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Abstract

N-Nitrosamines are found in food, drugs, air, water, and soil. They pose a significant risk

to human health because of their carcinogenicity; consequently, materials that can be used

to selectively and sensitively detect nitrosamines are needed. In this work, we designed and
synthesized two polymers bearing calix[4]arene or 4-fert-butylcalix[4]arene tungsten—imido
complexes (PCalixH and PCalixtBu) as A-nitrosodimethylamine (NDMA) receptors. The
interaction between metallocalix[4]arene monomers/polymers and NDMA was confirmed by 1H
NMR and IR spectroscopy. Single-crystal X-ray analysis further revealed that the host—guest
interaction is based on binding of the terminal oxygen of NDMA to tungsten within the calixarene
cavity. Gravimetric detection of NDMA was performed on a quartz crystal microbalance (QCM)
in air. Both polymers show responses to NDMA, with PCalixtBu exhibiting a low theoretical limit
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of detection of 5 ppb for NDMA. The sensor also shows high selectivity toward NDMA and

moderate humidity tolerance. This work provides a sensitive sensor for detection of NDMA and
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also offers a class of new, selective, and efficient NDMA receptors for the future design of NDMA

sensors and NDMA extraction materials.
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INTRODUCTION

N-Nitrosamines are organic compounds with chemical structures of R,N-N=0. They are
known carcinogenic species, and metabolic processes create diazonium ions that lead to
mutagenic DNA damage by alkylation and in this way initiate cancer.1~* The need for
environmental sensors is underscored by the recent report of the Massachusetts Department
of Public Health’s Bureau of Environmental to A-nitrosodimethylamine (NDMA) and
childhood cancer in Wilmington, Massachusetts.? The International Agency for Research
on Cancer has also classified NDMA as a group 2A carcinogen (probably carcinogenic to
humans).® NDMA and other Atnitrosamines are unintentionally produced by disinfection
of water containing organic amines using chlorinated chemicals’ and the manufacture of
medicines8 as well as rubber and plastic.® For example, high levels of Atnitrosamines in air
(0.1-380 £g/m?3) have been found in some rubber and tire factories.1 NDMA is also found
in some foods such as cured or smoked meats!! and beers!? as a result of their preparation.

To protect the public from the potential health hazards of these species, the development of
simple and sensitive detection methods to monitor the concentration of A-nitrosamines is
desired. Over the past decades, several simple and inexpensive methods have been developed
to enable the detection of ppm to sub-ppb levels of NDMA.413-17 These methods include
chemiresistor sensors and photo/electrochemical spectroscopy. For example, chemiresistors
for the selective detection of ppb levels of NDMA in air were created using a cobalt(l11)
tetraphenylporphyrin selector.1 Anzenbacher and co-workers developed cucurbit[]uril
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(CB[)) fluorescent probes that allowed the detection of NDMA in water.13 Wen and co-
workers achieved sub-ppb detection of NDMA and A-nitrosodiethylamine (NDEA) using a
surface-enhanced Raman scattering technique.18 These examples provide valuable platforms
and strategies for nitrosamine detection. However, sensitive, simple, and cost-effective
detection modalities of nitrosamines are still limited. The quartz crystal microbalance
(QCM) is a sensitive acoustic sensing technique that can detect nanogram to microgram
mass changes per unit area.18-22 Acoustic sensors such as QCM and related surface acoustic
wave devices provide fast, reliable, and real-time responses to analytes.23-25 Combining the
highly sensitive nature of QCMs and selectivity of a material toward nitrosamines provides a
new approach to nitrosamine detection.

Innovations in materials science have opened the door for sensitive detection of
nitrosamines. Currently, materials containing specifically designed receptors or selectors

to interact with nitrosamines are rare. Calix[4]arenes are well-established supramolecular
scaffolds, and derivatives have demonstrated binding of smaller molecules and ions.26-31
The parent calix[4]arene structure is flexible, and the phenol subunits can rotate to form four
possible conformations: cone, partial cone, 1,2-alternate, and 1,3-alternate. To rigidify the
structure, Corazza et al. and we have applied a tungsten cap structure, Corazza et al. and

we have applied a tungsten cap that enforces a cone structure to create a preorganized and
highly restricted cavity.32-35 Additionally, the five-coordinate metal center provides Lewis
acidity within the cavity defined by the cone, which has high affinity for Lewis bases such
as dimethylformamide and dimethyl sulfoxide.33:34 The terminal oxygen of nitrosamines is
partly negatively charged as a result of the zwitterionic resonance structure.* Therefore, we
targeted tungsten-capped calix[4]arenes as nitrosamine receptors. Polymer materials usually
have better film-forming properties than small molecules. The incorporation of tungsten-
capped calix[4]arenes into polymers could facilitate the production of optimal coatings for
QCM analysis.

Herein we report the design and synthesis of two polymers by ring-opening olefin
metathesis polymerization (ROMP) of norbornyl monomers containing calix[4]arene or
4-tert-butylcalix[4]arene tungsten—imido complexes. The interaction between monomers and
NDMA was revealed by *H NMR and single-crystal X-ray analyses. The tungsten-capped
calix[4]arene binds NDMA through the interaction between the oxygen of NDMA and
tungsten. Theoretical calculations revealed that the 4-fert-butylcalix[4]arene tungsten—imido
complex shows stronger binding to NDMA than the calix[4]arene tungsten—imido complex.
1H NMR and infrared (IR) spectra further confirmed that the ROMP polymers bearing
tungsten-capped calix[4]arenes can also bind NDMA. The NDMA gravimetric detection
capabilities of the polymers were evaluated using a QCM in air. The theoretical limit of
detection of NDMA in air is about 5 ppb for PCalixtBu, which is exceptional for such a
simple and inexpensive detection method. Furthermore, the sensor shows high selectivity
toward NDMA and retains a high response to NDMA in humid air. Our work not only
provides a sensitive sensor for detection of NDMA in air but also demonstrates new,
selective, and efficient NDMA receptors for future designs of NDMA sensors and/or NDMA
extraction materials.

JAm Chem Soc. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 4

RESULTS AND DISCUSSION

The synthesis of ROMP polymers is shown in Scheme 1. Calixarene monomer 2 was
synthesized according to a known procedure,3¢ and compound 1 was synthesized in a similar
way. The ROMP reaction was catalyzed by the Grubbs third-generation catalyst, and the
characterization of the polymers is summarized in Table 1. A molecular weight of 56.6 kDa
was obtained for PCalixH, and that of PCalixtBu is 63.2 kDa. The two polymers exhibit
good solubility in common solvents such as dichloromethane, tetrahydrofuran, chloroform,
and toluene (solubility > 10 mg/mL). Both polymers show high decomposition temperatures
(>405 °C with 5% weight loss under nitrogen; Figure S1).

The interaction of the two monomers with NDMA was confirmed by 1H NMR spectroscopy,
wherein a new set of peaks attributed to the corresponding complex arose upon addition

of NDMA (Figures 1 and S2). *H-1H nuclear Overhauser effect spectroscopy (NOESY)

of the mixture of 1 and NDMA was performed (Figure S3b). Space correlations between
protons H, and Hy, of bound NDMA and H. and Hy of 1 were observed. The exchange

of free and bound NDMA was also observed by 1H-1H exchange spectroscopy (EXSY)
(Figure S3c). These results confirm that the peaks at 0.67 and 2.14 ppm are from bound
NDMA. The binding ratio was determined to be 1:1 for both monomers and NDMA. The
binding constants for the two monomers and NDMA are difficult to accurately determine
because of competition for the binding site by residual water in the solvents. Nevertheless,
the binding between the monomers and water is weaker than that between the monomers
and NDMA, as will be discussed later. Crystals of model compound 3 and NDMA obtained
by slow evaporation of a dichloromethane/hexane solution of NDMA and 3 (Table S1) were
suitable for X-ray structure determination. NDMA in the cocrystal is disordered over two
positions (Figure 2a). The cavity of 3 perfectly fits an NDMA molecule. As expected, each
host molecule binds one NDMA molecule through a Lewis acid—base interaction between
the tungsten and the terminal oxygen of the A-nitrosamine. The distances between the W
atom and the oxygen atoms of the two disordered NDMA molecules are 2.264 and 2.245

A, respectively, which are much shorter than the sum of the van der Waals radii of W

(~2.1 A) and O (~1.4 A) atoms.3” This result indicates the strong interaction between the
metallocalixarene and NDMA. Upon binding, the bond lengths of NDMA change slightly:
the N—-N bond shortens from 1.320 to 1.282 A, and the N=0 bond elongates from 1.260 to
1.286 A (Figure 2b).38 The results suggest a significant contribution of the dipolar resonance
structure of NDMA (Figure 2c) in the complex.

To further reveal the binding properties of the monomers and NDMA, density functional
theory (DFT) calculations were performed on the model molecules. According to the
simulated molecular model, the cavity of 4 accommodates NDMA despite the presence of
the bulky #Bu groups (Figure S14b). The binding energies for complexation of NDMA were
estimated to be 32.9 kcal/mol for 3 and 34.8 kcal/mol for 4 (Figure S14). The higher binding
energy between 4 and NDMA may result from the van der Waals forces between the methyl
groups of NDMA and the Bu groups of 4. The binding energies between 3 or 4 and a single
water molecule are 30.6 and 31.1 kcal/mol, respectively, which are lower than the values

for NDMA. These theoretical results reveal that the binding of the metallocalix[4]arenes
with NDMA is stronger than that with water. Additionally, the bond length changes for
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bound NDMA are consistent with those in the single crystal (Figure 2b). For the 3-NDMA
complex as an example, the N-N bond shortens from 1.328 to 1.277 A, and the N=0 bond
elongates from 1.223 to 1.254 A.

The strong binding between the metallocalixarene monomers and NDMA is expected to

be conserved in the polymers. We performed 1H NMR and IR analyses, which confirmed
this hypothesis. For PCalixH, precipitation was observed when NDMA was added to the
polymer solution in CD,Cl,, which prevented collection of 1H NMR signals for the polymer
(Figure S4). A new IR peak at 1316 cm™1 arose when PCalixH was mixed with NDMA
(Figure 3a). This peak is attributed to the overlapping wy-n and vy=o stretching vibrations
of bound NDMA, and this result is consistent with those for other A-nitrosamine—metal
complexes.3%-42 Additionally, the IR spectrum of the PCalixH-NDMA complex inherits
almost all of the characteristic peaks of PCalixH, indicating that the precipitation of PCalixH
with NDMA is not the result of decomposition. The decrease in solubility of PCalixH is
physical in nature, and the reason remains unknown. The interaction between PCalixtBu and
NDMA was confirmed by 1H NMR spectroscopy, where two new broad peaks at 0.71 and
2.03 ppm attributed to the PCalixtBu-NDMA complex was observed (Figure S5). IR spectra
further confirmed the binding. A peak at 1325 cm™1 attributed to the overlapping w_y and
w =0 Stretching vibrations of bound NDMA was observed for the complex (Figure 3b).

We evaluated the NDMA sensing performance of the two polymers using a QCM. The
sensing setups are shown in Figure S6. The polymers were drop-cast on QCM resonators
(Figure S7). The response was defined as ( i — H/( fo — ) x 100%, wherefy is the
fundamental oscillation frequency of a QCM quartz crystal, £ is the frequency after material
deposition on that crystal and fis the frequency of the film coated crystal measured during
the sensing experiment. All of the sensing traces were recorded in air (relative humidity
(RH) ~ 5%) with an exposure time of 6 min. The responses of PCalixH and PCalixtBu

to 5 ppm NDMA were 0.134 + 0.013% and 0.595 + 0.178%, respectively (Figures 4a

and S8). The higher sensitivity of PCalixtBu to NDMA is consistent with the higher

binding energy of NDMA with the model molecule 4 than that with 3. Furthermore, the
Brunauer—-Emmett-Teller (BET) surface area of PCalixtBu is 91 + 24 m2/g, which is higher
than that of PCalixH (32 + 16 m2/g) (Table 1 and Figure S9). A higher surface area can
promote the interaction between the metallocalix[4]arene moiety and NDMA. The pore size
distributions of both polymers are broad, ranging from 1 nm to >25 nm (Figure S9b,d).

We further evaluated the NDMA sensing performance of PCalixtBu because of its higher
response to NDMA. The response of PCalixtBu to NDMA changes linearly with the NDMA
concentration from 100 ppb to 10 ppm (Figure 4c). The limit of detection was calculated to
be about 5 ppb (see the Supporting Information for details).*344 The value is similar to the
reported performance of simple and inexpensive NDMA sensors in air.14

The sensor based on PCalixtBu also showed high selectivity toward NDMA and retained

a high response to NDMA in humid air. The responses of PCalixtBu toward 50-150

ppm levels of other volatile organic compounds (VOCs), including hexane, benzene,
tetrahydrofuran (THF), ethyl ether (Et,0), methanol, ethanol, acetone, ethyl acetate (EA),
acetonitrile, triethylamine (EtzN), and the nitrosamine precursor diethylamine (DEA),45-49
were much lower than the response to 10 ppm NDMA (Figures 4d and S10). The
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concentrations of common VOCs in ambient air are usually lower than 100 ppb.59-52 We
measured the responses of PCalixtBu to some representative VOCs at 100 ppb. PCalixtBu
did not show any observable responses (Figure S11). In comparison, the response of
PCalixtBu to 100 ppb NDMA was 0.026 + 0.004% (Figure 4b). This indicates that the
selectivity of PCalixtBu to NDMA remains high at a low concentration. In some rubber
and tire factories, the concentration of NDMA was found to be as high as 140 zg/m?3

(1 tg/m3 NDMA = 3 ppb NDMA).10 The PCalixtBu-based sensor could potentially be
used in monitoring the NDMA concentration in those factories that may emit a high
concentration of NDMA.. Extremely high concentrations of interfering VOCs may influence
the determination of NDMA concentration. In this case, a sensor array with the PCalixtBu-
based sensor and other complementary recognition elements could be incorporated to
differentiate VOCs and determine the concentration of NDMA.

PCalixtBu is also responsive to larger A-nitrosodialkylamines such as NDEA and A-
nitrosodibutylamine (NDBA), but the responses are lower than that to NDMA (Figure
S12a). This may result from the larger size of NDEA and NDBA, which may prevent them
from optimally interacting with the Lewis acidic tungsten center within the cavity of the
metallocalix[4]arene. Size-match effects can also be used to explain the higher response of
PCalixtBu to DEA than to EtgN on the basis of the smaller size of DEA. Overall, the Lewis
acidic metal center and the restricted cavity of the tungsten-capped calix[4]arene are the
keys to achieving such high selectivity. The response to NDMA decreases from 1.05 to 0.42
with an increase in relative humidity from ~5% to ~78% (Figure S12b). The response in the
air with a high RH of 78% is still high, revealing the promising applications of the sensor in
the real world.

CONCLUSION

We have developed a new class of nitrosamine receptors based on calix[4]arene
tungsten—imido complexes. The interaction between the calix[4]arene tungsten—imido
complexes and NDMA was revealed by 1H NMR, IR, and single-crystal X-ray analyses.
Gravimetric detection of A+nitrosodialkylamines was achieved using a QCM. The polymers
based on the receptors show high sensitivity and selectivity toward NDMA. A theoretical
limit of detection of 5 ppb for NDMA was achieved in air. The sensor also retains relatively
high sensitivity to NDMA in humid air. This work provides a new, fast, and cost-effective
sensing modality to detect NDMA in air using the QCM gas sensor. The materials reported
here can also be used broadly in the design of materials for detection and extraction of
nitrosamines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Synthesis of ROMP Polymers Bearing Tungsten-Capped Calix[4]arenes
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Figure 1.
1H NMR spectra of NDMA, 1, and their mixture in CD,Cl,. Signals from the 1-NDMA

complex are marked with black and red stars to indicate the resonances from 1 and NDMA,
respectively.
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Figure 2.
(a) Cocrystal structure of model molecule 3 and NDMA. Thermal displacement ellipsoids

are shown at 50% probability (carbon, gray; hydrogen, white; oxygen, red; nitrogen, purple;
tungsten, cyan). (b) Selected bond lengths (in A) of free NDMA and bound NDMA from
single-crystal data (in parentheses) and theoretical calculations for the 3-NDMA complex.
(c) Resonance structures of NDMA.
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Figure 3.
IR spectra of (a) NDMA, PCalixH, and their complex and (b) NDMA, PCalixtBu, and their

complex in the solid states. The complexes were prepared by mixing ROMP polymers with
NDMA in CH,Cl,. The IR spectral data for NDMA were taken from ref 14.
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Figure 4.
(a) Response of PCalixH and PCalixtBu to NDMA (5 ppm). (b) Sensing traces of PCalixtBu

with NDMA concentrations from 100 ppb to 10 ppm (third overtone). (c) Linear fit of
the concentration-dependent response of PCalixtBu. (d) Response of PCalixtBu to VOCs.
All of the sensing experiments were performed in air with a relative humidity of ~5%.
The exposure time was 6 min. The error bars were calculated from three independent
measurements.
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Table 1.

Characterization of ROMP Polymers

polymer M, (kDa) PDI T4q(°C) BET surface area (m?g)
PCalixH 56.6 1.26 425 3216
PCalixtBu 63.2 1.14 405 91+24
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