman spectra of (8) (a), 2:1 bCD\(8) physical mixture

(b) and bCD\(8) inclusion complex (c). Relative experimental spectral

intensities have been scaled for comparison
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illustrated for clarity. It appears well evident that this sig-

nificant discrepancy of Raman intensity exalts the complete

spectroscopic vibrational pattern of the included guest.

Actually, there is not any relevant overlap of convoluting

signals to the guest intense patterns provided by the rela-

tively silent cyclodextrin guest. Hence, a convenient

complete spectral comparison between the free and the

included molecule is favoured. Of course, this situation

represents a clear advantage, with reference to the analo-

gous IR spectra [13, 30, 37], in which the vibrational

activity of the polar cyclodextrin host is on the contrary

pronouncedly evident, and diffuse merging overlap of the

spectral patterns of the two host–guest counterparts

prevents a clear complete confront with those of the

uncomplexed free guest molecules.

At a further glance, a first experimental observed effect

of each inclusion complex with respect to the free guest

molecule situation is related to the hampering of the

Raman activity for the included molecule. The event

commonly overcomes the attended abatement provided by

the 2:1 cyclodextrin molar mixture. Such generalised

attenuation of signal intensity has to be directly connected

to a fall down of electron molecular polarisability within

the complex. The systematic decrease occurring at various

entity appears reasonable, because of the quenching of the

guest structural electron polarisability determined actually

by interacting with the ‘frozen’ localised electron density

of the polar carbohydrate host [38]. In Figs. 2, 3 and 4, a

few examples on the purpose, displaying the actual

experimental intensities, provided by (3), (5) and (6) azo-

dyes and their respective cyclodextrin complexes, are well

representative. In particular, in the amphiphilic dye (5) case

a drastic intensity hampering is observed on bCD

complexation.

Furthermore, a general comparison of Raman patterns

between the free and the included state of guest molecules

provides mentionable distinctive features as a consequence

of host–guest interactions.
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Fig. 10 Raman spectra of (9) (a), 2:1 bCD\(9) physical mixture

(b) and bCD\(9) inclusion complex (c). Relative experimental spectral

intensities have been scaled for comparison
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Fig. 11 Raman spectra of (10) (a), 2:1 bCD\(10) physical mixture

(b) and bCD\(10) inclusion complex (c). Relative experimental

spectral intensities have been scaled for comparison
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Fig. 12 Raman spectra of the separately ball-milled (a) and the

untreated (b) (9) dye guest
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Fig. 13 XRPD spectra of the ball-milled azo-dye (9) (a), untreated

azo-dye (9) (b), b-cyclodextrin (c) and bCD\(9) inclusion complex

(d). * Asterisked minor peaks in (a) correspond to the main crystal-

phase reflections acquired in (b) pattern of (9)
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In the relative intensity perspective, for complexed

inclusion guests with comparison to the respective

uncomplexed free molecules, observable relative pattern

modifications occur. Clarifying examples on the topic are

evidenced in Figs. 5, 6 and 7, in which the relative Raman

intensities of (7), (11) and (12) free guests and the

respective bCD-inclusions have been scaled, for the pur-

pose of comparison. It is noticed that hampered intensities

in the complexes do not actually maintain a strict propor-

tionality with those of separated guests [39], with rather a

general signal-levelling tendency. A mediating modified

electron situation of guest molecular polarisability

established after inclusion within the isotropic cyclodextrin

cavity necessarily accounts for the visible experimental

variations in Raman activity [35].

Evidently, several merging pattern enlargements with

additive peak shifts are first noticed in inclusion complexes

when compared to the free state [17, 39, 40]. Four illus-

trative examples are reported in Figs. 8, 9, 10, 11, for the
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Fig. 14 TGA patterns (N2,

10 �C/min heating ramp) of (9)
(a) and ball-milled (9) guest (b),

with the respective

simultaneously acquired DTA

(�C) profiles (a* and b*)
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Fig. 15 Raman spectra of (7) (a), (8) (c) and (9) (e) azo-dye guest

molecules and their respective bCD inclusion complexes (b), (d) and

(f). Relative experimental spectral intensities have been scaled for

comparison. The decreased broad spectral patterns of cyclodextrin

complexes have been smoothened to better present Raman activity

Table 2 Complete list of the observed experimental Raman fre-

quencies (cm-1) of the molecular skeletal aromatic stretching modes

(mC=C) [42] for the 12 examined guest compounds and the respective

inclusion complexes within the b-cyclodextrin hosting cavity

Guest compound

number (Ref.

Table 1)

Free

molecule

(cm-1)

bCD Host–

Guest IC

(cm-1)

Frequency up-

shifts (D cm-1)

(1) 1,584 1587.5 3.5

(2) 1,584 1586 2

(3) 1,585 1587 2

(4) 1,601 1602.5 1.5

(5) 1,602 1602.5 –a

(6) 1,598 1601 3

(7) 1,593 1597 4

(8) 1,594 1596 2

(9) 1,594 1594, 1599 –a, 5b

(10) 1,591 1593, 1599b 2, 8b

(11) 1,590 1593 3

(12) 1,591 1591.5 –a

Up-shift frequency differences are reported as D cm-1

a Frequency difference is lower than instrumental resolution
b Indented scattering
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(4), (8), (9) and (10) guest systems, again with a comparative

spectral scale. At the same granted instrumental resolution,

the spectral width amplifications for the included guest

molecules are properly characteristically peculiar. Obser-

vable small peak shifts are on the whole either accompanied

to or depend on the general broadening of signals [17, 39],

after the partial overlapping of peaks not resolved. Both

effects are pronouncedly more apparent for the smaller

Raman signals, that may be also referred to more complex

vibrational combination modes, or elongating second har-

monic modes [41]. In particular, (9) dye within bCD

exhibits a marked alteration of the spectral pattern with

frequency upshift of the peculiar skeletal motifs, presum-

ably due to a combined significant occurrence of both

inclusive and hydrogen-bond structural interactions with the

host system. However, also when spectrally isolated, a few

peculiar profiles result systematically shifted, after cyclo-

dextrin inclusion. E.g., within all the examined cases,

the generally strong Raman signal set within the

158071610 cm-1 interval, which is basically consistent

with the skeletal mC=C stretching modes of the aromatic ring

motifs of the guest molecules [42], is up-shifted normally of

about 3 cm-1, on average, i.e., detectably above the oper-

ative 1 cm-1 instrumental resolution. These increments

suggest a surrounding obstacle opposed to the Raman active

vibrational mode. Worth to be noted, in this spectrum por-

tion cyclodextrin Raman signals are absent, thus fully

validating the actual spectral shift of the guest molecules.

Table 2 reports free and host-included peak occurrences of

these signals for all examined guests. Shifts (expressed as D
cm-1) are commonly positioned within the 275 cm-1

interval. For two systems, (5) and (12), a quantitative vari-

ation cannot be confidently expressed numerically, being

nearly coincident with the 1 cm-1 instrumental experi-

mental resolution. Comprehensively, the mostly evident

observed alterations of Raman profiles are therefore

expectably indicative of the flexibly homogeneous and

constrained amphiphilic environment in which the included

complexed molecule exerts its vibrational activity.

In order to exclude subtle vibrational spectral modifi-

cations attributable to possible solid state packing effects,

Raman measurements were acquired from azo-dyes sam-

ples that were tested respectively in solid state phases of

different crystallisation extents, as ascertained by experi-

mental XRPD diffraction patterns. From each trial, no

substantial significant difference between the more crystal

and the more amorphous situations ever emerged, but a

minimal negligible peak broadening. Therefore, the actual

solid-state crystalline morphology of the examined matters

reflects no practical influence on the main evidenced fea-

tures of their vibrational spectra [43]. Similarly, the

reported acquisition of Raman spectra from a simple

mechanical mixture of bCD and an azo-dye (Figs. 8, 9, 10,

11) did not show any spectral pattern difference from the

respective components examined separately, as expected

[30]. Actually, detectable lesser Raman profile alterations

of the pure azo-dye system, mostly visible in form of some

peak shifts, only appear after a comprehensive 30 h ball-

milling treatment, as a consequence of the deterioration of

lattice crystallinity and of the partly mutated solid phase

intermolecular environment, which are forced by pro-

tracted mechanical treatment, like observed for compound

(9) commented in Fig. 12. XRPD measurements, aligned in

Fig. 13, elucidate the situations, with the milled dye

exhibiting a diversified crystal environment and diffuse

amorphous condition displayed by the broadening of all

diffraction pattern peaks. Similarly, the related TGA-DTA

profiles, exposed in Fig. 14, are supportively concordant,

with the DTA original dye peak that is accompanied in

milled products by a second separate one, both preceded by

a broad signal at ca. 80 �C, compatible with an extent of

amorphous phase. The observation relates the minor

diversifications of Raman spectral property to a decidedly

modified solid-state packing surrounding the molecular

situation. However, Raman profile development after the

cyclodextrin inclusion, sustained by XRPD and thermal

test measurements, actually displays much more significant

peculiarity, in terms of both evident characteristic large

peak broadening and absorption position shifts, even after a

shorter time of milling experimentally adopted for the

achievement of inclusions. Therein, neither the usual solid

state crystal effects nor a mechanical heterogeneous mixing

of different phases can significantly alter the molecular

vibrational profile. Evident spectral pattern variations are

properly responsive of significant perturbing electron

interactions at the molecular level [44], as indeed it occurs

in inclusion phenomena.

Nevertheless, little can be in general reliably inferred

from Raman measurements about the actual inclusion

complex molar ratio, substantially because of the poorly

structured weak broadened signals featured by the cyclo-

dextrin host, which prevent any confident vibrational

discrimination. However, it is assessed by different char-

acterizing techniques that this topic class of aromatic

functionalized guest molecules can be in general com-

plexed by bCDs assuming particularly in the solid state

various stoichiometry ratios, more commonly in the 1:1 or

in the 2:1 host–guest proportion, depending on the actual

physical and chemical guest molecular features.[2, 6, 10,

45] Interestingly, the Raman method focuses information

exclusively on the guest target, indicating the operated

cyclodextrin complexation deriving from a general reaction

procedure regardless of the actual stoichiometry ratio.

Eventually free CD exceeding fractions, on the other hand,

do not import any significant spectral interference, because

of their comparatively negligible spectral intensity.
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However, in (7)–(9) molecular guests, a detailed

examining of the visible Raman signal for the peculiar

polarizable carbonitrile functional group linked to the

aromatic ring, set in a spectral region that is free from

competitive spectral interferences, states furthermore that

every –C:N unit is evidently modified after bCD inclu-

sion, with an hampered signal broadening and a frequency

up-shift effect of 10 and 64 cm-1 for (7) and (9) cyano-

guest molecules, respectively. A substantial frequency

conservation is instead observed for (8) system. Collected

results are illustrated in Fig. 15. Assuming that the increase

of vibrational frequencies in inclusion complexes might be

feasibly due to the settling of –C:N:���H–O– hydrogen-

bond interactions of the carbonitrile N: donor nitrogen with

the outer cyclodextrin polar hydroxyl groups, the higher

signal frequency up-shift corresponds to a stronger

hydrogen-bond interaction of the mostly exposed aromatic

carbonitrile group. Noteworthy, the p-cyano, hydroxy-ethyl

(8) structure that is not spectrally shifted may presumably

experience similar –C:N:���H–O– intermolecular hydro-

gen bond interaction also in the free state, hence being the

carbonitrile group not displaced after bCD complexation.

Therefore, it can be tentatively deduced that inclusion in

the hydrophobic cyclodextrin cavity occurs favourably

from the more accessible lipophilic region of the guest

structure, e.g., for (7) and (8) molecules, from the cyano-

phenylic portion of the system and, for (9) unit, from the

diethyl ramified aromatic portion of the guest frame, as

expected chemically.

Conclusion

The b-cyclodextrin host–guest molecular complexes of 12

different disperse azo-dyes structures have been investi-

gated by mean of solid state Raman spectroscopy. Given

the substantial Raman transparency of cyclodextrinic host

frame sided to the inclusion target, because of its lesser

electron polarisability, the characterisation availed infor-

mation exclusively on the guest structures by a clean

comparison, free of spectral interferences, between the free

and the complexed situation. In general, Raman method

resulted featured with a responsive sensitiveness to the

slight environmental molecular variations, which occur

after intermolecular interactions in the host–guest inclusion

complex, primarily in terms of both absolute and relative

Raman intensities and, also, of peak shifts. In occasionally

suitable cases, hints at the actual structural complexation

topology could be also tentatively performed. With respect

to the other characterisation techniques which are classi-

cally employed for the assessment of molecular inclusion

complexes, Raman method results distinct for a high

reproducible reliability, combined with measurement

fastness, handiness and non-destructivity of the evaluated

matters. Finally, the method appears to be validly reliable

and extensible to a whole general class of large amphiphilic

host and apolar polarisable guest structures, for the utile

assessment of their molecular inclusion activity.
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