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The ability of cucurbit[n]urils (CB[n]) to decolourise aqueous solutions of the azo dye Congo red (CR)
was described more than a century ago alongside the first synthesis of CB[n]. No subsequent studies of
the nature of the physical interactions have been reported despite the interest in using CB[n] as
adsorbents for the removal of CR and related organic dyes from wastewaters. In the present work the
supramolecular interaction between CBI[n] (n = 7, 8) and CR was studied by electrospray ionisation mass
spectrometry (ESI-MS), *H NMR, and solid-state characterisation of isolated complexes. Under positive
ESI, the formation of host—guest complexes in the gas phase was not observed, suggesting that CR
anions do not interact with the portals and the nonpolar inner cavity of the CB[n] molecules.
Conversely, under negative ESI, 1:1 and higher order (1:2, 2:1, 3:1 and 2:2) CR:CB[7] and CR:CB[8]
adducts were detected, which is attributed to interaction between CR and the outer surface hydrogens
of CB[n]. Solid-state supramolecular adducts between CB[n] and CR were isolated from aqueous media
under either ambient conditions, giving structures denoted as CR@CBI[n](RT), or hydrothermal (100 °C)
conditions, giving structures denoted as CR@CB[n](100). The adducts were characterised by elemental
and thermogravimetric analyses (TGA), powder X-ray diffraction (PXRD), and spectroscopic methods
(FT-IR, FT-Raman, C{*H} CP MAS NMR, UV/vis and near-IR absorption, fluorescence excitation and
emission). The interaction conditions and acid content of the starting CBI[n] influenced the protonation
state of CR molecules. CR@QCB[7](RT) contained only unprotonated CR, while CR@CBI8](100) contained
exclusively protonated CR (ammonium and azonium/quinoid structures). Other adducts contained
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carbonyls (Fig. 1). CBs are readily prepared from the acid-catalysed
condensation reaction of glycoluril and formaldehyde.* The homo-
logue CB[6] is the favoured reaction product, especially at higher
reaction temperatures (>110 °C). Although the isolation of CB[6]
(or possibly a mixture of CB[n] homologues) was first described
in 1905 by Behrend et al,’ it was not until the early 1980s that
the chemical structure of CB[6] was elucidated by X-ray crystallo-
graphy.® The next major advance occurred in the early 2000s with
the optimisation of the synthesis conditions (e.g. lower reaction
temperatures) to allow the formation of significant amounts of
CB homologues (mainly CB[5], CB[7], and CB[8]) in addition to
CB[6], which could then be separated in pure form using

Introduction

Cucurbiturils (CB[n]) are macrocyclic molecules composed of
n glycoluril units connected by 2n methylene bridges." The
symmetrical geometry of the homologues with n = 5-8 creates a
nonpolarisable hydrophobic cavity that is accessed via two
identical, highly electronegative portals made from n ureido
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fractional crystallisation and dissolution techniques.”® Sub-
sequent additions to the CB[n] family included CB[10] (as its
CB[10]-CB[5] inclusion complex and then, later on, in its free
form),>'® and CB[13-15], which are distinct from the other
homologues since they adopt twisted structures.'™"?

The supramolecular chemistry of CB[6] was developed in the
1980s and 1990s by Mock,'® Buschmann,'* and their co-workers.

New J. Chem., 2020, 44, 2587-2596 | 2587


http://orcid.org/0000-0002-5083-0489
http://orcid.org/0000-0001-9598-1275
http://orcid.org/0000-0002-9702-1216
http://orcid.org/0000-0002-6458-7328
http://orcid.org/0000-0002-6243-7692
http://orcid.org/0000-0002-2836-7715
http://orcid.org/0000-0001-9708-5079
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nj05706d&domain=pdf&date_stamp=2020-01-27
http://rsc.li/njc
https://doi.org/10.1039/c9nj05706d
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ044006

Published on 20 January 2020. Downloaded by Universidade de Coimbra on 9/3/2020 2:29:13 PM.

Paper

=
iV
o /\IZ> =
(T
sz
S

Fig. 1 Structures of CB[n] showing the portal (red arrow) and cavity (blue
arrow) sizes.

Extensive guest-binding studies showed that the hydrophobic cavity
provides an inclusion site for nonpolar molecules, while the
carbonyl-lined portals allow CB[6] to bind ions and molecules
through charge-dipole and hydrogen-bonding interactions."® Hence,
CBJ[6] displays a particular affinity for small organic molecules that
combine cationic and hydrophobic subunits in their structure,
such as alkylammonium ions. Research on CB supramolecular
chemistry increased sharply in the 2000s following the preparation
and eventual commercial availability of the homologues CB[5]-
CB[8]. The larger cavity sizes of CB[7] and CB[8] enable the
encapsulation of more bulky guests such as drug molecules,®
organometallic compounds,'””*® and organic dyes."**°

Apart from host-guest chemistry, two other branches of CB
chemistry allow the construction of supramolecular assemblies and
functional materials. The most familiar of these is the interaction
of the CB oxygen atoms with metal ions or clusters.”’ > The
interaction may involve direct coordination or indirect coordination
bridged by coordinated water molecules or clusters (i.e., the
CB behaves as an outer-sphere ligand). The other branch of
CB supramolecular chemistry is founded on weak noncovalent
outer-surface interactions, such as C-H---m interactions
between CH groups of glycoluril segments and aromatic rings,
n-m interactions between CB carbonyl groups and aromatic
rings, and ion-dipole interactions between the electrostatically
positive outer surface of CBs and inorganic or organic anions.****
The resultant supramolecular assemblies have been termed
exclusion complexes or lattice inclusion compounds. Aromatic
molecules that form such assemblies include 4,4’,4"-benzene-1,3,5-
triyl-tribenzoate,”® 1-anilino-8-naphthalenesulfonate (1,8-ANS),>”*®
1,5-naphthalenedisulfonate (1,5-NDS),*® and 2,6-naphthalene-
disulfonate.*°

Looking back to the pioneering work of Behrend et al.,” it is
striking to note that even at this early stage they disclosed the
ability of the polymeric substance to form cocrystals (complexes)
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Fig. 2 The chemical structure of the disodium salt of Congo red (CR).

with a variety of substances including KMnO,, AgNO3, H,PtCl,,
NaAuCl,, Congo red (CR), and methylene blue. For the azo dye
CR (Fig. 2), the authors reported that an aqueous solution of the
dye was decolourised upon addition of the polymeric substance,
with the formation of a red precipitate. CR was the first of many
so-called direct dyes and was a huge commercial success for the
dye-manufacturing company AGFA.>"*> Although CR was even-
tually superseded by superior textile dyes, it has found other uses
as a pH indicator®® and as a histological stain for amyloid.** In
general, however, most of the contemporary research on CR is
conditioned by the fact that CR is toxic to many organisms and
metabolises to benzidine, a known human carcinogen.**"*°
Although the marketing to the general public of substances
containing CR has been banned in many countries (e.g., since
1999 in the EU), it is still used in some developing countries due
to its low cost. Hence, there has been a lot of research on the
development of methods for the removal of CR from contaminated
wastewater. Adsorption is a proven treatment technology, and a
variety of materials have been studied as adsorbents.*”

Despite the very early revelation by Behrend et al. that the
glycoluril-formaldehyde condensation product (CB[6]) could
decolourise an aqueous solution of CR, no further studies have
been reported on the complexation behaviour of cucurbiturils
with CR. Such studies may have a wider significance, given the
interest in using CB[n] as adsorbents for the removal of organic
dyes from textile wastewaters.**** Therefore, in the present work,
our aim was to achieve a better understanding of complex
formation between CR and CB[r] (n = 7, 8), using mass spectro-
metry to detect adduct formation, together with thermal analysis
and spectroscopic techniques to characterise the solid complexes
that were isolated. The results indicate that in the isolated
compounds the CR molecules are trapped within the CB[#] lattice,
with outer-surface interactions being the likely driving force for
the supramolecular assembly.

Experimental
Materials and methods

Setups for general instrumental methods are described in the ESL
Hydrochloric acid (37% Aldrich) and acetone (p.a., Scharlau) were
purchased from commercial sources and used as received. Ultra-
pure water from a Milli-Q water purifying system was used in all the
syntheses. Congo red (CR) [sodium salt of 3,3’-([1,1’-biphenyl]}-4,4’-
diyl)bis(4-aminonaphthalene-1-sulfonic acid)] was obtained from
BDH Chemicals and recrystallised from water : ethanol (1: 1) before
use. Characterisation data (FT-IR band frequencies, "H NMR and
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BC{*H} CP MAS NMR chemical shifts) for CR and the protonated
blue form of CR (PrCR, prepared as described in the ESIt) are given
in the ESLT The preparation and purification of CB[7] [composition
C42H45N,604,4-11H,0-0.1HCI-0.5(CH;COCH;)] and CB[8] [composi-
tion C,gH4gN3,0467H,0-3HCL-1.5(CH3;COCH;)] were described

previously.***>

ESI-MS studies

ESI-MS spectra were obtained using a Bruker Daltonics HCT
ultra mass spectrometer under positive and negative polarity.
Sample solutions were prepared by dissolving CB[n] (n =7 or 8)
and CR in Milli-Q water to give a final concentration of 50 uM for
each component. The samples were analysed immediately after
preparation. The ions were continuously generated by infusing the
aqueous solutions at 4 L min~" into the mass spectrometer ion
source, with the help of a syringe pump (KdScientific, model
781100, USA). The ion optics and spray parameters were optimised
for the signals of CR:CB[n] adducts. Typical experimental con-
ditions under negative polarity were as follows: capillary voltage,
3.2 kv; capillary exit voltage, —300 V; skimmer voltage, —15 V;
drying gas, 300 °C at 6 L min~'; nebuliser gas pressure, 40 psi.
Signal assignments were based on the m/z values, isotope dis-
tributions and fragmentation patterns.

Photophysical characterisation in the solid-state

The absorption spectra of solid samples were recorded on a
Cary 5000 UV-vis-NIR spectrophotometer by diffuse reflectance.
Before the spectra were obtained, a baseline, with barium
sulfate, was collected. The solid-state fluorescence spectra were
recorded on a Horiba-Jobin-Ivon SPEX FluoroLog 3-22 spectro-
fluorimeter using triangular quartz cuvettes. The FluoroLog
consists of a modular spectrofluorimeter with double grating
excitation (range 200-950 nm, optimised in the UV and with a
blazed angle at 330 nm) and emission (range 200-950 nm,
optimised in the visible and with a blazed angle at 500 nm)
monochromators. The bandpass for excitation and emission
was 0-15 nm (values that were continuously adjustable using
computer software) and the wavelength accuracy was +£0.5 nm.
The excitation source consisted of an ozone-free 450 W Xenon
lamp and the emission detector was a Hamamatsu R928
Photomultiplier (200-950 nm range), cooled with a Products
for Research thermoelectric refrigerated chamber (model
PC177CE005), or a Hamamatsu R5509-42 (900-1400 nm range),
cooled to 193 K in a liquid nitrogen chamber (Products for
Research model PC176TSCE-005), and a photodiode as the
reference detector.*®

Synthesis of CR:CB supramolecular adducts

Adduct formation between CB[n] (n = 7 or 8) and CR was
performed either at 25 °C in an open system (Schlenk tube) or
at 100 °C in a Teflon-lined stainless steel autoclave. The initial
CR: CB[n] molar ratios were either 1:1 (25 °C) or 1.3:2 (100 °C).

CR@CBJ[7](RT). A solution of CR (0.09 g, 0.13 mmol) in water
(6 mL) was added to a solution of CB[7] (0.18 g, 0.13 mmol) in
water (10 mL) in a Schlenk tube immersed in a temperature-
controlled oil bath (25 °C). The mixture was stirred at room
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temperature for 2 h. The resultant mahogany-coloured solid
was separated from the aqueous mother liquor (pH 5-6) by
centrifugation, washed with cold water (2 x 5 mL), and finally
vacuum-dried. Yield: 0.20 g (68%, based on CB[7]). Anal. calcd
for (CyoH,1N5014)1.15(C32H,,NgNa,06S,)-33H,0 (2628.58): C,
36.69; H, 5.23; N, 20.36. Found: C, 36.64; H, 5.02; N, 20.32.
TGA revealed a mass loss of 20.0% at 230 °C (caled for loss of
33H,0: 22.6%), and a residual mass of 7.2% at 750 °C (calcd on
the basis of a 1:0 Na,CR: PrCR molar ratio: 6.1%).

CR@CB[7](100). A Teflon-lined stainless steel autoclave was
charged with CR (0.07 g, 0.10 mmol), CB[7] (0.21 g, 0.15 mmol)
and water (10 mL), and heated in an oven at 100 °C for 48 h. The
resultant dark red solid was separated from the aqueous
mother liquor by filtration, washed with water (5 mL), acetone
(5 mL), and finally vacuum-dried. Yield: 0.20 g (72%, based on
CB[7]). Anal. caled for (C4,H45N38014)1.6(C32Haz 3NgNay ;06S5)-
23H,0 (2965.16): C, 40.18; H, 4.61; N, 24.00. Found: C, 39.99;
H, 4.44; N, 23.97. TGA revealed a mass loss of 14.4% at 200 °C
(calcd for loss of 23H,0: 14.0%), and a residual mass of 4.6% at
750 °C (caled on the basis of a 0.85:0.15 Na,CR: PrCR molar
ratio: 4.6%).

CR@CBJ[8](RT). A solution of CR (0.08 g, 0.12 mmol) in water
(6 mL) was added to a suspension of CB[8] (0.20 g, 0.12 mmol)
in water (10 mL) in a Schlenk tube immersed in a temperature-
controlled oil bath (25 °C). The mixture was stirred at room
temperature for 24 h. The resultant dark purple solid was
separated from the aqueous mother liquor (pH 3) by centrifu-
gation, washed with cold water (6 mL), and finally vacuum-
dried. Yield: 0.27 g (94%, based on CB[8]). Anal. caled for
(C48H48N32016)1.05(C32H23.3N6Nao.706s2)'22H20 (2459-98)3 G,
40.23; H, 4.82; N, 22.55. Found: C, 40.04; H, 4.37; N, 22.51.
TGA revealed a mass loss of 16.6% at 200 °C (calcd for loss of
22H,0: 16.1%), and a residual mass of 2.2% at 750 °C (calcd on
the basis of a 0.35:0.65 Na,CR: PrCR molar ratio: 2.3%).

CR@CB[8](100). A Teflon-lined stainless steel autoclave was
charged with CR (0.07 g, 0.10 mmol), CB[8] (0.25 g, 0.15 mmol)
and water (10 mL), and heated in an oven at 100 °C for 48 h. The
resultant reddish-purple solid was separated from the aqueous
mother liquor by filtration, washed with water (10 mL), and
finally vacuum-dried. Yield: 0.20 g (62%, based on CB[8]). Anal.
caled for (CugH4gN35016)1.3(C32H24N606S,)-19H,0 (2722.82):
C, 41.64; H, 4.61; N, 24.49. Found: C, 41.63; H, 4.43; N, 24.41.
TGA revealed a mass loss of 10.4% at 230 °C (calcd for loss
of 19H,0: 12.5%), and a residual mass of 0% at 750 °C.

Results and discussion
ESI-MS and 'H NMR studies

The supramolecular interaction between cucurbiturils and CR
was first evaluated by ESI-MS. ESI-MS has been used to study
the formation of cucurbituril host-guest complexes*” and their
aggregates™® as well as the interaction between negative ions and
the outer surface hydrogens of these molecular containers.*
Initially, the formation of complexes between CR and both macro-
cycles under positive polarity was evaluated. CR and CB[n] were
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dissolved in water (50 uM CR, 50 uM CB[n]) and the solutions
analysed immediately. The main signals observed were assigned to
free hosts and aggregates of free hosts (Fig. S1, ESIt). The absence
of signals corresponding to host-guest complexes under positive
ESI suggests that CR is not interacting with the inner cavity of the
studied cucurbiturils.

To obtain further insights into the interaction between CR
and CB[#n], the formation CR@CB[7] complexes was studied by
"H NMR. CB[7] gave the expected "H NMR signals, while CR, as
reported,’® showed weak and broad signals (Fig. S2, ESIt). After
addition of CR to CB[7] at 1:1 stoichiometry (1 mM) CR signals
were not detected and CB[7] peaks broadened (Fig. S2, ESIT). No
signals assignable to CR-CB[7] interaction were detected by
"H NMR. Unlike that observed for CR@cyclodextrins,>® CB[7]
does not sharpen CR signals. In fact, a precipitate was observed
inside the NMR tube, which explains the absence of CR peaks
and indicates that CB[7] is interacting with CR leading to its
precipitation. Similar behaviour was observed for 1,8-ANS and
CB[n] (n = 6, 7).””*® For CB[7], a 2:1 complex with 1,8-ANS
sandwiched between the outer surface of two CB[7] was
proposed.”® Liu et al. described a similar type of supramolecular
framework with 1,5-NDS anions interacting with CB[6] through
hydrogen bonding.>!

To evaluate the possible interaction between CR anions and
the outer surface hydrogens of CB[n] the formation of com-
plexes/aggregates under negative ESI was studied. Interaction
between CB[n] and anions has been observed under negative
ESI and associated with interactions with the outer surface
hydrogens of CB[n]."” CR:CB[7] and CR:CB[8] adducts are
readily observed in the gas phase after analysis of aqueous
solutions containing 50 pM CR and 50 pM CB[#n] (Fig. 3 and
Fig. S3 in the ESIY). Signal assignments were based on the m/z
values, isotope distributions and fragmentation patterns (see,
for example, Fig. 4, which shows the fragmentation spectrum
for m/z 1243.2). Besides 1:1 (CR:CB[n]) adducts, higher order
1:2,2:1,3:1and 2:2 aggregates were observed. The presence
in the solutions of aggregates with even higher order cannot be
excluded. They might have m/z values higher than the upper
limit of the instrument used or, most likely, be destroyed
during the electrospray. The formation of CR-CB[n] aggregates
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must be due to interaction between CR anions and the outer
surface hydrogens of CB[n].

Isolation and characterisation of CR@CB[n] adducts

To isolate CR@CB[n] adducts, a solution of CR in water was
added to either a solution (CB[7]) or a solution/suspension
(CB[8]) of the cucurbituril in water, with the CR:CB[n] molar
ratio being set at 1:1, and the reaction mixtures were stirred
at room temperature (RT) for either 2 h (for CB[7]) or 24 h (for
CB[8]). The resultant suspensions were centrifuged to isolate a
mahogany-coloured solid in the case of CR@CB[7](RT) and a
dark purple solid in the case of CR@CB[8](RT). PXRD analysis
indicated that both solids had amorphous character, with only
three very broad peaks being present in the 26 range of 5-30°
(Fig. S4, ESIt). In an effort to improve the crystallinity of the
compounds, a second set of reactions was performed in which a
50% excess of CB[n] was used (CR:CB[n] = 1.3:2) and the mixtures
were subjected to a hydrothermal treatment at 100 °C for 48 h in a
Teflon-lined stainless steel autoclave. The PXRD pattern of the dark
red CB[7] solid product, denoted CR@CB[7](100), was unchanged
from that for CR@CB[7](RT), while the pattern for the reddish-
purple CB[8] solid product, CR@CB[8](100), displayed several fairly
narrow reflections in the 20 range of 5-30° characteristic of a
microcrystalline structure (Fig. S4, ESIT). These reflections do not
match with those of the as-prepared CB[8] sample nor with those
present in previously reported experimental or computed diffracto-
grams for CB[8] hydrate phases,* indicating that the CB molecules
in CR@CB[8](100) adopt a different crystal packing arrangement.
None of the PXRD patterns for the CR@CB[n] adducts display
peaks assignable to a pure (bulk) CR phase, suggesting that the
isolated solids are not physical mixtures of CB[x] and CR phases.

Elemental analyses (CHN) indicated final CB[r]/CR molar
ratios of 1.15 for CR@CB[7](RT), 1.05 for CR@CB[8](RT), 1.6 for
CR@CB[7](100), and 1.3 for CR@CB[8](100). Water contents
were estimated from the TGA weight losses between room
temperature and 200-230 °C (Fig. S5, ESIt). Apart from the
different initial weight losses due to the variable water con-
tents, the TGA curves for CR@CB[7](100) and CR@CB[8](100)
almost overlapped, with the onset of decomposition being at
about 300 °C. Decomposition took place in two consecutive

100 ~
651.0 [CB7+2CR-2H]>  [CB7+2CR-3H+Na]*
[CR-H) 2432
8 75 A [2CB7+2CR-4H+Na]3 12323 [CB7+CR-2H+Na]"
g8 1216.2
'§ [2CB7+CR-2H]* 1835.4
2 CB7+CR-2H]%*
2 50 [ ] 1487.4
Y 906.2
>
g [CB7+3CR-3H+Na]?>
3 25
0 ' ' : : | N — il
500 900 1300 1700 2100
m/z

Fig. 3 Full scan spectrum of aqueous solutions of CR@CB[7] (50 uM : 50 uM) under negative ESI. The m/z values are of the first peak of the isotope series.
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Fig. 4 Fragmentation spectrum (MS?) of m/z 1243.2. The arrow indicates the fragmented peak. The inset shows the experimental (blue) and simulated

(red) isotope distributions.

steps identified by DTG (DTG = derivative thermogravi-
metric) values of 400 and 500 °C. The CB[xn] molecules in these
two adducts seem to possess slightly higher thermal stability
than the pure as-prepared CB[7] and CB[8] samples, which
displayed DTG values of 380 £ 5 °C. Pure CR decomposes
in two steps up to 535 °C with the abrupt mass losses giving
DTG pax values of 315 and 492 °C (Fig. S5, ESIT). Based on the
elemental compositions proposed for the isolated CR@CB[%]
solids and the observation of a 12.9% mass loss for the first
step in the TGA curve of pure CR, a mass loss step of 3.0-3.6%
would be expected to be present at ca. 315 °C in the TGA curves
of CR@CBJ[r] if the solids were physical mixtures rather than
true supramolecular adducts. No such step was visible in any of
the curves. As found for CR@CB[n](100), the TGA curves for
CR®@CBI1](RT) are very similar. However, despite the fact that
these compounds start to decompose at a similar temperature
to that for CR@CB[1](100) (ca. 300 °C), decomposition of the
organic components in CR@CB[n](RT) takes place over a wider
temperature range (up to 700 °C), with a final step being
observed with DTG, = 615 £ 5 °C.

The residual masses registered at 750 °C by TGA are different
for each of the CR@CB[n] adducts, decreasing in the order
CR@CBJ[7](RT) (7.2%) > CR@CB[7](100) (4.6%) > CR@CBI[8](RT)
(2.2%) > CR@CB[8](100) (0%). The residue obtained from the
thermal decomposition of pure CR (23% mass at 750 °C) is
composed mainly of Na,50,.>> As will be discussed below, the
different residual Na,SO, masses recorded in the TGA curves of
the CR@CB[n] adducts can be attributed to the presence of the
anionic (ie., disodium salt) and/or protonated (sodium-free)
forms of CR in different proportions.

The FT-IR spectra of the adducts CR@CB[n](RT/100) are
dominated by bands due to the CB molecules (Fig. 5). In general,
these bands are unshifted relative to those for as-prepared CB[7]
and CB[8]. With reference to the spectrum of CR (Fig. 5(a)), the
spectra for the adducts present two bands that can be assigned
to the azo dye, namely a band at 1043 cm™ ' due to the symmetric
stretching vibration of the sulfonate group, and a broad absorp-
tion centred at 1612 cm ™' assigned to an aromatic ring C-C
stretching vibration. The relative intensities of these two bands

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 5 FT-IR spectra in the range of 300-2000 cm™* for (a) CR, (b) CB[7],
(c) CR@CBI7I(RT), (d) CR@CBI[71(100), (e) CB[8], (f) CR@CBI8I(RT), and
(g) CR@CBI8](100). CR bands at 1043 and 1612 cm™ are indicated with
arrows.

decrease on going from CR@CB[n](RT) to CR@CB[n](100), which
is consistent with the elemental analyses that indicate lower CR
contents for the latter.

Fig. 6 shows the FT-Raman spectra of the CR@CB[n] adducts
in the range of 1000-1800 cm™". In contrast to the IR spectra,
the Raman spectra are dominated by bands due to CR. The
spectrum for CR@CB[7](RT) (Fig. 6(d)) is essentially identical to
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Fig. 6 FT-Raman spectra in the range of 1000-1800 cm™ for (a) CR, (b) PrCR,
(c) CBI7l, (d) CR@CBI7I(RT), (e) CR@CBI71(100), (f) CBI8I, (g) CR@CBI8I(RT), and
(h) CR@CBI8I(100). The bands at 1176, 1265 and 1565 cm™* in spectrum (e) are

attributed to PrCR; corresponding bands in spectra (b, g and h) are indicated with
arrows.

that for CR (Fig. 6(a)). On the other hand, additional bands at
1176, 1265 and 1565 cm ' are present for CR@CB[7](100)
(Fig. 6(e)), which are attributed to a protonated form of CR.
The band at 1176 cm ™' appears alongside a more intense band
at 1155 em ™. The latter is assigned to a phenyl-N— stretching
mode of an azoic structure (i.e., unprotonated anionic CR and/
or protonated ammonium form), while the new high-frequency
band is assigned to a N-N stretching vibration of a quinoid
structure (Scheme 1).*® This assignment was confirmed by isolating
the protonated form of CR (PrCR), which precipitates as a blue
solid upon addition of dilute HCI to an aqueous solution of CR
(pH < 2.7). The Raman spectrum of PrCR (Fig. 6(b)) displays bands
at 1179, 1265 and 1565 cm ™!, which are in accordance with the new
bands observed for CR@CB[7](100).

The protonation mechanism of CR has been well studied
due to its use as an acid-base indicator and as a histological
stain for amyloid proteins.**** Protonation of CR in water
occurs below a pH of 5.3 and has been proposed to give an
ammonium form (II) and a resonance-stabilised azonium form
(I11), which are in tautomeric equilibrium (Scheme 1).>*** The
colour transition from red to blue has been associated with the
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Scheme 1 Protonation mechanism for CR in acidic solution:**2 Anionic
form (1), ammonium tautomer (l1), azonium tautomer (llla) and its resonant
quinoid structure (llIb).

formation of resonant quinoid structures. In the synthesis of
CR@CBJ[7](RT), the mother liquor had a final pH of 5-6 and
therefore the exclusive presence of the anionic form (I) in the
isolated adduct is not surprising. Performing the synthesis
under hydrothermal conditions (100 °C) with a 50% excess of
CB[7] gave an adduct containing a mixture of the unprotonated
and protonated (ammonium and/or azonium) forms of CR,
with the former probably being the major form present. Since
the as-prepared CB[8] sample had a much higher HCI content
(ca. 3 equivalents) than CB[7], the synthesis of CR@CB[8](RT)
led to a mother liquor with a pH of 2-3, and the Raman
spectrum of the isolated adduct indicates that a higher propor-
tion of quinoid structures is present (Fig. 6(g)). The Raman
spectrum of the sample prepared under hydrothermal condi-
tions, CR@CB[8](100), is consistent with an even higher pro-
portion of quinoid structures (Fig. 6(h)). The prevalence of the
protonated or unprotonated forms of CR in the CR@CB[x]
adducts was indicated by the colours of the isolated solids
since the CB[7] compounds were dark red while the CB[8]
compounds were purple.

The trends observed in the Raman spectra regarding the
relative proportions of the azoic and resonance-stabilised
azonium forms of CR are consistent with the different residual
Na,SO, masses registered in the TGA curves of the adducts. The
lack of any residue for CR@CB[8](100) (0 mass% at 750 °C)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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indicates that the as-synthesised adduct only contained a
protonated form of CR (i.e., containing no sodium ions). On
the basis of the 23 mass% value obtained at 750 °C in the TGA
curve of pure CR, the relative proportions of the unprotonated
anionic and protonated ammonium and/or azonium forms of
CR can be estimated for the different adducts: 1:0 for
CR@CB[7](RT), 0.85:0.15 for CR@CB[7](100), 0.35:0.65 for
CR@CB[8](RT), and 0:1 for CR@CB[8](100). This trend aligns
well with the different relative intensities displayed by each
adduct for the Raman vibrational bands assigned to the azoic/
azonium forms of CR.

Bc{'H} CP MAS NMR spectra for the CR@CB[n] adducts
were consistent with other measurements in indicating that on
going from CR@CB[7](RT) to CR@CB[n](100) the CR content
decreases as does the relative proportion of the unprotonated
form of CR. The spectra are presented and discussed in the
ESLt

Photophysical data for CR@CB[n] adducts

Electronic spectra were obtained for the samples CR@CB[7](100)
and CR@CB][8](100). The reader is referred to ref. 54 for a detailed
analysis of the absorption, fluorescence, and fluorescence excita-
tion spectra of CR in solution (water or dimethylsulfoxide) and in
the solid-state (as the disodium salt or intercalated in a layered
double hydroxide host).

The UV-vis (200-1000 nm) and near-IR (NIR; 1000-2500 nm)
absorption spectra of the solid samples CR@CB[n](100) are
shown in Fig. 7, and compared with those for CR, PrCR and
CB[n] in the solid-state, and CR in aqueous solution. In the UV-vis
range, where electronic transitions for the two free cucurbiturils are
absent (with the exception of shoulders at ~250 nm for CB[8] and
~280 nm for CB[7]), three bands are observed in the spectra of the
adducts with maxima at 349, 505 and 725 nm for CR@CB[7](100),
and at 349, 527 and 750 nm for CR@CB[8](100). The broad band
system between 600 and 800 nm is absent for CR in water at neutral
PpH. Pigorsch et al. measured absorption spectra of aqueous CR
solutions as a function of pH.** At neutral pH, the solution is
orange-red, and the principal absorption band has a maximum at
497 nm and is assigned to a m-n* transition of the azo group. As the

: : r 00 . : :
0.20 A1
0.020
0.5} -
£ 0.016
™ 0.10H -
0.012
0.05}; -
! & 0.008 | .
0.00 : : . , . .
200 400 600 800 1000 1200 1600 2000 2400

Wavelength (nm) Wavelength (nm)

Fig. 7 Diffuse reflectance absorbance spectra (Kubelka—Munk scale) in
the UV-vis (A) and NIR (B) ranges for CR (black), PrCR (green), CB[7] (red),
CR@CBI[7](100) (blue), CBI8] (cyan), and CR@CBI8](100) (magenta). The
absorption spectrum of CR in water (dark yellow) is shown for comparison.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

View Article Online

Paper

pH is lowered to 5.3, the solution turns violet, the 497 nm band
shifts slightly to 520 nm, and new overlapping broad bands appear
with maxima at 665 and 730 nm.**** Pigorsch et al. assigned the
absorption band at 520 nm to the ammonium form (II in
Scheme 1), which preserves the azoic structure (and thus the band
is not shifted far from the corresponding band for unprotonated
CR at neutral pH), while the band system between 600 and 800 nm
was assigned to the protonated azonium form of CR (III in
Scheme 1), where the formation of a quinoid structure causes an
absorption at longer wavelengths. We may therefore attribute the
absorption maxima at 527 and 750 nm for CR@CB[8](100) to the
protonated ammonium and azonium forms, respectively. This
assignment is in accordance with the similarity of the absorption
spectra for CR@CB[8](100) and PrCR in the solid-state (Fig. 7A). For
CR@CB[7](100), the broad band system between 600 and 800 nm is
relatively less intense than that for the CB[8] adduct, and the
absorption maximum for the band associated with the azoic
structure appears at the shorter wavelength of 505 nm. The latter
broad band probably comprises overlapping bands due to the
unprotonated anionic form of CR (~497 nm) and the protonated
ammonium form (~527 nm). Hence, the absorption spectra for
the CR@CB[n] adducts are consistent with the other characterisa-
tion data discussed above, showing that CR@CB[7](100) contains a
mixture of the unprotonated anionic and protonated (ammonium/
azonium) forms of CR, while CR@CB[8](100) only contains the
latter.

In the NIR range (Fig. 7B), the spectra for CB[7] and CB[8]
are practically identical, showing bands assigned™ to the
second overtone of the methylene C-H stretching vibration
(1182 nm, 8460 cm '), a combination band involving the
symmetric and asymmetric stretching modes of water mole-
cules (1432 nm, 6983 cm '), the first overtone of the methylene
C-H stretching vibration (1745 nm, 5731 cm™ '), and a combi-
nation band of O-H stretching and HOH bending modes
(1935 nm, 5168 cm™'). The assignment of two other bands at
longer wavelengths is less clear; the band at 2125 nm
(4706 cm™') may be due to a combination of C-H and C=0
stretching modes, while the stronger band at 2280 nm
(4386 cm™') may be due to a combination of C-H stretching
and CH, deformation modes. These six bands for the CB[n]
molecules are present in the spectra of the CR@CB[n](100)
adducts and are essentially unshifted. In fact, the spectra of the
pure CB[n] molecules and the respective adducts are very
similar, although careful comparison of these spectra with that
for CR in the solid-state reveals the presence of some additional
bands for the adducts that can be assigned to the organic dye
molecule. In the region 1300-1750 nm, pure CR displays two
bands with absorption maxima at ~1465 nm (6826 cm™ ') and
1667 nm (6000 cm™ '), which are tentatively assigned to the first
overtones of N-H and aromatic C-H stretching vibrations,
respectively. The former band is just visible as a weak shoulder
in the spectra of the adducts, while the latter band is more
prominent, especially for the adduct CR@CB[7](100).

The fluorescence emission data for CR@CB[7](100) show
that while the supramolecular interaction of CR with CB[7]
does not lead to improved emission properties, it does lead to a
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Fig. 8 Absorption (blue), fluorescence excitation (red, Zem = 650 nm) and
emission spectra (black, Lexe = 490 hm) of CR@CB[7](100). The emission
spectrum of CR in the solid state is shown for comparison (magenta, Jexc =
490 nm).

blue-shift of the emission band from 680 nm for CR itself to
around 655 nm for the adduct (Fig. 8).

Conclusions

The mechanism by which cucurbiturils decolourise an aqueous
solution of the azo dye Congo red is of interest, especially from
the perspective of using CB[n] to remove CR and related
dyes from wastewater. In the present work, we have shown that
ESI-MS is an effective technique to investigate CR-CB[] inter-
actions in the gas phase and can distinguish between the
formation of host-guest inclusion complexes and outer-
surface adducts. The data show that CR forms the latter type
of complex with CB[7] and CB[8]. The major operative inter-
actions are likely to be n—r interactions of the carbonyl groups
of CB[n] with the aromatic rings of CR, and CH- - -O hydrogen
bonds involving the sulfonate oxygen atoms and CH or CH,
groups on the periphery of CB[n] molecules. The combined
effect of these interactions is sufficiently strong to result in the
removal of CR from aqueous solution through the formation of
insoluble exclusion compounds, also known as lattice inclusion
compounds. Depending on the type of CB[n] homologue and
the reaction conditions (pH, temperature), different forms of
CR can be immobilised, from the unprotonated dianion to the
protonated neutral molecule as the ammonium and/or azonium
tautomers, the latter of which is stabilised through resonance
with a quinoid structure.
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