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Sorption of volatile organic compounds and ammonia by thin solid films of phosphory-
lated thiacalixarenes was investigated by the quartz crystal microbalance (QCM), X-ray
crystallography and molecular modeling methods The interfacial sorption depends on the
number and position (upper or lower rim) of P=0 groups on the macrocyclic skeleton, the
electronic nature of the substituents at the phosphorus atom. At low concentrations of the
analytes their sorption occurs according to the Langmuir isotherm due to specific supra-
molecular interactions with receptor centers of the thiacalixarenes. The analytes may form
either the Host-Guest inclusion complexes stabilized by C-H...n interactions, or extra-
cavity complexes stabilized by hydrogen bonds with oxygen atoms of the peripheral P=0
groups. At high concentrations, when the thiacalixarene receptor centers are occupied by
the analytes, further sorption occurs nonspecifically according to the linear Henry iso-
therm due to inclusion of the analytes in voids of the crystal structure of the thia-
calixarenes.

Keywords: phosphorylated thiacalixarenes, QCM sensor, X-ray crystallography analy-
sis, molecular modeling, volatile organic compounds.

AGcopbIusa JeTyuynxX OpraHMYecKMX BeIeCTB M aMMUAKA TOHKUMU IJIeHKaMu (ochopu-
JUPOBAHHLIX THAKAJIWKCAPEHOB MCCJAETOBAHLI METOAAMH KBapleBoro Muipodamanca (KM),
PEHTIeHOCTPYKTYPHOTO AHAAW3a W MOJEKYJIAPHOTO MOoAeanpoBaumusa. MemxdasHasg coplOius
3aBHCUT OT KOJUYECTBA M No3unuy (HUMKHUM miay Bepxuuil o6ox) P=0 rpynn ocroBa makpo-
LUKJA U 3JAeKTPOHHBIX COCTOAHUN aToMoB Qocdhopa B 3aMecTUTENAX. IIpu HUBKUX KOHIIEHT-
panuax copbuus aHaJIUTA MMeeT BUJ JICHIMIOPOBCKOU HM30TepMBbl Giaromzaps cuenuduuecKum
CYIPAMOJEKYJISAPHBIM B3aUMOIEHCTBUAM C PELEeNTOPHLIMHU LEeHTPAMU THUAKAIUKCAPEHOB.
AnanauThl MOTrYyT (POPMUPOBATH BKJIOUEHUSA TUIA TI'OCTh — XO3AUH , KOTOPblE CTAGUAMBUPO-
Baubl C—H...7 cBAsAMU, AN MEMKMOJIEKYJIAPHbIE KOMILIEKCH, CTa0UIN3NPOBAHHBIE BOLOPO-
HBIMH CBS3AMU ¢ aToMaMmu Kucaopoxa mepudepuitipix P=0O rpynn. IIpy BHICOKMX KOHIIEHT-
panuax, KOrJa TUAKAJUKCAPEHOBBIE PELENTOPHBLIE LEHTPhl 3aHATHl aAHAJIUTOM, AaJbHeillas
abcoplbIusad IPOMCXOAUT HecHmenu(pUUHO OO JuHeIHoIN msorepme ['empu, Gjaromzaps BKJIOUE-
HUIO QHAJUTA B II0JOCTU KPUCTANIUYECKON CTPYKTYPBl THAKAJIUKCAPEHOB.
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DochopuaboraHi TiakaJikcapeHH SK MOJEKYJIAPHI PENENTOPH A CEHCOPIiB Ha OCHOBI
KM momo aetriouumx peuosuH. 3.J.Kaszanuesa, I.A.Koweuyv, O.€.Berses, O.B.Pabuuvkuil,
C.I' Xapuenro, A.</[panaiino, B.I.Kanvuenro, C.B.INTuwrina, O.B.Iluwkin.

AGcop0I1ito JeTIOUNX OPTaHiIYHUX PEUYOBUH Ta AMOHIaKy TOHKUMM! TIIiBKaMu (Pochopuibo-
BAHMX TiaKaJdiKcapeHiB JochigiKeHO MeTomaMM KBaprioBoro Mikpobamancy (KM), pentreno-
CTPYKTYPHOTO aHANIBYy Ta MOJIeKYJAApPHOTO MojenioBanHA. Mikdasna copbiia saneXUThL Bix
Kimbkoeri Ta mosumii (MuskHiM uu BepxHifl Bimerns) P=0 rpym B ocroBi mMakponukay Ta
eJIEKTPOHHUX CTaHiB aToMiB dochopy y samicHmkax. [Ipu HUBBKMX KOHIEHTpAIifgX copoITia
aHAJITy Mae BUTJAJ JEeHIMIOPiBCLKOI 130TepMU 3aBAAKU cIelUMIiUHUM CyIPaMOJIEeKYJIIPHUM
B3a€MOJIAM 18 peleNTOPHUMU I[eHTPaMU TiaKaJdikcapeHiB. AHaIITH MOXYTH (OPMYBATU
BRJIIOUEHHS TUNY TiCTh — Xas3daln , mo crabimzizosani C—H...mw 3B’sasxaMu, abo MiKMOIEKy-
JAPHI KOMILTEKCH, cTabinizoBaHi BOAHEBUMM 3B’A3KAMHU 3 aTOMaMU KHCHIO TepudepiifHux
P=0 rpyn. IIpu BeIMKWX KOHIEHTPAIiAX, KOJM TiaKaTiKcapeHOBI pelenTopHi meHTpu safiuaTi
aHaNiTOM, TOAAMBINTa abcopbilisa BiabyBaeThes Hecmernugiuno 3a JiHifiHOIO isorepmoio I'empi

3aBAAKU BKJIIOUEHHIO aHAJIITY ¥ IOPOKHMHN KPUCTANIUHOI CTPYKTYPU TiaKallikcapeHis.

1. Introduction

Chemosensors allow the timely identifica-
tion of various (including hazardous) sub-
stances in solution and in the gas phase. A
chemosensor consists of a sensing element
which is capable of interacting with an ana-
lyte and a device (transducer) which con-
verts the events of molecular recognition
into a measurable optical, electrochemical
or any other signal. Promising classes of
sensing elements are based on two dimen-
sional solid materials which have a large
surface area and are capable of fast, selec-
tive and reversible binding to the analyte.
The selectivity and strength of this binding
is, to a large extent, determined by the na-
ture of the non-covalent interactions be-
tween molecules on the surface and the ana-
lyte [1, 2]. Therefore, a crucial aspect of
chemical sensor development is synthesis of
sensitive and selective materials that ex-
hibit stable and reproducible adsorption of
analyte molecules [3—7].

Previous studies showed that three di-
mensional macrocyclic molecules such as
cavitands [8-10] or calixarenes [11-16] are
promising compounds for fabrication of the
layers. Dalcanale and Dutasta have demon-
strated that phosphoryl groups grafted on
the resorcinarene skeleton dramatically in-
creases its sensing properties to neutral or-
ganic molecules, metal or ammonium cat-
ions [17—-21]. In this case the oxygen atoms
of P=0 groups participate in binding of the
analytes by hydrogen bonds or ion-dipole
supramolecular interactions.

QCM method was used to show that
placement of phosphoryl groups at the
calix[4]arene upper rim leads to specific
sorption of alcohols through P=0...H-O hy-
drogen bonding [22]. The QCM measurement
technique uses the sensitivity of quartz
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crystal resonator with respect to any mass
change at its surface in according to Sauer-
brey relation [283]. Sensitivity of the QCM
sensors is sufficiently high to discern very
small fraction of adsorbates in solid films.
Total mass changes of less than a nanogram
can be observed using the QCM method.
QCM sensors are widely used in many prac-
tical applications in gaseous and liquid me-
dium.

Thiacalix[4]arenes [24] that are larger in
size and contain four sulfur atom linkers in
the macrocyclic skeleton were previously
shown to be promising as a basis for various
receptors [25—27]. This paper focuses on in-
vestigation of sensing properties of tetrahy-
droxythiacalix[4]arenes 1. In particular, ef-
fects of the upper and lower rim phosphoryl
derivatives 2—4 (Chart 1) to volatile mole-
cules at sensitive film — gas interphase are
investigated by the QCM, X-ray crystal-
lography and molecular modeling methods.

2. Methods and materials

2.1. Synthesis of the thiacalixarenes

Thiacalixarenes 1 [28], 2 [29] were pre-
pared according to the published proce-
dures. Tribromotrihydroxythiacalixarene
phosphine oxide 8a was synthesized with
87 % vyield by the regioselective bromina-
tion of trihydroxythiacalixarene phosphine
oxide 2a with N-bromosuccinimide in ace-
tone solution (Scheme 1). Trinitrotrihy-
droxythiacalixarene phosphine oxide 3b was
obtained with 85 % yield by the reaction of
2a with acetyl nitrate in 1:1 chloro-
form/acetic acid solution (Scheme 1).

Tetraphosphorylated tetrahydroxythia-
calixarenes 4a—g were synthesized with high
yields by the Arbuzov reaction of chlo-
romethylthiacalixarene 5 according method
[30] (Scheme 2).
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Chart 1. Chemical structures of thiacalix[4]arenes 1-4.
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Scheme 2. Synthesis of the upper rim tetraphosphorylated thiacalixarenes 4a—g.

All experimental details, physicochemical
properties and NMR spectra of new com-
pounds 3a—b and 4a—d are described in the
Supporting information.

2.2. X-ray analysis

X-ray molecular structure of thia-
calixarene phosphine oxide 2b was described
in [29]. X-Ray molecular and crystal struc-
tures of tetrabromothiacalixarene phosphine
oxide 3a were determined as follow. The
colorless crystals of Ci3H3,05PS4Bry are
monoclinic. At 100 K a =12.6013(3), b =
15.8302(4), ¢ = 18.1588(4) A, B =91.841(2) °,
V =3621.4(2) A3, Mr=907.58, Z =4,
space group P2,/n, d.,.=1.665 g/cm3,
wWMoK,) = 8.656 mm~!, F(000) = 1816. In-
tensities of 38594 reflections (10556 inde-
pendent, R;,, = 0.026) were measured on
the "Xecalibur-3" diffractometer (graphite
monochromated MoK, radiation, CCD detec-
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tor, w-scaning, 20,,,, = 60°). The structure
was solved by direct method using
SHELXTL package [Sheldrick GM (2008)
Acta Crystallogr Sect A A64:112-122]. The
absorption correction was performed using
the multi-scan method (T,,;, = 0.407, T, ..
= 0.711). Positions of the hydrogen atoms
were located from electron density differ-
ence maps and refined by "riding” model
with U, = nU,, of the carrier atom (n =
1.5 for methyl groups and n = 1.2 for other
hydrogen atoms). The hydrogen atoms of
hydroxyl groups are refined using isotropic
approximation. Full-matrix least-squares re-
finement against F2 in anisotropic approxi-
mation for non-hydrogen atoms (429 pa-
rameters) using 10496 reflections was con-
verged to wR2 = 0.065 (R1 = 0.028 for
91438 reflections with F > 40(F), S = 1.032).
The final atomic coordinates, and crystal-
lographic data for molecule 3a have been
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deposited to with the Cambridge Crystal-
lographic Data Centre, 12 Union Road, CB2
1EZ, UK (fax: +44-1223-336033; e-mail: de-
posit@ccde.cam.ac.uk) and are available on
request quoting the deposition numbers
CCDC 1415552.

2.3. Molecular modeling

Molecular modeling was performed using
computational facilities of the SSI "Insti-
tute of Single Crystals” NAS of Ukraine
incorporated into Ukrainian National Grid.

24. QCM experimental setup

QCM-based chemosensory device [31] de-
signed and fabricated in the Institute of
Semiconductor Physics, NAS of Ukraine
was used in our experiments on sensing
properties of thiacalixarenes. The device
consists of 8-channel QCM-based sensor
array, a working cell, gas-supplying path-
ways, a vapor injection system, an air fil-
ter-drier providing fresh dry air for purg-
ing sensors between sampling, a valve for
switching between sampling and purging
and electronics (quartz oscillators, fre-
quency counters, and interfacing with PC).
Experiment controlling and data acquisition
are carried out by means of original soft-
ware. Standard radiofrequency quartz reso-
nators (10 MHz, AT-cut, ¥8 mm) covered
with appropriable thiacalixarene sensitive
layers are used as the sensor elements.

For immobilization of the thiacalixarene
sensing layers well-proven the centrifuga-
tion (spin-coating) and the spreading drop
methods were used. Thiacalixarenes were
dissolved in chloroform at a concentration
of 1 mg per mL. The sensitive coating
thickness was adjusted by amount of solution
dropped onto sensor’s surface Testing of the
thiacixarene sensitive layers was carried out
using a single-channel QCM sensor system.
The effective mass thickness of the film cor-
responded to frequency shifts of sensors was
within 4000-4500 Hz range and
2500...8500 Hz for film thickness study.

3. Results and discussions

The eight different thiacalixarene based
sensors were collected into sensors array
that was inserted in the chemosensory de-
vice described above. The specified concen-
tration of the analyte was provided by gas
mixtures generator based on the diffusion
tube principle [32]. Acetone, acetonitrile,
butylacetate, hexane, toluene, chloroform
and ammonia were tested as analytes. All
QCM measurements were carried out under
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Fig. 1. Responses of sensors 2a, 3a, 3b, 4a,
4b, 4d, 4e on injection of high (1/2 of satu-
rated vapor pressure) concentration of ace-
tone (a) and 4a—f on injection of conse-
quently increasing concentration (500, 1000
and 2000 ppm) of toluene (b).

normal  conditions (193.15 K and

760 mmHg).

Typical kinetic responses of sensors on
injection of high (approx. one half of satu-
rated vapor pressure) and subsequently in-
creasing concentration (500...2000 ppm) of
analyte in the working cell are presented in
Fig. 1la, b respectively. One can see signifi-
cantly different shape of curves: fast re-
sponse with maximum and a successive dip
in the curve as well as a slowly increasing
response reaching some stable magnitude.

Such a behavior can be attributed to two
reasons. The first is a no-flow mode of sen-
sory system; the second is that different
functional groups of tiacalixarenes possess
different affinity features towards various
analytes. Thiacalixarene 4a and 4b demon-
strate sensitivity to acetone, acetonitrile,
ammonia and ethanol. Because compound 4a
has a more proton-accepting P=0O group
compared with 4b P=0O group, the incom-

Functional materials, 24, 4, 2017
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plete sensor recovery during purging of the
sensor cell with fresh air is likely to occur
(Fig. 1a). To obtain a full recovery it is nec-
essary to heat the sensor up to 35-40°C.
Upon heating sensor recovery occurs within
a couple of minutes even after exposure to
very high analyte concentrations (Fig. 1b).
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Responses of thiacalixarenes 1—4 sensor
arrays on injection of the analytes at a con-
centration of 1000 ppm are presented in
Fig. 2. As can be seen in Fig. 2a function-
alization of thiacalixarene lower rim with
phosphine oxide group (compounds 2, 3)
gives little effect on the sensors sensitivity.
The exception is a response of (tert-
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Fig. 4. Dependencies of the sensors (covered
with 2b and 4e thiacalixarenes) responses on
toluene (1000 ppm) injections vs. "effective”
film thickness Afﬁlm (frequency shift due to
mass of the sensitive film immobilized).

butylthiacalixarene phosphine oxide 2b on
toluene. Its sensitivity (Af = 50 Hz) is 2.5
times higher than sensitivity of teri-
butylthiacalixarene 1b and 5 times higher
than sensitivity of tert-butyl depleted thia-
calixarene la.

Introduction of the four P=0 groups at
the upper rim in most cases increases the
sensors sensitivity (Fig. 2b). This is particu-
larly evident for the binding of proton-do-
nating analytes ethanol (Af =79 Hz), am-
monia (Af =52 Hz), chloroform (Af=
82 Hz), capable of forming hydrogen bonds
with protonoaccepting P=0 groups of com-
pounds 4c¢, e, f. These compounds also ex-
hibit selectivity in binding of the analytes.
Tetraphosphine tetraoxide 4e shows the se-
lectivity ratios for chloroform-hexane, etha-
nol-hexane, ethanol-acetone of 10:1, 10:1,
and 7:1, respectively. The selectivity can be
explained by the specific Host-Guest supra-
molecular interactions between thia-
calixarenes and the analyte molecules.

The frequency shifts (Af) of the sensors
coated with sensitive thiacalixarene layers
are depended on the concentration of ana-
lytes (Fig. 3). For example, at relatively low
concentrations of acetonitrile, ethanol or
toluene their adsorption by phosphorylated
thiacalixarenes 4 has a non-linear Langmuir
shape (Fig. 3a—c) characteristic of specific
Host-Guest binding. At high concentrations,
when the thiacalixarene receptor centers are
occupied by the analyte, the adsorption has
linear Henry shape characteristic of nonspe-
cific interactions. Linear Henry shape in the
whole range of investigated concentrations
is observed for sorption of acetone by 4.
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Fig. 5. The energy minimized structures:
OH...0=P hydrogen bonded extracavity com-
plex of 4e with ethanol (A), intracavity inclu-
sion complex of 4e with ethanol (B) and in-
tracavity inclusion complex of 2b with tolu-
ene (C).

Response of QCM sensor on toluene (and
other analytes under study) sorption shows
good linearity in respect to the mass of
thiacalixarene sensitive layer (film) immobi-
lized on the transducer surface (Fig. 4). It
signifies that adsorption occurs in the bulk
of such materials. In comparison with the
layer formed by thiacalixarene tetra-
phosphine oxide 4e, the tert-butylthia-
calixarene phosphine oxide 2b layer is more
sensitive to the toluene sorption.

Thiacalixarenes layers can absorb ana-
lytes through specific supramolecular host-
guest interaction with the macrocycles or
through inclusion the analytes into porous
crystal lattice. The mode and relative ener-
gies G of the Host-Guest complexation of 4e
with ethanol and 2b with toluene were stud-
ied by molecular modeling methods
B3LYP/6-31G(d) [33-35] wusing GAUSS-
TANOQ9 [36] program.

The energy minimized structures of the
OH...O0=P hydrogen bonded extracavity
complex 4e with ethanol (A), the intracavity
inclusion complex 4e with ethanol (B) and
the intracavity inclusion complex 2b with
toluene (C) are presented on Fig. 5. The
ethanol hydrogen bonded complex (A)
(G = —11.6 kcal/mol) is preferable com-
pared to the inclusion complexes (B)
(G = -4.4 kecal/mol) and (C) (G=
—4.3 kcal/mol).

The 2b-toluene complex C is stabilized by
the specific C-H...n interaction of the
methyl groups with n-basic benzene rings of
the macrocycle and C—H... interaction of the
t-Bu groups of the macrocycle with benzene
ring of toluene.

Nonspecific sorption of the analytes may
occur through their inclusion in the voids

Functional materials, 24, 4, 2017
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Fig. 6. X-Ray molecular structure of tribro-
mothiacalixarene phosphine oxide 3a. Ther-
mal ellipsoids are shown at the 50 % prob-
ability level.

of the thiacalixarene crystal lattices (see
Supporting Information). Tribromothia-
calixarene phosphine oxide 8a existing in
the cone conformation (Fig. 6) forms porous
3D crystal lattice due to the intermolecular
O-H...0=P, O-H...O0’, C-H...O’, C-H...8,
C—-H...m, hydrogen bonds and stacking inter-
actions between the molecules. The voids lo-
cated mainly in the thiacalixarene molecular
cavities have volume 114.7 A3 of each and
occupy 3.2 % of the unit cell (Fig. 7).

The replacement of bromine atoms by
tert-butyl groups at the upper rim results in
the appreciable changing of the intermo-
lecular interaction types in the cone shaped
tert-butylthiacalixarene phosphine oxide 2b
(Fig. 8a) [29]. Only O-H...0’ and C-H..m
bonding is observed in the crystal 2b. Mole-
cules 2b form the O-H...O=P hydrogen
bonded centrosymmetric dimer shown on
Fig. 8b. Subsequently, the dimers form the col-
umns along the [1 0 0] crystallographic direc-
tion due to formation a lot of C-H...m interac-
tions. The transparent voids (Fig. 9) between
these columns have big enough size (658.0 A3)
and volume fraction (22.5 % of unit cell) for
effective sorption of the analytes.

4. Conclusions

The addition of P=O groups on the thia-
calix[4]arene macrocycle platform increases
the efficiency and selectivity sorption of
volatile compounds vapors from air at the
solid-gas interface. The sorption depends on
the number and position (upper or lower
rim) of P=0O groups on the macrocyclic
skeleton. At relatively low analyte concen-
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Fig. 7. Voids in the crystal lattice of tribro-
mothiacalixarene phosphine oxide 3a accord-
ing to X-ray diffraction data.

a)

Fig. 8. Molecular structure of tert-butylthia-
calixarene phosphine oxide 2b (a) and its
0O-H...0O=P hydrogen bonded dimer (b) accord-
ing to X-ray diffraction data. Thermal ellip-
soids are shown at the 50 % probability level.

Fig. 9. Voids in the crystal lattice of tert-
butylthiacalixarene phosphine oxide 3a in ac-
cording to X-ray diffraction data.

trations the sorption takes place according
to the Langmuir isotherm due to specific
supramolecular interactions of the analytes
with receptor centers of the thiacalixarenes.
At higher concentrations, when the receptor
centers are filled by the analyte molecules,
further sorption is nonspecific as indicated
by the Henry-type linear isotherm. Toluene
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molecule may form the intracavity inclusion
host-guest complexes stabilized by C-H...n
interactions. Extracavity complexes of pro-
ton-donating ethanol molecule can be
formed through hydrogen bonds with the
basic oxygen atoms of the peripheral P=0O
group. Nonspecific binding occurs due to
the inclusion of the analytes in the voids of
crystal lattice of thiacalixarenes. Thus
phosphorylated thiacalixarenes are promis-
ing compounds for the formation of thin
solid receptor layers on he QCM surfaces as
a basis of chemical sensors.
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