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The FTIR and FT Raman spectra of p-alkylcalix[8]arenes (alkyl = tert-butyl, isononyl) were recorded.
Analysis of IR spectra showed that the cyclic cooperative intramolecular hydrogen bond is realized in
calix[8]arene. It was found that the strength of the cyclic cooperative intramolecular hydrogen bond in
the series of alkyl derivatives of calix[8]arenes depends very little on the replacement of the p-tert-butyl
groups by the more bulky isononyl group. From our data follows that the orientation of aromatic
fragments in calixarene molecules depends on the type of alkyl substituent.

An analysis of the changes in the IR spectra with heating and dissolution shows that the conformation
of the “pleated-loop” is retained in p-tert-butylcalix[8]arene. It turned out that the intramolecular
hydrogen bond is a “probe” of the conformation of calixarene molecules and IR spectroscopy is a unique

DFT method that allows one to follow the slightest nuances of changes in the H-bound system of these

supermolecules.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The increased interest in the study of calixarenes and their
physico-chemical properties is explained not only by the purely
scientific interest of researchers in the field of chemistry to
unusual complex structures and the rich conformational possi-
bilities of their molecules, but also by the potential for
widespread practical application of this class of compounds
[1-7]. Calixarenes are macrocycles containing hydroxyl groups
involved in the formation of intramolecular hydrogen bonds.
These compounds are able to effectively bind neutral molecules,
ions and are used in ecology, medicine and nuclear power
engineering [1-7]. It has been shown that para-tert-butylcalix-
arenes are able to extract cesium from alkaline solutions [8,9]. A
characteristic feature of these compounds is their low solubility in
organic solvents used in the extraction process. Therefore isononyl
derivatives of calix[8]arene, which are better soluble in organic
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solvents and allow to extract Cs, Am, and Tc from alkaline solutions
have been prepared [10]. It turned out that n-isononylcalix|[8]
arene extracts cesium and americium in a much less effectively
than the tert-butyl analogue due to the varying degree of
aggregation in the organic phase [10]. Isononyl derivative exists
in monomeric form and tert-butylcalix[8]arene forms aggregates
[10]. To obtain a soluble and effective cesium and americium
extractant, n-alkylcalix[8]arenes with various ratios of tert-butyl
and isononyl groups on the upper rim of the calixarene platform
were synthesized. Therefore, the study of the structure and
hydrogen bonding in calixarenes is one of the most important
problems of physical chemistry. IR spectroscopy is the traditional
method for studying hydrogen bonds and the conformation of
calixarens [11-24]. However, the possibilities of vibrational
spectroscopy for this class of compounds are not widely used,
many authors are limited to study the frequency of the stretching
vibrations of hydroxyl groups [11]. In recent years, articles have
been published in which a fairly detailed analysis of the hydrogen
bonding system for a number calixarenes has been carried out
[13]. Raman spectroscopy studies of calixarenes are very limited
[13]. Quantum chemical calculations were carried out for
modeling the hydrated sodium and potassium ions transport
through an calixarene derivative [25].
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In this article our task was to study the vibrational spectra of
alkyl substituted calix[8]arene and to determine how the size of
the substitute affects the macrocycle structure and the nature of
the hydrogen bonds. The quantum-chemical method of the density
functional theory (DFT) was used to calculate the structure and
interpretation of the IR and Raman spectra of p-alkylcalix|[8]
arenes. The bands characteristic of each type of substitutes was
identified and classified. The data obtained make it possible to
interpret the vibrational spectra of alkylcalix[8]arenes.

2. Experimental

Synthesis and characteristics of p-tert-butylcalix[8]arene (TB8)
and isononylcalix[8]arene (IN8) have been described previously
[10,26,27] (Supplementary information S1). Calixarenes with
different ratios of tert-butyl and isononyl substituents: C, (6:2),
C3 (4:4), C4 (2:6) were also prepared and studied (Fig. 1). For the
synthesis of IN8, industrial p-nonylphenol (NP) was used. The exact
structure of NP is not known because it contains several hundred
isomers [19,20]. It was shown that 4-(1-ethyl-1,3-dimethyl-
pentyl)-phenol represents the structure of the main isomers
contained in the industrial mixture NP (Supplementary informa-
tion S1) [28,29].

The IR spectra were measured with a Vector 22 Bruker
spectrophotometer from 4000 to 400cm~! with a resolution
4 cm L. The IR spectra of crystalline samples were recorded in KBr
pellets. Sixty four scans were accumulated for each spectrum.
Raman spectra were measured with a FTIR-spectrometer Vertex 70
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equipped with a RAM II Bruker FT-Raman module from 3500 to
100 cm~ L. The line 1064 nm with a power of 50 mW of a Nd: YAG
laser was used.

3. Computational procedure

Optimization of geometry began with the positions of atoms
determined experimentally from X-ray diffraction [30]. Optimized
structural parameters were used to calculate the frequencies and
intensities of the bands in the vibrational spectra. PBE density
functional [31] and TZ2P basis set [32] implemented in the
program PRIRODA [33] were used to calculate harmonic vibra-
tional frequencies. A scaling factor of 0.967 was applied to
frequencies in the range from 3500 to 2700 cm ™.

The absolute intensities of the Raman scattering and the
infrared absorption associated with each normal mode were
calculated from the polarizability and dipole moment derivatives.
The assignment of vibrations was carried out on the basis of the
potential energy distribution (PED) [34]. Visualization of the
oscillations was carried out with the aid of the program GaussView
4.1 [35].

4. Results and discussion

Vibrational spectroscopy is a sensitive tool for studying of
hydrogen bonding (Figs. 1 and 2). The band of free OH groups about
3600cm~!' is not observed in the IR spectra of calixarenes and
nonylphenol studied in this work. This means that all eight
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Fig. 1. Experimental IR spectra of IN8 (a), C4 (b), C3 (c), C2 (d), and TB8 (e).
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