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Abstract A series of inclusion complexes between

cyclodextrins (a-, b-, HP-b-, and c-cyclodextrin, HP-b-

cyclodextrin = 2-hydroxypropyl-b-cyclodextrin) and [Zn

(dmit)2]2- anion (dmit = 1,3-dithiole-2-thione-4,5-dithi-

olate) were investigated by electronic spectra, induced

circular dichroism (ICD) spectra, 1H-NMR spectra, and

quantum chemistry calculations. The stoichiometry of

inclusion complexes [Zn(dmit)2]2-@cyclodextrins in

solution was determined by the method of continuous

variation. The experimental data showed that inclusion

complex [Zn(dmit)2]2-@b-cyclodextrin adopted 1:2 and

1:1 guest-to-host inclusion ratios in solution, and the

inclusion constants (Kinclu) were computed to be 5.85 9

107 M-2 and 1.63 9 104 M-1, respectively. In the case

of [Zn(dmit)2]2-@c-cyclodextrin, the continuous variation

method showed the inclusion complex adopted 1:1 guest-

to-host ratio and Kinclu was determined to be 3.27 9

104 M-1. Moreover, inclusion complex [Zn(dmit)2]2-@

HP-b-cyclodextrin showed different inclusion modes in

solution as well. Time-dependent density functional theory

(TD-DFT) was used to assist assignment of the ICD signals

in inclusion complexes [Zn(dmit)2]2-@cyclodextrins. The

p ? p* transition of [Zn(dmit)2]2- chromophore, which

occurred in the cavity of cyclodextrin, was calculated to be

perpendicular to C=C double bonds and thus parallel to the

symmetric axis of the host. When subject to the well-

known Harata and Kodaka’s rule, the TD-DFT calculations

coincided very well with the spectroscopic data in eluci-

dation of the p ? p* transition relevant ICD signals of

[Zn(dmit)2]2-@cyclodextrins.

Keywords Cyclodextrin � 1,3-Dithiole-2-thione-4,

5-dithiolate � p ? p* transition � Induced circular

dichroism � TD-DFT calculation � Inclusion constant

Introduction

Induced circular dichroism (ICD), a sensitive and powerful

method to study the host–guest complexation in solution [1,

2], has been frequently utilized to analyze the alignments of

achiral chromophoric guests within chiral host molecules.

Although many physical and chemical methods, such as

UV, IR, NMR, cyclic voltammograms and thermogravi-

metric analysis, have been well established [3, 4], ICD is

particularly useful for the structural analyses of natural a-,

b- and c-cyclodextrins inclusion complexes [5–7] in solu-

tion. The information from the solution structures analyses

of host–guest complexation contributes to the understand-

ing of molecular recognition phenomena as well as to that of

enzyme-substrate interaction or catalysis [8–12].

In our previous study, we explored inclusion com-

plex Na2mnt@b-cyclodextrin (mnt = 2-butene-dinitrile-2,3-

dimercapto) in solution [13], where the p–p* transition in

Na2mnt was investigated by means of ICD, in addition to the

well studied p–p* transitions of the aromatic chromophores

or the n–p* transitions of diazirines and azoalkanes systems

[14–16]. Similar to the p-electrons conjugated cores of

M(mnt)2 (M = metals), dmit and related ligands have been

used as building blocks for organic, organometallic and
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coordination compound conductors and superconductors

over the past 20 years [17–19]. And the research of dmit-

relevant chemistry has been attracting increasing concen-

trations. Consequently in this paper, we chose the transition

metal coordination anion [Zn(dmit)2]2- as the guest and

cyclodextrin (a-, b-, c-cyclodextrin, and HP-b-cyclodextrin)

as the host, and explored their host–guest inclusion com-

plexation in solution based on the strong interactions dis-

covered in inclusion complex Na2mnt@b-cyclodextrin.

With the aids of ICD spectra and quantum chemistry

calculations (time-depended density Functional theory,

TD-DFT), we studied in detail the p–p* transition of

[Zn(dmit)2]2- chromophore inside the cyclodextrins

cavities. It is found that the p–p* transition of the chromo-

phoric guest changed subtly with different hosts, which

provided a unique tool for the structural assignments of

[Zn(dmit)2]2-@cyclodextrins systems in solution.

Materials and methods

Physical measurements and materials

The UV spectra were recorded on a Shimadzu UV-3100

spectrometer. The ICD measurements were performed on a

JASCO J-810 circular dichroism spectrometer. The path-

length of cell used is 1 cm, and all the data recorded were on

the average of three measurements. 1H-NMR spectra were

recorded on a Bruker AVANCE-500 spectrometer in a

mixed-solvent of 10% (v/v) dimethyl sulfoxide-d6 (DMSO-

d6) in deuterium-oxide (D2O) at 15 �C. N,N-dimethyl-

formamide (DMF) was distilled under reduced pressure in

an N2 atmosphere before use. All the cyclodextrins were

purchased from Seebio Biotechnology Inc. (P. R. China),

(HP-b-cyclodextrin has a 70% substitution degree, which is

about 5 hydroxyl groups substituted by hydroxypropyl

groups per molecule of b-cyclodextrin at its secondary face)

and the reagents employed were commercially available and

used as received without further purification. [Zn(dmit)2]

(NEt4)2 was synthesized according to the method described

in literature [20].

Quantum chemistry calculations

TD-DFT methods from the Gaussian 03 package [21] at the

RTD-B3LYP-FC level using a 6-31?G(d,p) basis set were

utilized to investigate the properties of absorption bands in

UV and ICD spectra.

Preparation of the inclusion complexes in solution

All the inclusion complexes were prepared in solution by

similar methods. As [Zn(dmit)2](NEt4)2 had a poor

solubility in water, the guest compound was dissolved in

minimal DMF to achieve 5.0 9 10-5 mol/L aqueous

solution. And the [Zn(dmit)2]2- aqueous solution was then

titrated with increasing concentrations of cyclodextrin

solution. [b-cyclodextrin] = 0, 2.25, 4.5, 9.0, 13.5, 18.0,

22.5, 45.0, 67.5, 90.0, 112.5, 135.0, 157.5, 180.0 9

10-5 mol/L; [a-cyclodextrin] = 0, 2.5, 5.0, 10.0, 15.0,

20.0, 25.0, 30.0, 35.0, 40.0 9 10-5 mol/L; [HP-b-cyclo-

dextrin] = 0, 2.5, 5.0, 10.0, 20.0, 25.0, 30.0, 35.0,

40.0 9 10-5 mol/L; [c-cyclodextrin] = 0, 2.5, 5.0, 10.0,

15.0, 20.0, 25.0, 30.0, 35.0, 40.0 9 10-5 mol/L.

Results and discussion

ICD spectra can be a unique tool to directly reflect the

angles and positions of included guests inside hosts’ cavi-

ties. The ICD signals of an achiral guest chromophore could

be recordable when it is located in a chiral environment of

cyclodextrin cavity. According to the Harata and Kodaka’s

rule [1, 2], a positive/negative ICD signal arises when the

electric transition dipole moment of the chromophore

included is aligned parallel/perpendicular to the symmetry

axis of cyclodextrin. However, the totally reversed con-

clusion dominates when the electric transition moment is

outside the host cavity. Up to date, it seems that the Harata

and Kodaka’s rule has been working well in elucidation

of the p–p* transition relevant ICD signals of the aro-

matic chromophores and the n–p* transition relevant ICD

signals of diazirines and azoalkanes systems [14–16]. By

switching to the p–p* transition of [Zn(dmit)2]2 chromo-

phore (Scheme 1), we want to assess the validity of Harata

and Kodaka’s rule in our conjugated p-systems.

In order to prepare the inclusion complex of

[Zn(dmit)2]2- with cyclodextrins efficiently, we introduced

a small quantity of polar organic solvent (DMF) to dissolve

[Zn(dmit)2](NEt4)2 salt in aqueous solution. Therefore, the

guest anion [Zn(dmit)2]2- would experience mixed-solvent

atmosphere during its complexation with the host. Since

the cation of [Zn(dmit)2](NEt4)2 is so bulky and transparent

under our spectroscopic conditions that it would not pen-

etrate into the hosts’ cavities and not interfere with the

electronic spectra and ICD signals of inclusion complexes

[Zn(dmit)2]2-@cyclodextrins.

Scheme 1 The structure of the guest [Zn(dmit)2]2-anion
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Inclusion complex [Zn(dmit)2]2-@b-cyclodextrin

The un-included guest ([Zn(dmit)2]2-) presented three vis-

ible absorptions at around 468, 304, and 276 nm in its

electronic spectra (curve 1, Fig. 1). However, when titrated

with increasing concentrations of b-cyclodextrin solutions,

the absorption maximum shifted to 518 and 312 nm,

respectively (curves 2–14, Fig. 1). In addition, the absorp-

tion shoulder at around 276 nm merged gradually with that

at around 312 nm. The bathochromic shifts during the

titration process indicated the formation of inclusion com-

plex [Zn(dmit)2]2-@b-cyclodextrin in solution. It is ascri-

bed to the microenvironment change of [Zn(dmit)2]2- when

included by b-cyclodextrin, compared with that of the un-

included [Zn(dmit)2]2-.

In the meantime, the free (un-included) guest showed no

ICD signals in solution (curve 1, Fig. 1), due to the highly

symmetric structure of [Zn(dmit)2]2-. However, the

bisignate ICD signals were recorded upon complexation of

[Zn(dmit)2]2- with b-cyclodextrin, with one positive peak

at around 312 nm and the other negative at around 276 nm.

Moreover, one broad positive peak was observed at

515 nm and increased with the addition of b-cyclodextrin

solution. It is well known that an achiral guest will be

induced by chiral cyclodextrin cavity to produce ICD sig-

nals. Accordingly, the formation of inclusion complex

[Zn(dmit)2]2-@b-cyclodextrin was confirmed by its ICD

spectra.

In order to figure out the solution structure of inclusion

complex [Zn(dmit)2]2-@b-cyclodextrin, first of all the

stoichiometry of the inclusion complex was determined via

the method of continuous variation [13]. Taking into

account the over-complicated UV signals of the inclusion

complexation (Fig. 1), the stoichiometry and inclusion

constant (Kinclu) of [Zn(dmit)2]2-@b-cyclodextrin were

determined based on the measurements of ICD signals at

515 nm. The Job’s plot (continuous variation method) of

[Zn(dmit)2]2-@b-cyclodextrin showed that there might be

two inclusion modes in solution (Fig. 2). It seemed that at

low guest-to-host ratio, the 1:2 (guest:host) inclusion

complex tended to dominate, and high guest-to-host ratio

produced 1:1 (guest:host) inclusion complex in solution.

Therefore, Kinclu of inclusion complex [Zn(dmit)2]2-@b-

cyclodextrin were computed to be 5.85 9 107 M-2 and

1.63 9 104 M-1 respectively, with the guest-to-host ratio

being 1:2 and 1:1 (Fig. 3). Compared with those reported

data in literature [22–25], these two inclusion constants

suggested strong interaction between the host and the

guest.

Fig. 1 ICD (above) and UV (below) spectra of [Zn(dmit)2]2-

([Zn(dmit)2]2-] = 5.0 9 10-5 mol/L) in 3% DMF aqueous solution

and in the presence of increasing concentrations of b-cyclodextrin;

[b-cyclodextrin] = 0, 2.25, 4.5, 9.0, 13.5, 15.0, 22.5, 45.0, 67.5, 90.0,

112.5, 135.0, 157.5, 180.0 9 10-5 mol/L for curves 1–14

Fig. 2 Continuous variation measurements for inclusion complex

[Zn(dmit)2]2-@b-cyclodextrin ([Zn(dmit)2]2-] ? [b-cyclodextrin] =

1.0 9 10-4 mol/L) in 3% DMF aqueous solution at 20 �C (Data is

collected at k = 515 nm, and DE is ICD absorbance of the included

guest [Zn(dmit)2]2- at the measuring wavelength)
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Inclusion complex [Zn(dmit)2]2-@a-cyclodextrin

As shown in Fig. 4, two strong peaks were observed for the

free guest ([Zn(dmit)2]2-) at around 468 and 304 nm, as well

as one absorption shoulder at about 276 nm (curve 1). The

absorption maximum changed with the increasing concen-

trations of a-cyclodextrin (curves 2–10). However, no peak-

shift took place, which is quite different from that in inclusion

complex [Zn(dmit)2]2-@b-cyclodextrin. The dimension

of the host might provide an explanation for the minor

signal change in that of inclusion complex [Zn(dmit)2]2-

@a-cyclodextrin. As the cavity of a-cyclodextrin was too

small to include the whole guest, the microenvironment of

[Zn(dmit)2]2- anion was less influenced. Therefore the UV

signal was almost the same as that of the free [Zn(dmit)2]2- in

solution during the titration of a-cyclodextrin solutions.

Since ICD is more sensitive to explore inclusion com-

plexation, the titration process of [Zn(dmit)2]2- with a-

cyclodextrin was recorded as well. As showed in Fig. 4, the

ICD spectra of the inclusion complex presented two positive

peaks at around 304 and 456 nm, and two negative peaks at

around 272 and 395 nm. It was somehow strange that the

intensities of positive peaks were much stronger than those

of the negative ones. The formation of inclusion complex

[Zn(dmit)2]2-@a-cyclodextrin was then evidently con-

firmed by its ICD spectra. Compared with the UV spectra

(Fig. 4), the ICD spectra of inclusion complex [Zn(dmit)2]2-

@a-cyclodextrin are much more characteristic and sensitive

in identifying the host–guest complexation.

Inclusion complex [Zn(dmit)2]2-@HP-b-cyclodextrin

Similar to that of inclusion complex [Zn(dmit)2]2-@b-

cyclodextrin, the absorption maximum of the guest

molecule shifted from 304 and 468 nm to 322 and 514 nm

respectively, with the increasing concentrations of HP-b-

cyclodextrin solutions (Fig. 5). At the meantime, the

shoulder peak around 276 nm of the un-included guest

disappeared. The electronic spectra confirmed the forma-

tion of inclusion complex [Zn(dmit)2]2-@HP-b-cyclodex-

trin in solution.

In addition, bisignate ICD signals of the guest during

inclusion complexation with HP-b-cyclodextrin were

recorded, with one positive peak at around 307 nm and the

other negative at around 272 nm. Moreover, one broad

positive peak was showed at 514 nm and increased with

the addition of HP-b-cyclodextrin solution. As a result, the

formation of inclusion complex [Zn(dmit)2]2-@HP-b-

cyclodextrin was confirmed by its ICD spectra as well.

The Job’s plot of [Zn(dmit)2]2-@HP-b-cyclodextrin

system was unsymmetrical, which was based on the mea-

surements of ICD signals at 514 nm. The result suggested

that there were different inclusion modes in solution

(Fig. 6), and the maximum at 0.4 strongly accounted for

the 2:3 guest-to-host ratio in solution.

Inclusion complex [Zn(dmit)2]2-@c-cyclodextrin

The absorption maximum of [Zn(dmit)2]2- shifted from

468 to 484 nm when titrated with increasing concentrations

of c-cyclodextrin solutions (Fig. 7). The bathochromic

effect also indicated the formation of the inclusion complex

in solution. The UV spectra showed only one joint, which

strongly suggested the single composition of inclusion

complex [Zn(dmit)2]2-@c-cyclodextrin in solution.

However, inclusion complex [Zn(dmit)2]2-@c-cyclo-

dextrin showed weak ICD signals in solution. The ICD

spectra exhibited two positive (294 and 483 nm) and two

Fig. 3 a Determination of Kinclu by using Benesi–Hildebrand fitting

method [11], where DE-1 was plotted versus [b-cyclodextrin] (data

collected at around 515, 312, and 280 nm respectively); the stoichi-

ometry of the inclusion complex is 1:2, Kinclu = 5.85 9 107 M-2;

b Determination of Kinclu by using an unlinear fitting method;

the stoichiometry of the inclusion complex is 1:1, Kinclu =

1.63 9 104 M-1
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negative peaks (271 and 400 nm), providing an evidence to

confirm the formation of inclusion complex [Zn(dmit)2]2-

@c-cyclodextrin. As the cavity of c-cyclodextrin is larger,

we proposed that the guest ([Zn(dmit)2]2-) included inside

the host cavity was too flexible to be able to produce

intensive ICD signals [1, 2].

Continuous variation method of [Zn(dmit)2]2-@c-

cyclodextrin system showed that the inclusion complex

adopted 1:1 guest-to-host inclusion ratio in solution

(Fig. 8). Since the signals collected from ICD spectra were

not intensive, the inclusion constants (Kinclu) of inclusion

complex [Zn(dmit)2]2-@c-cyclodextrin, when computed

based on the measurements at different wavelengths, were

found to differ from each other. And the average was

determined to be 3.27 9 104 M-1 (Fig. 9). However,

Kinclu of inclusion complex [Zn(dmit)2]2-@c-cyclodextrin

could still set a criterion for [Zn(dmit)2]2-@b-cyclodextrin

system, as the guest-to-host ratio of [Zn(dmit)2]2-@c-

cyclodextrin has been evidently determined to be 1:1. In

the case of [Zn(dmit)2]2-@b-cyclodextrin, there were two

inclusion modes disclosed in solution (Fig. 2). The Kinclu of

1:1 ratio inclusion complex was computed to be 1.63 9

104 M-1 based on limited data (vide supra, Fig. 3) by using

an unlinear fitting method. Compared with that of inclu-

sion complex [Zn(dmit)2]2-@c-cyclodextrin, the Kinclu of

[Zn(dmit)2]2-@b-cyclodextrin were credible.

NMR spectra of inclusion complex [Zn(dmit)2]2-@b-

cyclodextrin

NMR spectroscopy has been used as an important tool for

the studies of cyclodextrin inclusion complexes [26]. Since

[Zn(dmit)2]2- had a poor solubility in water, we prepared

Fig. 4 ICD (above) and UV (below) spectra of [Zn(dmit)2]2-

([Zn(dmit)2]2-] = 5.0 9 10-5 mol/L) in 3% DMF aqueous solution

and in the presence of increasing concentrations of a-cyclodextrin;

[a-cyclodextrin] = 0, 2.5, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0,

40.0 9 10-5 mol/L for curves 1–10

Fig. 5 ICD (above) and UV (below) spectra of [Zn(dmit)2]2-

([Zn(dmit)2]2-] = 5.0 9 10-5 mol/L) in 3% DMF aqueous solution

and in the presence of increasing concentrations of HP-b-cyclodex-

trin; [HP-b-cyclodextrin] = 0, 2.5, 5.0, 10.0, 20.0, 25.0, 30.0, 35.0,

40.0 9 10-5 mol/L for curves 1–9
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the inclusion complexes in a mixed-solvent of D2O and

minimal DMSO-d6 (up to 10%). Detailed proton signals

inspection of b-cyclodextrin in its mixture with

[Zn(dmit)2]2- was performed and the results displayed

most remarkable down-field shifts in the H-5 protons

(Fig. 10). Other b-cyclodextrin protons (H-1 and H-2)

displayed up-field shifts in the presence of [Zn(dmit)2]2-.

The chemical shifts (d) changes were not coincident with

the previous reports that the H-3 and H-5 protons located

inside b-cyclodextrin cavity and were more strongly

influenced to produce high-field shifts during the formation

of cyclodextrin inclusion complexes [27, 28].

The stoichiometry of inclusion complex [Zn(dmit)2]2-

@b-cyclodextrin was also determined by the continuous

variation method [29]. As there was no proton on

[Zn(dmit)2]2-, the experimentally observed signals were

the d of b-cyclodextrin protons which were sensitive to

inclusion complex formation. The job’s plot for the H-5

protons of b-cyclodextrin is presented in Fig. 11. This plot

was unsymmetrical and suggested different compositions

of inclusion complex [Zn(dmit)2]2-@b-cyclodextrin in

solution with 1:1 and 1:2 stoichiometry, respectively.

Chemical shifts were reported in ppm and the chemical

shifts changes (Dd) were calculated by using the formula:

Dd = d (complex)-d (free). The result was consistent with

that obtained from ICD measurements (Fig. 2).

TD-DFT calculation results

Since the UV and ICD spectra of inclusion complexes

[Zn(dmit)2]2-@cyclodextrins were complicated, it was

challenging to figure out the assignments of these signals

by theoretical methods. As is known, excited states in

general and optical spectra in particular can be predicted

from first principles using TD-DFT method [30–32], which

has been proven to be a reliable method for studying

excited states in broad classes of relatively large systems

with good precision [33]. Therefore, we recruited TD-DFT

methods from the Gaussian 03 package [21] at the B3LYP

level using a 6-31?G(d,p) basis set to investigate the

inclusion complexation between [Zn(dmit)2]2- and cyclo-

dextrins, and the properties of above-mentioned absorption

bands in UV and ICD spectra. However before applying

TD-DFT calculations, it is necessary to verify the acces-

sibility of this method in our cases.

In the case of classical inclusion complex p-nitrophe-

nol@b-cyclodextrin (the guest molecule and its computed

Cartesian axes were illustrated in Scheme 2), the TD-DFT

calculations showed the most intensive absorption of

Fig. 6 Continuous variation measurements for inclusion complex

[Zn(dmit)2]2-@HP-b-cyclodextrin ([Zn(dmit)2]2-] ? [HP-b-cyclo-

dextrin] = 1.0 9 10-4 mol/L) in 3% DMF aqueous solution at

20 �C (data collected at k = 514 nm)

Fig. 7 ICD (above) and UV (below) spectra of [Zn(dmit)2]2-

([Zn(dmit)2]2-] = 5.0 9 10-5 mol/L) in 3% DMF aqueous solution

and in the presence of increasing concentrations of c-cyclodextrin;

[c-cyclodextrin] = 0, 2.5, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0,

40.0 9 10-5 mol/L for curves 1–10
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p-nitrophenol at around 278 and 224 nm with oscillator

strength of 0.2656 and 0.0686, respectively (Table 1). As is

known, the calculated oscillator strength can be utilized to

aid with comparison of solution phase electronic absorp-

tion data [34], and to provide a credible means for the

assignment of the observed absorption. As shown in

Table 1, three-dimensional contours of the calculated

molecular orbitals involved in the transitions were gener-

ated and plotted by the Gaussian 03 package. The calcu-

lated electrical dipole moment of the transition between

molecular orbitals (MOs) 36 and 37, which were the

HOMO (highest occupied MO) and LUMO (lowest unoc-

cupied MO) of the guest, was parallel to the X-axis at

around 278 nm. The other calculated transition dipole

moment between MOs 36 and 38, was determined to be

parallel to Y-axis at around 224 nm. The former transition

dipole moment in p-nitrophenol was almost in the plane of

benzene ring and parallel to its X-axis by our TD-DFT

calculations. When subject to the Harata and Kodaka’s

rule, ICD signal at around 278 nm should be positive and

Fig. 8 Continuous variation measurements for inclusion complex

[Zn(dmit)2]2-@c-cyclodextrin ([Zn(dmit)2]2-] ? [c-cyclodextrin] =

1.0 9 10-4 mol/L) in 3% DMF aqueous solution at 20 �C (data

collected at k = 483 nm)

Fig. 9 Determination of Kinclu by using an unlinear fitting method,

where DE was plotted versus [c-cyclodextrin] (data collected at 483

and 271 nm); the stoichiometry of the inclusion complex is 1:1,

Kinclu = 3.27 9 104 M-1

(a)

(b)

Fig. 10 Partial 500 MHz 1H-NMR spectra of b-cyclodextrin (in 10%

DMSO-d6 – D2O solution) in absence (a) and presence of

[Zn(dmit)2]2- (b)

Fig. 11 Continuous variation measurements for inclusion complex

[Zn(dmit)2]2-@b-cyclodextrin ([Zn(dmit)2]
2-] ? [b-cyclodextrin] =

1.0 9 10-3 mol/L) in 10% DMSO-d6 - D2O (data collected from H-6

protons of b-cyclodextrin)

Scheme 2 Structure of p-nitrophenol (constructed and optimized by

DFT calculations)
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that at 227 nm be negative if p-nitrophenol was included

into b-cyclodextrin cavity with an X-axial alignment. It

turned out to coincide well with the results from literature

[35]. Therefore, the transitions at around 278 and 224 nm

by our calculations were ascribed to the experimental ones

[35] at around 329 and 227 nm, respectively.

As our TD-DFT calculations seemed accessible in pre-

diction of the electric transitions with a pretty goodness-of-

fit, we then switched to the assignments of UV and ICD

signals of inclusion complex [Zn(dmit)2]2-@cyclodextrins.

As shown in Scheme 3, the structure of [Zn(dmit)2]2- was

optimized by our DFT calculations, which was consistent

with both the crystal data and the quantum chemistry results

[36, 37].

According to our TD-DFT calculations (Table 2), tran-

sition 1, with oscillator strength 0.2108, reflected the most

intensive absorption which took place between HOMOs and

LUMOs of [Zn(dmit)2]2-. As seen from Table 2, MOs 113

(114) indicated the highest electron density on the sulfur

atom while MOs 115 (116) mimicked a p* anti-bonding

orbital. Therefore, transition 1 at around 592 nm was

ascribed to the p ? p* transition of [Zn(dmit)2]2- and

nearly perpendicular to C=C double bonds. Our result

coincided well with that based on the CIS calculations [38],

which assigned the transition as p (S) ? p* (C=S).

Transition 2, occurred between MOs 111 (112) and MOs

115 (116), was predicted to have maximum absorption at

around 340 nm, and the direction of this transition dipole

moment was perpendicular to C=C double bond. Transi-

tions 1 and 2 were somehow overlapped with each other and

accounted for the observed broad absorption at around

468 nm for free [Zn(dmit)2]2- (UV signals in Figs. 1, 4, 5,

7). Although sheltered by transition 1 in electronic spectra,

transition 2 was still recordable (ICD signals in Figs. 1, 4, 5,

and 7). The ICD band at around 400 nm most likely

reflected the individual dipole moment of transition 2. The

other transitions (degenerate transitions 3 and 4, 5 and 6 in

Table 2) were predicted as well at around 321 and 304 nm

respectively. Our calculations displayed the directions of

these transition dipole moments to be perpendicular to the

X-axis. They most likely reflected the observed absorptions

at around 304 and 276 nm for un-included [Zn(dmit)2]2-.

Since our DFT calculations are based on the highly nega-

tively charged species ([Zn(dmit)2]2-) in the gas phase, the

analyses of our theoretical results have rather a qualitative

character. More details are presented in the supplementary

material.

It is well known that the Harata and Kodaka’s rule

presents good accessibility in ICD interpretations of the

p ? p* relevant transitions in aromatic chromophores [39,

40] or the n ? p* relevant transitions in diazirines and

azoalkanes systems [41–43], which have been studied in

detail. However, whether this theory is applicable in our

cases remains unknown, taking into consideration the

p ? p* transition of a transition metal coordination anion

[Zn(dmit)2]2-. And this is the first example to incorporate

TD-DFT method into the elucidation of ICD spectra of

cyclodextrin inclusion complexes.

The dimension of [Zn(dmit)2]2- was illustrated in

Scheme 4. Keeping in mind that a-cyclodextrin has a 4.7 Å

inner diameter and a 7.9 Å height [5–7], it could merely

Table 1 Calculated and experimental transition absorption of p-nitrophenol

Transition 
Calculated 
absorption 

(nm) 

Experimental 
absorption 

(nm) 

Transition 
dipole  

moment 
(D)a 

Oscillator 
strengthb 

DFT MO contour plots involved in 
the transition 

MO 36 
↓ 

MO 37 
278 329 

(1.5586, 
-0.0384, 
0.0000) 

0.2656 

    

MO 36 
↓ 

MO 38 
224 227 

(-0.0983, 
-0.7040, 
-0.0001) 

0.0686 

    

a The Cartesian axes are illustrated in Scheme 2, and the three digitals are vectors of the transition dipole moment on X, Y and Z axes

respectively. b Oscillator strength was predicted by TD-DFT calculations at the optimized geometry

Scheme 3 Structure of [Zn(dmit)2]2- (constructed and optimized by

DFT calculations)
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Table 2 Calculated and experimental transition absorption of [Zn(dmit)2]2-

Transition Calculated 

absorption 

(nm) 

Experimental 

absorption 

(nm) 

Transition 

dipole 

moment 

(D)a

Oscillator 

strengthb

DFT MO and their contour plots involved in the 

transition 

1 592 

468c

518d 

468e 

514f 

484g

(–2.0274, 

–0.0006, 

–0.0002) 

0.2108 
MO 113 → MO 115 

MO 114 → MO 116 

2 340  

(–0.8760, 

–0.0004, 

–0.0001) 

0.0685 

MO 111 → MO 116 

MO 112 → MO 115 

MO 111 → MO 115 

MO 112 → MO 116 

3 321 

304c

312d 

304e 

322f 

307g

(–0.0008, 

0.2294, 

0.2439) 

0.0106 
MO 114 → MO 121 

MO 114 → MO 122 

4 321  

(–0.0008, 

0.2438, 

–0.2294) 

0.0106 
MO 113 → MO 121 

MO 113 → MO 122 
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include the guest anion partially. Therefore, the inclusion

complexation between [Zn(dmit)2]2- and a-cyclodextrin

was fairly weak. That’s why the ICD signal saturation

didn’t take place during the a-cyclodextrin titration process

(Fig. 4) as it did happen in the cases of [Zn(dmit)2]2-@b-

cyclodextrin (Fig. 1), [Zn(dmit)2]2-@HP-b-cyclodextrin

(Fig. 5), and [Zn(dmit)2]2-@c-cyclodextrin (Fig. 7). So,

the stoichiometry and inclusion constant of inclusion

complex [Zn(dmit)2]2-@a-cyclodextrin were not comput-

able (vide supra). As b-cyclodextrin has the same height as

that of a-cyclodextrin, the 1:2 guest-to-host inclusion ratio

(Figs. 2, 11) was reasonable when taking into account the

spatial complementarity between [Zn(dmit)2]2- anion and

the host. However, HP-b-cyclodextrin has about 5 hydro-

xyl groups randomly substituted by hydroxypropyl groups

per molecule of b-cyclodextrin. Due to the formation of

hydrogen bonding networks between hydroxyl groups of

the side chains and the glucose units, the 2-hydroxypropyl

side groups located at the O-2 positions of HP-b-cyclo-

dextrin result in a more ‘‘spread out’’ but dynamically more

restricted molecular configuration. It widens cavity

entrance at the secondary rim of b-cyclodextrin, and so

enhanced the encapsulation capability of HP-b-cyclodex-

trin [44, 45]. Therefore, more compact and complicated

inclusion patterns rather than the 1:2 ratio of guest-to-host
Scheme 4 Illustration of the dimension of [Zn(dmit)2]2- (based on

DFT calculations)

Table 2 continued

5 304 

276c 

276d 

272e 

272f 

271g 

(–0.0016, 

0.2502, 

–0.2335) 

0.0117 

      

MO 104 → MO 115 

      

MO 114 → MO 123 

6 304  

(–0.0056, 

–0.2317, 

–0.2476) 

0.0117 

     

MO 104 → MO 116 

      

MO 113 → MO 123 

Transition Calculated 

absorption 

(nm) 

Experimental 

absorption 

(nm) 

Transition 

dipole 

moment 

(D)a 

Oscillator 

strengthb 

DFT MO and their contour plots involved in the 

transition 

a The Cartesian axes are illustrated in Scheme 3, and the three digitals are vectors of the transition dipole moment on X, Y and Z axes

respectively. b Oscillator strength was predicted by TD-DFT calculations at the optimized geometry. c Absorption maximum of un-included

[Zn(dmit)2]2-. d Absorption maximum of Zn(dmit)2
2- in inclusion complex [Zn(dmit)2]2-@b-cyclodextrin. e Absorption maximum of Zn(dmit)2

2-

in inclusion complex [Zn(dmit)2]2-@a-cyclodextrin. f Absorption maximum of Zn(dmit)2
2- in inclusion complex [Zn(dmit)2]2-@HP-b-cyclo-

dextrin. g Absorption maximum of Zn(dmit)2
2- in inclusion complex [Zn(dmit)2]2-@c-cyclodextrin
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stoichiometry was discovered in inclusion complex

[Zn(dmit)2]2-@HP-b-cyclodextrin (Fig. 6). Owing to its

big inner size (7.5 Å diameter), c-cyclodextrin couldn’t

perform such a complementary fitness with the guest that it

is found to prefer a 1:1 inclusion model in solution.

Anyway, inclusion complex [Zn(dmit)2]2-@a-cyclo-

dextrin set a good starting point to analyze the above-

mentioned ICD signals. Taking into account the dimension

of the bar-like guest anion [Zn(dmit)2]2-, all the cyclo-

dextrins hosts can only have unique co-conformation in the

inclusion complexes, which is defined as X-axis alignment

(Scheme 3). Therefore, the dipole moment of transition 1

(Table 2) was located outside and penetrated into the

a-cyclodextrin cavity according to our DFT calculations, as

its magnitude or oscillator strength was intensive. When

subject to the Harata and Kodaka’s rule, transition 1 was

supposed to produce positive ICD signals since it was

parallel to the symmetric axis of the host. This hypothesis

turned out to be true as the experimental data (ICD signals

at around 470–520 nm in Figs. 1, 4, 5, 7) agreed very well

with our DFT results. As the oscillator strength of transi-

tion 2 (Table 2) was calculated to be weak, the relevant

electrical dipole moment was not so intensive as to pene-

trate into the a-cyclodextrin cavity. So, it is outside the host

cavity and parallel to the symmetric axis of a-cyclodextrin.

And consequently, transition 2 gave rise to the negative

ICD signal at around 395 nm (Fig. 4).

It is known that b- and c-cyclodextrins have bigger inner

size than a-cyclodextrin does (6.0 and 7.5 Å diameter,

respectively), therefore these two hosts could perform

much deeper inclusion modes. The electrical dipole

moment of transition 2 might then have the opportunity to

be included inside the hosts’ cavities, as the hosts seemed

mobile along X-axis of the guest in the inclusion com-

plexes. This assumption could explain the positive ICD

signals at around 400 and 410 nm (Figs. 1, 5). The faint

ICD trough at around 400 nm in Fig. 7 probably was

ascribed to the flexible alignment of inclusion complex

[Zn(dmit)2]2-@c-cyclodextrin in solution.

The degenerate transitions 3 and 4 (Table 2) were

calculated to produce electrical dipole moments in the

YZ-plane of [Zn(dmit)2]2- anion (Scheme 3). Most likely,

they were located outside the a-cyclodextrin cavity and

perpendicular to the symmetric axis of the host. So, tran-

sitions 3 and 4 should generate positive ICD signals if

subject to the Harata and Kodaka’s rule. The experimental

data (ICD bands at around 300-320 nm in Figs. 1, 4, 5, 7)

showed that this assumption was applicable in all the

examined inclusion complexes.

All the inclusion complexes investigated showed evi-

dent ICD troughs at around 270 nm, which was assigned to

the transitions 5 and 6 (Table 2). These two transitions

were calculated to be in the YZ-plane of [Zn(dmit)2]2-

anion as well. Based on the experimental data, our DFT

prediction didn’t work any longer. This could be either

the un-accessibility of our DFT calculations in these tran-

sitions, or the un-accessibility of the well-known Harata

and Kodaka’s rule in our case. Taking into consideration

the MO contour plots involved in these two transitions, the

metal atom was discovered to be involved in. The further

exploration and elucidation of these two transitions are still

in process in our lab.

Conclusion

In summary, the inclusion complexes of [Zn(dmit)2]2-

anion with different cyclodextrins hosts were investigated

by UV, ICD, 1H-NMR spectra and DFT calculations in this

paper. Due to the spatial complementarities between the

guest and the hosts, different inclusion ratios were

observed in the inclusion complexes. And the inclusion

constants were computed as well based on the experimental

data. The results showed that b-, HP-b- and c-cyclodextrins

exhibited strong interactions with the guest, while

a-cyclodextrin could merely include [Zn(dmit)2]2- anion

partially. When in elucidation of the ICD activities of the

inclusion complexes, TD-DFT quantum chemistry methods

were incorporated in combination with the well-known

Harata and Kodaka’s rule. The p ? p* transition of

[Zn(dmit)2]2- chromophore (at around 468 nm) was cal-

culated to generate an electrical dipole moment, which was

located outside but penetrated into the hosts cavities along

their symmetrical axes in the inclusion complexes. Our

spectroscopic data proved that the p ? p* transition of

[Zn(dmit)2]2- chromophore was able to subject to the

Harata and Kodaka’s rule, which used to be applicable

only in the p–p* transitions of aromatic chromophores or

the n–p* transitions of diazirines and azoalkanes systems.

But in the case of other transitions (at around 270 nm),

where the molecular orbitals of zinc atom were involved,

the DFT calculations was contradictive with the experi-

mental data if still under the Harata and Kodaka’s rule.
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