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Abstract Electronic structure, 1H NMR and infrared spectra
of diquat (6,7-dihydrodipyrido[1,2-b:1′,2′-e] pyrazine-5,8-
diium or DQ2+) encapsulated by cucurbit[n]uril (n =7,8) hosts
are obtained using the density functional theory. Theoretical
calculations have shown that both CB[7] or CB[8] host pos-
sesses strong affinity toward DQ2+ compared to its reduced
cation or neutral species. Calculated 1H NMR spectra reveal
that Hα protons on bi-pyridinium rings of DQ2+@CB[8]
complex are de-shielded owing to C=O⋯H interactions. On
the other hand aromatic (Hβ and Hδ) of DQ

2+ within the
CB[8] cavity exhibit significant shielding. The complexation
of CB[8] with DQ2+ splits the carbonyl stretching vibration
(1788 cm−1) into two distinct vibrations which correspond to
1765 cm−1 arising from hydrogen bonded carbonyls and the
1792 cm−1 band from non-interacting ones. Further, the CN
stretching vibration in DQ2+ exhibits a frequency blue-shift of
6 cm−1 on its encapsulation within the CB[8] cavity. The
direction of frequency shift has been explained on the basis
of natural bond orbital analyses.

Keywords Cucurbit[8]uril . Density functional theory . 1H
NMR . Normal vibrations . Viologen

Introduction

Viologens exhibit two distinct forms viz., paraquat (1,1′-
Dimethyl-4,4′-bipyridinium) and diquat (6,7-dihydrodipyrido[1,

2-b:1′,2′-e] pyrazine-5,8-diium) and are biologically important
owing to their interesting physicochemical properties [1]. The
viologen guests find applications as redox couples [2] and are
further explored in electro-chromic materials [3], electro-
catalysis, solar energy conversion, molecular electronics [4]
and supramolecular host–guest chemistry [5]. Viologens with
their strong reducing ability exhibit different oxidation states. It
has been observed that DQ+ act as electric conductor
interrupting natural electron transfer chain in biological systems.
Moreover, electrochemical properties of viologen encapsulated
by supramolecular hosts such as cyclodextrin, cucurbituril,
calixarene etc. are studied in the literature [5–7]. In particular,
it has been observed that cucurbituril hosts endowed with char-
acteristic barrel shape cavity and carbonyl laced portals can
accommodate a variety of guest molecules to conduce kineti-
cally stable inclusion complexes with viologens or their deriva-
tives. Electron transfer reactions in cucurbituril host encapsulat-
edwith redox active guest has been a subject of growing interest.
Kaifer and his coworkers have carried out experimental inves-
tigations on inclusion complexes of redox active diquat (DQ2+)
and paraquat (PQ2+) ion confined within cavity of cucurbituril
hosts using the X-ray diffraction, 1H NMR, UV/Vis, fluores-
cence spectroscopy and mass spectrometry experiments [8] and
demonstrated their binding selectivity toward viologens. Both
paraquat and diquat forms of viologen reveal stronger binding
affinity toward CB[8]. It has further been concluded that reduc-
tion of di-cationic viologen within the host-cavity facilitated
through a two step mechanism which yields cation and neutral
species. Consequently Kim et al. [9] have carried out detailed
experimental investigations on one electron reduction of PQ2+

accompanying the formation of dimer within the cavity of
CB[8].

In spite of all these experimental studies on viologen guests
confined within CB[n] macrocycle, attempts to gain deeper in-
sights for inclusion of DQ2+ inside the host cavity are scanty. On
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theoretical front, molecular dynamics simulations on paraquat
(PQ2+) complexed with CB[n] (n=6–8) hosts [10] suggested that
PQ2+ penetrates deeper within the host cavity. It has also been
inferred that electrostatic interactions contribute largely to the
host–guest binding along with the dipole–dipole interactions
which show a strong dependence on the separation of N–N

atoms in viologen di-cations. The present work focuses on
deriving the electronic structure, 1H NMR and vibrational
characteristics of DQ2+ encapsulated CB[n] hosts using the
density functional theory. The 1H NMR of individual hosts,
their viologen complexes along with one electron reduction
products viz., cation and neutral forms thereof are obtained.
We analyze how hydrogen bonding interactions conduce com-
plexation of DQ2+ with CB[n] (n =7, 8) and further how such
interactions reflect in characteristic vibrational frequencies.
The computational method is outlined below.

Computational methods

The individual CB[7] and CB[8] hosts, DQ2+ guest and their
inclusion complexes were optimized within the framework of
density functional theory incorporating the 6-31G(d,p) basis
set. The GAUSSIAN-09 program was employed [11].
Structural parameters and 1H NMR chemical shifts from the
density functional calculations employing a variety of func-
tionals which include (a) Becke’s three-parameter [12] ex-
change combined with Lee, Yang and Parr correlation func-
tional (B3LYP) [13] (b) Grimme’s B97D functional [14]
which is widely used to describe dispersive interactions and
lastly (c) hybrid functional due to Perdew, Burke and Ernzerh
(PBE0) [15–17] that accounts for weak non covalent interac-
tions. Basis set superposition error (BSSE) was estimated for
each complex.

Different host–guest complexes with either partial or com-
plete encapsulation of DQ2+ were considered. The products of
two step electron reduction of the lowest energy complex were
subsequently analyzed at the same level of theory. Optimized
structures of host–guest complexes were confirmed to be local
minima from vibrational frequency calculations (all the vibra-
tional frequencies turn out to be real for these structures). Normal
vibrations were assigned by visualizing the displacement of

Fig. 1 a Cucurbituril monomer b Diquat guest along with numbering
scheme. The blue and red atoms denote nitrogen and oxygen centers

Top view Side view

DQ2+@CB[7]

Fig. 2 B3LYP/6-31G(d,p) gas
phase optimized geometry of
DQ2+@CB[7]
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atoms around their equilibrium position. The harmonic vibra-
tional frequencies are scaled [18] by a factor of 0.9614. The
infrared spectra were obtained through a plot of the molar
absorption coefficient (in the units of 0.1 m2 mol−1) that specif-
ically designates a specific absorption versus the frequency

(in cm−1). For acuminous visualization, we employ the package
GAUSSVIEW-5 [19]. The interaction energies were calculated
by subtracting the sum of electronic energies of isolated hosts
and DQ2+ guest from that of its complex. Natural bond orbital
(NBO) analyses have further been carried out [20]. 1H NMR

Top view Side view

DQ2+@CB[8]_A (0.0kJ mol–1)

Top view Side view

DQ2+@CB[8]_B (3.2 kJ mol–1)

Top view Side view

DQ2+@CB[8]_C (154.3 kJ mol–1)

a

b

c

Fig. 3 B3LYP/6-31G(d,p) gas
phase optimized geometries of
‘A’, ‘B’ and ‘C’ conformer of
DQ2+@CB[8] complex. The blue
and red atoms denote nitrogen
and oxygen centers
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chemical shifts (δH) were calculated by subtracting the nuclear
magnetic shielding tensors of protons in host, guests and their
complex from those in the tetramethylsilane (reference) using the
gauge-independent atomic orbital (GIAO) method [21] within
the framework of density functional calculations incorporating
all three exchange correlation functionals. Furthermore, the effect
of solvent (water) on the electronic structure and 1H NMR
chemical shifts was modeled through self-consistent reaction
field (SCRF) calculations with polarization continuum model
(PCM) [22].

Results and discussion

Binding patterns and energetics

Cucurbituril monomer and DQ2+ (guest) are shown in Fig. 1
along with the atomic labeling scheme used. Exploring the
molecular electrostatic potential (MESP) topography of CB[7]
and CB[8] hosts different host–guest conformers were

generated. MESP brings about electron-rich regions in the
host and the critical points (minima) therein represent the
potential binding sites for the guest [23]. Details of the
MESP topography of isolated CB[n] hosts can be found in
the literature [24]. The host–guest conformers were further
subjected to optimizations within the framework of B3LYP/6-
31G(d,p) theory. It should be remarked here that the possible
structures between DQ2+ and CB[7] exhibiting qualitatively
different binding patterns finally converged to only one con-
former in which DQ2+ encapsulates parallel to the cavity axis
facilitating C=O⋯H interactions (2.270 and 2.271 Å) be-
tween the portal of the host and C–Hγ of the guest.
Optimized structure of DQ2+@CB[7] complex has been
displayed in Fig. 2.

The relatively large cavity size of the host leads to three
conformers ‘A’, ‘B’ and ‘C’ for the DQ2+@CB[8] complex,
which are shown in Fig. 3. In two of these conformers (‘A’ and
‘B’) DQ2+ orients parallel to the cavity axis facilitating hydro-
gen bonding interactions between α and γ-protons of DQ2+

guest with host portals. As may readily be noticed, the lowest

Top view Side view

DQ+@CB[7]

Top view Side view

DQ@CB[7]

a

b

Fig. 4 B3LYP/6-31G(d,p) gas
phase optimized geometries of a
DQ+@CB[7] b DQ@CB[7]
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energy conformer ‘A’ possesses four such C=O⋯H interac-
tions compared to three inferred for the conformer ‘B’. The
conformer ‘C’ reveals that the guest aligns perpendicular to
the CB[8] axis brings about large cavity distortion and is void
of hydrogen bonding interactions that results in destabilization
of ∼154 kJ mol–1 (over ‘A’) for this conformer. It may thus be
conjectured that number of hydrogen bonded interaction re-
sults in lowering of energy of the complex.

Electronic structures of DQ2+@-CB[7] and -CB[8] com-
plexes following two step one electron reduction leading to
reduced cation and neutral species were characterized (cf.
Figs. 4 and 5). It has been observed that the host–guest binding
is qualitatively the same in all these complexes. Aromatic rings
of DQ2+ tend to attain planarity on transformation of di-cation to

neutral species along the two-step reduction. Hydrogen bond
distances in DQ2+@CB[7] and DQ2+@CB[8] with their re-
spective reduced cation and neutral complexes are shown in
Table 1S of the supporting information. The complexes of the
reduced species possess relatively longer hydrogen bond dis-
tances than those in di-cationic complexes. From Fig. 1S of
supporting information it is transparent that host–guest binding
pattern in the lowest energy host–guest complexes from B3LYP,
B97D as well as PBE0 based calculations is qualitatively similar.
The C=O⋯H bond distances in the DQ2+@CB[7] complex
from the B3LYP calculations agree well with those incorporating
PBE0 functional; the corresponding distances from the B97D
based calculations are predicted to be 0.0127 Å longer.
Likewise C=O⋯H bond distances in DQ2+@CB[8]

Top view Side view

DQ+@CB[8]

Top view Side view

DQ@CB[8]

a

b

Fig. 5 B3LYP/6-31G(d,p) gas phase optimized geometries of a DQ+@CB[8] b DQ@CB[8]
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Top view Side view

PQ2+@CB[7]

Top view Side view

PQ+@CB[7]

Top view Side view

PQ@CB[7]

a

b

c

Fig. 6 B3LYP optimized geometries of a PQ2+@CB[7] b PQ+@CB[7] c PQ@CB[7] d PQ2+@CB[8] e PQ+@CB[8] f PQ@CB[8]

5118 J Mol Model (2013) 19:5113–5127



Top view Side view

PQ2+@CB[8]

Top view Side view

PQ+@CB[8]

Top view Side view

PQ@CB[8]

d

e

f

Fig. 6 (continued)
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complexes from the B97D based calculations are, respective-
ly, 0.095 Å and 0.085 Å longer, compared to their B3LYP and
PBE0 counterparts. Furthermore hydrogen bond distances in
the mono-cation and neutral complexes lead to qualitatively
similar inferences.

The influence of solvent (water) on host–guest binding
patterns in DQ2+@CB[7] and -CB[8] along with their reduced
cation complexes was simulated through SCRF-PCM calcu-
lations. The qualitative trend of energies and hydrogen bond
distances observed for the gas phase structures was
conserved. The presence of solvent engenders relatively
short C=O⋯H distances (by ∼0.01 Å) in the complex
compared to those in gas phase structures. Lowest energy
complexes of DQ2+@CB[7], -CB[8] and their reduced cation
species are shown in Fig. 2S and Fig. 3S of the supporting
information.

Viologen reveal two forms viz., paraquat (PQ2+) and di-
quat. Experimental investigations in the literature [5, 9,
25–27] are largely focused on paraquat combined with
CB[n] hosts. In this work we envisage binding of diquat to
such hosts using density functional calculations based on
different functionals and compare the binding of these two
forms in terms of complexation energies. B3LYP optimized
structures of PQ2+@CB[7] or -CB[8] complexes are depicted
in Fig. 6. The structure reveals that PQ2+ encapsulates within
the CB[n] cavity facilitate hydrogen bonding interactions of
methylene groups as well as α-hydrogens with ureido oxy-
gens of the host portals.

Calculated interaction energies as well as thermodynamic
parameters accompanying complexation are given in Table 1.
Stronger binding of DQ2+ is evident from the change in Gibbs
free energy (ΔG) parameters reported therein. Interestingly
ΔG values of the DQ2+@CB[8] complex employing B3LYP,
B97D and PBE0 functionals follow the order: B97D(−498.3)
< PBE0 (−401.6) < B3LYP (−90.4); which is parallel to
binding energies displayed in this table. Nonetheless, the
calculations incorporating B97D functional predicted binding
energy for DQ2+@CB[7] complex to be ∼220 kJ mol–1 larger
than that from B3LYP theory. As shown here, binding
energy from PBE0 based calculations turns out to be
478 kJ mol–1 which compares well with its B3LYP counter-
part (450 kJmol–1). Similar conclusions were drawn in case of
the DQ2+@CB[7] complex from the data reported in Table 1.
BSSE corrected energies are also reported in Table 1.

Kaifer et al. [8] elucidated X-ray crystal structures of DQ2+

complexes with CB[8]. The structures of the DQ2+ complex
from B3LYP, B97D or PBE0 calculations by and large, agree
well with the X-ray crystal structure data.

Binding energies data on 1:1 complex of PQ2+ and CB[7]
or CB[8] host are given in Table 2S of the supporting
information, points to stronger affinity of PQ2+ toward
CB[n] hosts. This partly can be attributed to the separa-
tion of electron-deficient nitrogen’s in PQ2+ (7.055 Å) inT
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the complexes which match well with the cavity-heights
of CB[7] or CB[8] cavitands estimated from the calcu-
lations [24].

To understand how solvent influences electronic structure,
SCRF-PCM optimizations were carried out. Selected geomet-
rical parameters in CB[n] hosts and their DQ2+ as well as
reduced cation complexes are compared from density func-
tional calculations incorporating B3LYP, B97D and PBE0
functionals in Table 3S of the supporting information. Thus,
the B3LYP calculated values fall in between those of B97D
and PBE0 functionals. Accordingly carbonyl bond distances in
the isolated CB[8] host using different functionals follows the
order: B97D (1.219 Å) > B3LYP (1.213 Å) > PBE0 (1.209 Å).

The complexation of CB[n] with DQn+ influences C=O
bond distances in the isolated host. As may further be noticed
C=O bonds are elongated in the DQ2+@CB[8] complex
(1.218 Å). On the other hand, shortening of C–N bond can be
noticed for DQ2+ as well as in its reduced cation (or neutral)
complexes. Encapsulation of di-cation thus engenders

contraction of host-cavity bringing radial opposite oxygens
(O1–O1*) closer (9.830 Å) than those in the isolated CB[8]
(10.299 Å) (O1 and O1* refer to radial opposite oxygen atoms
from neighboring glycouril monomers in the CB[n] host). The
cavity size was found to be nearly unchanged in the reduced
cation complexes (cf. Fig. 5).

Frontier orbitals

Frontier orbitals (HOMO and LUMO) in isolated CB[7],
CB[8] hosts, DQ2+ guest and their complexes are depicted in
Fig. 7. The HOMO in the DQ2+@CB[8] complex has largely
been localized near the host. On the contrary, the DQ@CB[8]
complex reveals that its HOMO resides solely on the neutral
guest. The charge transfer subsequent to reduction is thus
evident. HOMO-LUMO energy separation in host–guest
complex on reduction decreases steadily from 3.0 eV in the
DQ2+ complex to 2.2 eV.

HOMO LUMO
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Fig. 7 Frontier orbitals (HOMO and LUMO) in DQ2+@CB[7] and CB[8] host and their two step one electron reduction complexes
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1H NMR spectra

1H NMR chemical shift (δH) of DQ
2+ guest follow the order:

Hγ (9.5 ppm) > Hδ (9.1 ppm) > Hβ (9.0 ppm) > Hα (8.9 ppm).
Experimental NMR spectra reveal that Hα protons are more
de-shielded than Hδ or Hγ protons. In other words, gas phase
calculated δH values do not qualitatively agree with the ex-
periment. It should be remarked here that Bagno [28] has
pointed out that the solvent influences the chemical shift
significantly. It was further concluded that δH values from
SCRF calculations agree better with those from the measured
NMR spectra than for the gas phase calculations or those
simulated by incorporating explicit solvent molecules.
Pursuant to this, the chemical shifts in DQ2+, CB[n] hosts
and their complexes were calculated in the presence of water

(solvent). SCRF simulated NMR data on the DQ2+@-CB[7]
or CB[8] complexes from the B3LYP theory lead to δH values
consistent with the experimental NMR [8]. A comparison of
δH values in the calculated 1H NMR spectra using B97D
functional within the realm of SCRF-PCM theory, however,
reveal the order: Hγ > Hδ > Hβ > Hα which is qualitatively
different from that observed in experiment [8]. Moreover, the
chemical shifts in 1H NMR from PBE0 calculations do not
agree qualitatively with the experimental data. The better
agreement of B3LYP derived NMR chemical shifts data with
those from experiment was also noticed earlier in complexa-
tion of babmus[6]uril host [29]. In other words it may be
conjectured that how the host–guest complexation re-
flect in chemical shifts in 1H NMR spectra is well
described through the use of the B3LYP functional. In the

Table 4 Selected vibrational fre-
quencies (ν = stretching and δ =
bending) of CB[7] andCB[8] host
and their complexes with DQ2+.
Intensities (in km. mol−1) are
given in parentheses

Assignment CB[7] CB[8] DQ2+@CB[7] DQ2+@CB[8]

ν (CH2) 2892(188) 3011(52) 2885(43)

2938(107)

2877(36)

2909(33)

ν (CH) 2885(214) 2879(729) 2924(114) 2930(110)

2919(69)

ν (C=O) 1791(3585) 1788(4251) 1772(1831)

1776(855)

1765(1465)

1792(1250)

CH2 wag 1422(1413)

1374(53)

1422(1559)

1370(118)

1351(602)

1422(952)

1425(910)

1380(43)

1427(803)

1376(97)

CH2 scissor + CH twist 1420(69) 1423(46) 1419(156)

1423(80)

1438(78)

1421(330)

CH2 scissor 1402(23)

1406(75)

1410(59)

1415(214)

1410(153)

1399(44)

1404(132)

1412(111)

1417(234)

1419(213)

1406(156)

CH wag 1363(171) 1365(268)

1222(483)

1369(40)

1353(112)

1358(37)

1355(154)

1222(166)

ν (N3–C4–N5) 1272(668)

1259(181)

1271(794)

1258(193)

1262(400)

1257(57)

1263(202)

1255(109)

CH rock 1163(765)

1190(1405)

1190(1929)

1165(975)

1158(655)

1187(78)

1193(1065)

1190(1207)

1188(1161)

1157(898)

CH2 rock 953(517) 958(659) 938(112)

940(202)

946(124)

962(56)

H–C–C–H deformation 776(955) 780(1225) 773(367)

778(566)

778(744)

797(303)

N–C–O deformation 716(116) 715(114) 749(112) 715(12)

715(21)

719(86)

N–C–N breathing 416(23) 414(26) 436(10) 416(12)

CH2 rock 347 (110)

346(80)

345(88)

347(80)

360(63)

363(28)

357(92)

361(78)

N–C–O deformation 93(8) 95(17) 99(13) 110(30)
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following we restrict our discussion to the results derived from
the B3LYP theory.

CB[7]/CB[8] monomer possesses three different types of
protons H1, H2 and H3 (depicted in Fig. 1). In Table 2, we
compare the δH values of host protons with those in the DQ2+

complex. As may be noticed, δH values of α-protons of the
DQ2+ from the SCRF-PCM theory generally reveal down-
field signals. The δH signals due to aliphatic substituent (N–
CH2) are observed near 5.1 ppm. The inferences borne out
from the B3LYP calculations are in consonant with the
experiment.

The 1H NMR chemical shifts of isolated guest and their
lowest energy complexes are reported in Table 3. As shown,
both Hδ (protons encapsulated inside the cavity) and Hβ

(residing near the CB[8] portal) reveal significant shielding
and alters the corresponding (ΔδH) signals by ∼1.0 ppm and
0.5 ppm. As opposed to this, Hα protons interacting with

ureido oxygens of the host exhibit deshielding (ΔδH∼
0.4 ppm) in the calculated NMR. Contrary to the B3LYP
calculations, the order of the δH signals in the 1H NMR of
DQ2+@CB[8] complex borne out from the B97D/6-31+
G(d,p) computations in the presence of solvent (water) do
not qualitatively agree with those from the experiment. This
is evident from the data reported in Table 4S of the supporting
information.

Vibrational frequencies

Calculated vibrational frequencies in DQ2+@CB[7] and
CB[8] complexes are compared with those in the corre-
sponding isolated host and the guest in Tables 4 and 5. The
vibrational spectra of CB[7] or CB[8] complex in (a)
2800–3300 cm−1 (b) 1000–2000 cm−1 (c) 500–900 cm−1

and lastly (d) below 500 cm−1 regions, are shown in Figs. 8

Table 5 Selected vibrational fre-
quencies (ν = stretching and δ =
bending) of DQ2+ and their com-
plexes with CB[7] and CB[8]
hosts. Intensities (in km. mol−1)
are given in parentheses.
aAsymmetric stretching vibrations

Assignment DQ2+ DQ2+@CB[7] DQ2+@CB[8]

ν (CH) 3119(53) 3128(25)

3116(80)

3078(115)α

3100(90)α

3132(19)β

ν (CH)δ 3126(14) 3133(7) 3144(10)δ

ν (CH2) 2966(1)

3046(3)a
2964(1)

3069(18)a
2959(5)

3028(27)a

ν (C=C) 1579(94) 1583(143) 1578(156)

δ (CH) + CH2 scissor 1475(117) 1483(77) 1481(90)

CH2 scissor 1429(16) 1431(28) 1446(40)

1433(221)

CH2 wagg 1342(12)

1285(41)

1348(69)

1292(14)

1355(154)

1377(39)

1289(56)

CH rock 1301(27) 1317(5) 1314(37)

1414(15)

CH2 twist 1216(20) 1208(7) 1216(9)

1231(18)

C–H scissor 1161(7) 1166(46) 1160(34)

ν (C–N) 1160(40) 1170(65) 1166(21)

δ(CH) 1126(11) 1131(13) 1132(8)

C1–C3–C5 breath 1008(9) 1047(1) 1007(8)

C–H wagg 765(89)

695(18)

760(17)

753(37)

689(24)

758(21)

754(49)

689(15)

C5–C5′ deformation + C–H wagg 457(11) 464(13) 459(17)

190(7) 195(8) 196(4)
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and 9. The normal vibrations of DQ2+@CB[8] from the
B3LYP theory, are discussed as a proto type example, in
the following.

As shown in Fig. 9a, aromatic C–H vibrations of isolated
DQ2+ correspond to 3119 cm−1 (Hβ) and 3126 cm−1 (Hδ) on
complexation exhibit frequency blue-shift. The corresponding
vibrations of the complex are assigned to 3132 cm−1 and
3144 cm−1, respectively. The methine (CH) stretching of the
CB[8] viz., 2879 cm−1 vibration exhibits a blue shift of
51 cm−1 on complexation. On the other hand, Hα protons
from hydrogen bonding engender an intense band on com-
plexation and the corresponding frequency red-shift falls in
between 19 cm−1 to 41 cm−1. Likewise, the methylene (CH2)
vibration of DQ2+ shifts to lower wavenumber (2966 cm−1) in
the DQ2+@CB[8] complex. The intense C=O stretching
vibration of the isolated CB[8] host is predicted near
1788 cm−1. Complexation of CB[8] is further accompa-
nied with splitting of distinct band for hydrogen bonded

carbonyls (1765 cm−1) and that for non-interacting one
(1792 cm−1). It may as well be remarked here that such
splitting of C=O stretching was also observed on com-
plexation of CB[8] with PQ2+; the 1755 cm−1 vibration
results from hydrogen bonding interactions. Moreover,
splitting of 37 cm-1 in carbonyl stretching imply C=O⋯H
interactions in the PQ2+ complex. Stronger binding with the
host was, therefore, inferred [30].

As pointed out in the preceding section, NBO approach has
been used to analyze the variation in the strength of different
bonds accompanying the complexation of DQ2+ with CB[8].
The electron density in the anti-bonding natural orbital (σ*),
corresponding vibrational frequency and bond distances data
are summarized in Table 6. As may readily be noticed, en-
hanced electron density in anti-bonding natural orbital engen-
ders bond weakening and hence, the shift of frequency to
lower wave number (red-shift). Thus, interactions between
C=O and α-hydrogen of DQ2+ reveal increased electron

Fig. 8 Vibrational spectra of DQ2+@CB[7] complexes in a 3300–2800 cm–1 b 1700–500 cm–1 c 900–500 cm–1 and d below 500 cm–1 regions
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density from 0.1939 au to 0.1978 au, for the corresponding σ*
orbital. On parallel lines, the C–N vibration frequency of
DQ2+ can be rationalized from the diminutive population
(from 0.0391 au of isolatedDQ2+ to 0.0288 au in the complex)
of the corresponding C–N σ* orbital.

The infra red spectra of CB[8] host in the region 1500 cm−1

to 1350 cm−1 (cf. Fig. 9b) shows intense bands at 1422 cm−1

and 1370 cm−1 which are blue-shifted by 5–6 cm−1. These

strong bands invoke strong coupling from different internal
coordinates. The 1352 cm−1 band disappears on complexa-
tion. The ∼780 cm−1 vibration of the isolated CB[8] and in
the complex results from glycouril monomer of the CB[8]
(cf. Fig. 9c). The additional 797 cm−1 band shows up in the
infrared spectra of DQ2+@CB[8] complex. Below 500 cm−1

region, the calculated infrared spectra of the isolated CB[8]
show intense bands near 345 cm−1 and 347 cm−1, those arise

Fig. 9 Vibrational spectra of DQ2+@CB[8] complexes in a 3300–2800 cm–1 b 1700–500 cm–1 c 900–500 cm–1 and d below 500 cm–1 regions

Table 6 Electron density in anti-
bonding orbital (σ* in au), bond
distances (r in Å), and frequency
of vibration (ν in cm−1) in
cucurbituril hosts, unbound DQ2+

guest and their complexes

DQ2+@CB[7] DQ2+@CB[8]

σ* r ν σ* r ν σ* r ν

CB[7] C=O 0.1820 1.213 1791 0.1906 1.218 1740

CB[8] C=O 0.1939 1.213 1788 0.1978 1.218 1765

DQ2+ C–Hα 0.0100 1.084 3118 0.0165 1.084 3116

C–Hγ 0.0100 1.085 3118 0.0178 1.086 3102

C–N 0.0391 1.488 1160 0.0292 1.479 1170 0.0288 1.483 1166
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from the CH2 vibrations. On complexation with DQ2+, these
vibrations emerge as a doublet with a separation of 4 cm−1

(near 360 cm−1) in the spectra (cf. Fig. 9d).
Selected vibration frequencies in the DQ2+@CB[8] com-

plexes along with those of reduced cation DQ+ or neutral DQ
are given in Table 5S of the supporting information. The blue
shift of the C–N stretching vibration is evident for the com-
plexes encapsulating the reduced cation.

Conclusions

Systematic investigations of DQ2+ guest with CB[n] (n=7 and
8) hosts are carried out using density functional theory incorpo-
rating B3LYP, PBE0 and B97D functionals. It has been shown
that the guest penetrates completely inside the host cavity facil-
itating interactions between Hα/Hγ of the DQ2+ and portal
ureido oxygens of the host. CB[8] host binds more strongly to
DQ2+. B3LYP calculated 1H NMR chemical shifts for
DQ2+@CB[8] complex in the presence of solvent (water) points
to deshielding of Hα protons owing to hydrogen bonding inter-
actions. Calculated infrared spectra reveal that the CN stretching
exhibits a blue-shift of 6 cm−1 on encapsulation of DQ2+ within
the CB[8] cavity. Likewise, aromatic C–H stretching arising
from the guest protons residing within the host cavity engenders
frequency blue-shift in the spectra of the DQ2+@CB[8] com-
plex. These inferences are supported by NBO analyses.
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