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Introduction

Multipurpose made colorimetric materials for
amines, pH change and metal ion detectiont
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Christopher M. Pask,? Michaele J. Hardie, ©2° Martin A. Mosquera,®
George C. Schatz {2° and Natalia N. Sergeeva (2 *2¢

Sensors are routinely developed for specific applications, but multipurpose sensors are challenging, due to
stability and poor functional design. We report organic materials that operate in solution and gas phase.
They show a strong response behaviour to at least three types of environmental changes: pH, amine and
metal ion binding/detection. We have confirmed and validated our findings using various analytical and
computational methods. We found that the changes in polarity of the solvent and pH not only red shift
the tail of the absorption spectra, but also extend the peak optical absorption of these structures by up
to 100 nm, with consequential effects on the optical gap and colour changes of the materials. Acid—base
response has been studied by spectrophotometric titrations with trifluoroacetic acid (TFA) and triethyl
amine (TEA). The experiments show excellent reversibility with greater sensitivity to base than acid for all
compounds. Analysis into metal sensing using Zn(i) and Cu(n) ions as analytes show that the materials
can successfully bind the cations forming stable complexes. Moreover, a strong suppression of signal
with copper gives an operative modality to detect the copper ion as low as 2.5 x 107% M. The formation
of the metal complexes was also confirmed by growing crystals using a slow diffusion method;
subsequent single crystal X-ray analysis reveals the ratio of ligand to metal to be 2 to 1. To test sensitivity
towards various amine vapours, paper-based sensors have been fabricated. The sensors show
a detection capability at 1 ppm of amine concentration. We have employed CIE L*a*b* colour space as
the evaluation method, this provides numeric comparison of the samples from different series and
allows comparison of small colour differences, which are generally undetectable by the human-eye. It
shows that the CIE L*a*b* method can assess both sensitivity to a particular class of analytes and
a specificity response to individual amines in this subclass offering an inexpensive and versatile
methodology.

change they undergo is irreversible. Moreover, there is an
increasing demand to develop sensing assays based on mole-
cules which can detect more than just one type of analyte.>'® Of

Chemosensors are of paramount importance as they are a key
monitoring tool in biology, medicine, environmental, and
health & safety applications.™” Optical sensors are of particular
relevance as they are generally cost-effective and easy to use.
They have been developed for many different analytes® and work
in solution and gas phases.*® However, many sensing materials
work as chemical probes rather than as sensors as the chemical

“School of Chemistry, University of Leeds, LS2 9T, UK. E-mail: n.sergeeva@leeds.ac.uk
*Department of Chemistry, Northwestern University, Evanston, 60208 Illinois, USA
°School of Material Design and Engineering, Beijing Institute of Fashion Technology,
100029 Beijing, China

“Department of Chemistry and Biochemistry, Montana State University, Bozeman,
59717 Montana, USA

“The Leeds Institute of Textiles and Colour, University of Leeds, Leeds, LS2 9]T, UK
T Electronic supplementary information (ESI) available. CCDC 2086265-2086272.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d1ra07811a

2684 | RSC Adv, 2022, 12, 2684-2692

particular interest to human health, environment and food is
sensing of heavy metals, amines and pH. Important analytes,
for example, copper is the third most abundant element in the
human body, and it plays a critical role in our neurological
health."*** The concentration of copper in the brain is around
0.1 mM." However, if accumulated above a certain level, it can
become a hazard leading to serious health diseases e.g. Alz-
heimer's disease and Wilson's disease.”*™ Commonly used
methods for the detection of heavy metals include atomic
absorption spectroscopy, inductively coupled plasma mass
spectrometry, high-performance liquid chromatography
(HPLC), and electrochemical methods.>**>* Although these
techniques are reliable, other factors such as high-cost, time
consuming, special sample preparation and trained personnel
prompt the development of colorimetric assays.” Thus, a range
of molecular probes based on fluorescence/colorimetric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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detection have been designed for Cu(u) detection for biological
and environmental systems.***> However, some drawbacks
remain regarding synthesis of these complex structures.

Ammonia and organic amines are an important sensing
target as they are involved in many industrial chemical
processes. Their detrimental contribution towards many envi-
ronmental® and health?* issues are well known. Also, as amines
have been produced by bacteria as a part of their life-cycle, they
can contribute to human health condition®*?*® and affect the
food quality.’” Typical methods for a gas detection include
HPLC and gas chromatography techniques;***° however, they
are labour and time consuming.** Therefore, several types of
sensing materials based on fluorescent probes, nanofibers,
films of ZnS/PTCDA and TiO,/porphyrin with various detection
limits and reversibility have been developed.**-**

Polydentate hydrazones are conformationally flexible
ligands, and their structural features display versatile behaviour
in metal coordination. For this study, we have chosen
compounds 1-3 as they have several structural advantages
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Fig. 1 Compounds 1-3 and their proposed behaviour in acid—base
media (top). Crystal structures of the protonated compounds 1-3 and
their crystal packing arrangement (presented with non-hydrogen
atoms displayed): [1-H]H+; [2-OMe]H+; [3-OCF3]H+ (bottom).
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(Fig. 1). These compounds are perfectly suited for chemo-
sensing applications such as pH probes, due to their donor-
bridge-acceptor structural format. The presence of lone pairs at
the nitrogen atom can influence different conformations
adopted by the molecule. Therefore, the spectral shift, intensity
or shape change can be attributed to specific solute-solute and
solute-solvent interaction, which can also benefit sensing.
There are other factors that make compounds 1-3 interesting
examples such as: easy synthesis, good solubility, easy purifi-
cation, stability, tendency towards crystallinity and a use of
cheap precursors. In addition, simple structural modifications
allow a tuning of the photophysical properties.

Results and discussion
Protonation, pH response and amine sensing

Compounds 1-3 have been prepared in a high yield (73-93%) as
brightly coloured materials starting from the corresponding
hydrazine and 2,6-diacetylpyridine in EtOH as reported by us
previously.** The structures shown in Scheme 1 comprise of two
electron donating phenyl rings and derivatives thereof (H,
OCH3;, OCF3), joined to the electron withdrawing pyridyl (Py)
unit via methyl substituted hydrazo bridges. Due to their
nature, the compounds should behave differently in basic or
acidic environments. In a solution, the derivatized arms have
a widely separated conformation, possibly exacerbated by the
electrostatic forces e.g. van der Waals, steric hindrance of the
internal aromatic protons, electronic repulsion of N-lone pairs
etc. In acidic environment (pH < 7), the central nitrogen atom of
the Py unit can datively bind to free protons, and in such cases,
brings the arms together into a closer vicinity to each other in
a tweezer like fashion (Fig. 1 (top)). The change in structure is
expected to alter the absorption properties.

To confirm the protonation site(s), the crystals of 1-3 have
been obtained by solvent diffusion method using CHCl;-EtOH-
ether solvent system in the presence of HCI or HClO,. Based on
crystallographic data, the protonation of nitrogen at the Py-ring
occurs for all compounds (Fig. 1 (bottom)). Further analysis of
the full crystal packing reveals a possibility of aggregochromism
in 2-OMe and 3-OCF;, which can explain bright colours of these
compounds in the solid form. It seems that a tweezer-like shape
favours a head-to-tail arrangement of the molecules observed
for compound 2-OMe, where the ordered array is evident. Such
behaviour can be a reason for a bright colour noticed in 2-OMe
due to the formation of J-aggregates and a potential enhance-
ment of the optical properties. Such convenient arrangement in
2-OMe gives rise to other interesting feature, namely, polar
crystal packing. Similarly, crystal packing of 3-OCF; shows the
molecules are aligned in pairs through the interaction of OCF;-
group and NH-NH fragment in a distorted ‘head-to-tail’
fashion.

To test their potential as acid-base sensors, spectrophoto-
metric analysis has been carried out (Fig. 2A). UV-vis absorption
spectra of 1-3 in EtOH show two bands in the UV region of 304~
358 nm with the absorption maxima in the range of 334-355 nm
(Fig. 2B). The shape of the absorption spectra for the
compounds does not change significantly with solvent polarity.

RSC Adv, 2022, 12, 2684-2692 | 2685
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Fig. 2 (A) Protonation and deprotonation processes of 1-H, 2-OMe and 3-OCF3 and their ‘'ON’ (pH < 7) and ‘OFF’ (pH > 7) states. (B) UV-vis

spectra of deprotonated "OFF" and protonated "ON" forms. (C) Spectrophotometric reversible titration of 3-OCF3 with TFA and TEA. Summary of
acid—base behaviour for 1-H, 2-OMe and 3-OCF3 in the presence of (D) TEA and (E) TFA.

A shift of about 12 nm of the position of the main band is
observed for 2-OMe in AcCN and 3-OCF; in DCM (Table 1).

A slight difference with the DCM solvent to that of the EtOH
and AcCN, is likely due to its lower dielectric value and slight
acidic nature. The spectrum of protonated [1-H]JH" shows a shift
to longer wavelength, with a broad shoulder of up to 600 nm
and contains two additional low intensity peaks, centred at
415 nm and 492 nm.

The absorption spectra for the other protonated compounds
[2-OMe]H" and [3-OCF;]H" show similar characteristics to those
of the [1-H]H", except there are differences in intensities of the
250 nm peak (Table 1 and Fig. 2B). The pH response was studied
upon addition of trifluoroacetic acid (TFA) (0.15 eq., 0.002 mL of
3.45 x 10~ M) to solutions of compounds 1-3 in ethanol (2.3 x
10~ M). The presence of an isosbestic points in the absorption
spectra of compounds 1-3, suggests the coexistence of two
different species, which is associated with the protonation of
the pyridine-nitrogen.

All compounds display a remarkable colour change from
colourless to yellow (1-H), burgundy (2-OMe) and orange (3-
OCF;) at acidic pH detectable by naked-eye. Fig. 2C shows an

Tablel UV-visdata of the dyes1-3in EtOH, DCM, AcCN and acidified
EtOH

Amax EtOH  Anax DCM Amax ACCN  Anay EtOH (H)
1-H 294, 334 302, 344 300, 346 348, 415, 492
2-OMe 304, 344 318, 355 315, 347 309, 361, 440, 517
3-OCF; 293,331 311, 337 306, 344 307, 345, 407, 481

2686 | RSC Adv, 2022, 12, 2684-2692

example of acid-base behaviour for the 3-OCF; sample. The
reversibility of the protonation process for these compounds
has been tested by the reverse titration with triethylamine (TEA)
solution (0.15 eq., 0.002 mL of 3.45 x 10> M) shown in Fig. 2D.
This process can be carried out back and forth numerous times
(Fig. 2D and E). Based on the data in Fig. 2D and E, the
compounds have higher sensitivity towards base than acid, and
their response can be detected with 0.15-0.3 eq. analyte added.
Moreover, all compounds work on the equimolar scale.

We have also fabricated a paper-based colorimetric naked-
eye sensor to test the materials ability to detect various amine
vapours. Currently, general design of the amine sensors is
based on Schiff base motif, where a change in fluorescence
response can be detected.******** In contrast, our method is
based on the interactions between amine vapours and the
conjugated acids [1-H]JH+ of the small molecules 1-3 allowing
rapid detection using colorimetric approach. Moreover, the
reversibility of these interactions can also be achieved offering
inexpensive, sensitive, and rapid analytical technology.

We have tested TEA, ethanolamine (EtA), aniline and
ammonia at 1 ppm and 5 ppm concentrations. The materials
response selectively to amines but not alcohols. For example,
a naked-eye detectable colour change can be observed in the
presence of EtA but not in the presence of EtOH or MeOH
vapours. Colour characterisation has been carried out using CIE
L*a*b* colour space, which is the standard method of numeric
colour expression developed by the Commission Internationale
de I'Eclairage® in 1976 and commonly used today.*® The colour
of a sample is specified by three coordinates (L*, a* and b*) and
can be approximated in 3D-space. L* is lightness that nominally

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ranges from 0 (black = total absorption) to 100 (diffuse white),
a* axis represents green (—ve) to red (+ve) values, and b* axis
runs from blue (—ve) to yellow (+ve) values. The indicator stripes
were prepared by previously reported methodology.** Colour
measurements were carried out using portable a Datacolor
CHECK3 instrument with a standard CIE illuminant D65
(daylight) at 10° observer angle. Prior measurements, the
instrument was calibrated against white and black standard
plates. The measurements were taken in triplicates and mean is
reported.

Since Martinez et al.’” introduced microfluidic paper-based
devices in 2007, many studies have been carried out utilising
colorimetric methods.*® However, output data strongly depends
on readout devices e.g. digital camera, smartphone and their
light source. Soda et al. provided a way to treat experimental
data consistently, which can allow cross-comparison of various
samples, their method is based on utilising RGB model.** In
contrast to RGB and CMYK models, CIE L*a*b* mimics human
perception of colour and is designed to record small colour
changes, uniformly. Therefore, it can provide an efficient,
accurate and reproducible way to compare individual samples.

The L*a*b* data for the three paper sensors before and after
being exposed to amine vapours is summarised in Table 2 (for
1 ppm of amine) and in ESI Table S17 (for 5 ppm of amine).

The results show a drastic change in a* and b* values and
noticeable change in L* for all samples. Detailed contributions
of individual values on overall colour can be visualised through
constructing 3-D colour space and the corresponding projec-
tions. Colour can be presented as ‘a point’ in 3-D space, and
Fig. 3 shows 3-D colour coordinates for all 1 ppm-samples.

The total difference (dE) between any two colours can be
treated as the distance between the two ‘points’ as illustrated in
Fig. 3, and dE is calculated by the following equation:

dE = (dL? + dd? + db?)'7

The total colour differences of the stripes coated with
compounds 1-3 before and after the exposure to amine vapours
are shown in Table 3. Distinct colour changes are evident for all
the samples indicating strong response to amine vapours.

The OMe-sensor shows excellent response to amine vapours
with a higher sensitivity for TEA, EtA and ammonia followed by
OCF;. Both OMe- and OCF;-sensors show lower response to
aniline. In contrast, H-sensor shows a strong response (dE = 10)
at concentrations with no preferences to the amines. dE is
a good parameter to evaluate the response to an analyte, and
therefore, the sensitivity; however, it may not be used to
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Fig. 3 CIE L*a*b* colour space and its projections for H-, OMe- and
OCFs3-series.

evaluate the specificity/selectivity, especially, if the dE value
range between several analytes is narrow. A more detailed look
at the corresponding projections (a*,h*), (a*,L*) and (b*,L*) can
provide information on the specificity towards individual amine
vapours. For H-series (red-magenta) and OCF;-series (green),
the response to TEA and EtA is very similar revealing low
separation between the coordinates, and therefore, specificity,
largely due to similarly affected a*-parameter. The total differ-
ence dFEges tea between EtA and TEA for H-series and for OCF;-
series are 0.28 and 0.67, respectively, which means colour
differences between the two samples cannot be detected by
naked-eye (dE < 1). In contrast, the response of OMe-sensor to
amines is well defined with dEg¢a tea = 3.74. Interestingly, OMe-
sensor shows well separated L*a*b* values for all amines, which
makes it a potential candidate in the identification of amine
vapours.

Metal ion binding and selectivity

Zinc and copper are the second and the third most abundant
metal ions in the human body, after iron(u), playing a crucial
role in biological processes. Moreover, zinc(u) is just slightly
larger than copper(i1) making it a legitimate challenge to test the
selectivity and sensitivity of compounds 1-3 as a metal ion
sensor.

Initial naked-eye tests have revealed a selective colour
change for the neutral form of 1-3 with Cu(u) ions; whereas no

Table 2 Changes in CIE L*a*b* values recorded for 1 ppm of amine vapours

Control stripes 1-H a* 8.0 b* 9.96 L* 90.55

2-OMe a* 14.64 b* 14.54 L* 76.35

3-OCF3 a* 7.58 b* 12.71 L* 89.29

TEA a* —0.65 b* 5.37 L* 93.41
EtA a* —0.72 b* 5.10 L* 93.41
Aniline a* —0.86 b* 6.73 L* 93.33
NH; a* —0.31 b* 8.01 L* 92.73

© 2022 The Author(s). Published by the Royal Society of Chemistry

a* 1.53 b* 6.83 L* 90.96

a* —1.45 b* 5.39 L* 92.70
a* 9.53 b* 11.77 L* 80.20
a* —0.27 b* 8.35 L* 92.50

a* —0.16 b* 1.03 L* 94.45
a* —0.61 b* 1.36 L* 94.08
a* 2.77 b* 5.50 L* 92.30

a* —0.81 b* 3.02 L* 94.23

RSC Adv, 2022, 12, 2684-2692 | 2687
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Table 3 dE values for H, OMe and OCF3-series as a response to amine
vapour

Series EtA TEA Aniline NH;

H 10.38 10.20 9.83 8.81
OMe 24.70 21.09 6.97 22.84
OCF; 14.79 14.93 9.17 13.74

colour change is observed for Zn(u) ions detection in pH > 7. A
series of the spectrophotometric titrations has been carried in
the presence of Cu(u) and Zn(u) ions to assess the detection
sensitivity of compounds 1-3 (Fig. 4A-C). A decrease of the main
peak (ca. 330-340 nm) and the appearance of a new shoulder
between 400-500 nm are visible upon the gradual addition of
Cu(ClO,),-6H,0 in EtOH/water solution (Fig. 4A-C).

In all cases, an isosbestic point has been observed during the
titrations of 1-3 with Cu(u) ions, which confirms the formation
of a Cu-complex through the coordination with the hydrazo-N
and Py-N atoms. This leads to a drastic colour change, which
is also detectable by the naked eye. 2-OMe (344 nm) is highly
sensitive towards Cu(u), detecting the concentration of 2.5 X
107° M (0.15 eq.), where the World Health Organization (WHO)
states the allowable trash-hold level of copper(u) ions in
drinking water to be 1.3 mg per L or 2.05 x 10> M.* (Fig. 4D)
This is closely followed by 1-H and then 3-OCF;. A very slight
change in [A/A,] value is observed after 0.5 eq. of Cu(u) is added
suggesting formation of a 1 : 2 complex (Fig. 4D).

In contrast to Cu-ion sensing, the titration of 1-3 with Zn(u)
ions on the equimolar scale does not lead to a substantial
change in UV-vis spectra. However, a change is detectable upon
the titration of 2-OMe with a solution of Zn(ClO,), in EtOH. As

°
o
@
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shown in Fig. 4E, a decrease in the absorption intensity is
observed at 305 nm and 344 nm respectively, similar to the
response to Cu-ions, and a new shoulder develops at 470 nm. A
presence of a clear isosbestic point suggests the formation of
a metal complex. In contrast to this, 1-H and 3-OCF; do not
show drastic changes in the presence of Zn(u) ions (Fig. 4D, in
black for 2-OMe at 344 nm), and this has also been confirmed by
a naked-eye test.

Crystal structure of compounds 1-3 an their Cu(u) and Zn(u)
complexes

To prepare copper and zinc complexes several ligand-to-metal
ratios e.g. 1:1,2:1 and 3 : 2 have been probed. However, the
formation of the complexes only with the ligand-to-metal ratio
of 2 : 1 have been observed (Fig. 5). These data fit well with the
results of ligand-metal interactions detected in the experiments
carried out in the solution. The corresponding metal complexes
of Cu(u) and Zn(u) have been prepared via a solvent diffusion
method and their structures including a ligand-metal ratio
have been resolved by X-ray analysis (Fig. 5).

Cu-H crystallised as brown blocks in a monoclinic cell and
was solved in the P2, space group, with three cations, six ClO,
counter-ions and one molecule of water in the asymmetric unit.
Cu-OCF; crystallised as brown fragments in a monoclinic cell
and was solved in the C2/c space group, with half a cation and
two half perchlorate anions in the asymmetric unit. Disorder
was observed around both perchlorate anions. Oxygen atoms
were modelled at 50% occupancies and Cl-O distances
restrained to 1.410(5) A. Cu-OMe crystallised as brown plates in
an orthorhombic cell and was solved in the Fddd space group,
with a quarter of a cation and half a perchlorate counter-ion in
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Fig. 4 (A—C) Individual UV-vis spectral response of compounds 1-3 (2.3 x 10> M) to Cu(i) ions (0.15-1.50 eq.) with photographs of naked-eye
colour change observed. (A) 1-H, (B) 2-OMe, (C) 3-OCF3. (D) A comparative detection sensitivities of compounds 1-3 at 2.3 x 107> M to Cu(i)

and Zn(i) ions at the concentration range of 2.3 x 107°® M to 2.3 x 10~

Zn(i) ions (0.15-75 eq. vs. 2-OMe).
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5 M. (E) UV-vis spectral response of compound 2-OMe (2.3 x 107> M) to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structures of Cu(i) complexes determined by X-ray analysis. Pictures
are presented with non-hydrogen atoms displayed.

the asymmetric unit. Some mild disorder was observed at the
perchlorate counter-ion, with one oxygen atom being modelled
at 50% occupancy and all thermal parameters being restrained.

We have had less success to grow the crystals in the presence
of Zn(u) salts; both Zn(ClO,), and ZnCl have been tested. This
fact correlates well with the results observed in the solution,
where a low affinity to Zn(u) ions is observed with 1-H being the
least sensitive. Furthermore, the analysis of our structures
indicates that average in-plane Zn-N distance (2.32 A) is only
about 1% longer than the corresponding Cu-N distance (2.30
A). It is known that average in-plane Zn-N distances in organic
molecules (porphyrins/phthalocyanines) are 3% longer than
ones observed for Cu-N bonds, which is necessary to accom-
modate slightly bigger Zn atom (compared to a Cu) into organic
core.”* This is attributed to the differences in 3d electronic
configuration and slightly higher reactivity of Cu comparing to
Zn.

Taking this knowledge into account, as well as crystal data
obtained for our complexes, it can be concluded that the ZnNg
core is distorted and has just enough space to accommodate
a central 3d atom. In turn, the CuN, core in our complexes has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nearly perfect octahedral arrangement indicating no strain on
Cu-N bonds. All these facts point out that the formation of Cu
complexes with these ligands is more likely (and energetically
favourable) than the formation of respective Zn(i) complexes,
and also explains the ligand selectivity towards Cu(u) in the
solution.

Theory

The frontier molecular orbitals for the ligands are presented in
the ESIT (Fig. S13-15). Briefly, the wavefunction that shows the
lone pairs responsible for the dative bonding to the metals are
not in the HOMOs, but rather in the HOMO-2 for 1-H and 3-
OCF; and HOMO-3 for 2-OMe.

The lone pairs have an energy stabilization with respect to
the HOMO level in each of the ligands of AE = 1.59 eV (1-H),
1.79 eV (2-OMe) and 1.49 eV (3-OCF3). Upon protonation, the
wavefunction localizes around the end groups. The spin density
difference plots of the three copper complexes are shown in
Fig. S167 and reveal the unpaired electron for each sitting in
a d,> like orbital. To further understand the bonding of the
complexes, bond order analysis was computed with density
functional theory (DFT). Three common formalisms were used,
the Mayer, Gopinathan-Jug (G-J) and the first Nalewajski-
Mrozek (N-M1).

Fig. 6A shows the bond orders for the dative metal-nitrogen
bonds as a function of bond length for the Cu-H and Zn-H

- #— Mayer —eo— G-J — 4~ NM1

25
A @ ® +0.5
s ; ' I I l L0.4
o
= N 5]
Y
= 1.5 °
2 I\ N | ro-3 e}
3 \ g
.g 1.04 A 02 ©
\ [e4]
8 A~ _ 2y _Lh A
0.54 0.1
- - -E
- - -8- - -§— - -8
0.0 T . T T . 0.0
& & & & & &
of o\?* of o’§ o"x\ o"x\
- m— Mayer —eo— G-J -4~ NM1
25
. ™ F0.5
—_ 204 0.4
<
= 3
res
515 = tos B
c 0 7 ¢}
] \
e} n °
- 10 b Te- _ 02 5
£ 3 [+
o a ~A
@ h ~A~ -
05 B 0.1
-— - -E~ _
“E- - g — _g— — -

00— —L0.0

Fig. 6 (A) Bond lengths (A) and bond orders for the metal-N inter-
actions of the complexes Cu—H (top) and Zn-H (bottom); all
complexes are presented in the ESI.t For each panel, the bar graph is
for the left axis and the dashed lines are for the right axis, according to
the three formalisms of Mayer, Gopinathan-Jug (G-J) and first
Nalewajski—Mrozek (N-M1). (B) Electrostatic potential energy maps of
the Cu-H and Zn-H complexes; all complexes are presented in the
ESI (Fig. S197).
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complexes. For both complexes, the shortest bonds are those
which are axial (Py-M), while the longer bonds are equatorial
(hydrazo-metal). These axial bonds exhibit a higher bond order
than the equatorial bonds, but these are no higher than ~0.5 in
the G-J formalism, confirming their dative nature. The orders
for the equatorial bonds are so low (<0.3) that they are more
electrostatic than dative.

Fig. 6B illustrates the electrostatic potential maps of the two
complexes. There is electron density connecting the atoms
across the axial bonds but not between the equatorial bonds,
confirming the bond order analysis. The bond orders and
potential maps for all complexes are presented in Fig. S17 and
S18,7 respectively.

The UV-vis spectra were computed with TDDFT (see Methods
section for details), as shown in Fig. 7 for selected structures:
the 1-H ligand (top), the [1-H]H+ protonated species (middle)
and the Cu-H complex (bottom); all others are presented in the
ESI, Fig. $22-529.t

In correlation with experiment, the computed 1-H spectrum
shows a main peak of absorption at 322 nm and no significant
absorption at longer wavelength. [1-HJH+ shows the main peak
and two smaller peaks at 458 nm and 515 nm, which are in
reasonable agreement with the experimentally observed shoul-
ders in this region. Note that in the TDDFT spectra the 450 peak
shows lower intensity than the ones >500 nm, which is opposite
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Fig.7 Calculated UV-vis absorption spectrum for the compounds 1-H
(top), [1-HIH+ (middle) and Cu—H (bottom).
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to experiment: due to the over pronouncement of the dipole in
the first excited state from DFT functionals. The Cu-H spectrum
shows lower intensity overall and better qualitative agreement
with experiment.

Experimental
Materials and methods

The chemicals have been purchased from Sigma and used
without further purification. Amines and solvents for photo-
physical studies have been of analytical grade. In all cases,
a concentration of 2.3 x 10> M of the compounds 1-3 in
a solvent (DCM, AcCN, EtOH) has been prepared to record UV-
vis spectra. Spectrophotometric measurements were performed
on a dual beam Varian Cary 100 UV-vis spectrophotometer
(Agilent Technologies), equipped with a xenon pulse lamp.
L*a*b* data was acquired by Datacolor CHECK 3 portable
spectrophotometer using D65 (sunlight) light source.

General procedure for synthesis of compounds 1-3. In brief,
A solution of an appropriate hydrazine hydrochloride (6.13
mmol) and 2,6-diacetyl pyridine (3.064 mmol, 500 mg) in EtOH
(10 mL) were heated at reflux for 1 h. The resulted mixture was
filtered, washed with cold EtOH and dried to yield the
compounds 1-3.

Compound 1-H. Yield, 86%. 'H NMR (500 MHz, DMSO)
6 ppm 9.49 (s, 2H, NH), 8.01 (d, J = 7.9 Hz, 2H, 3'-H), 7.76 (t, ] =
7.9 Hz, 1H, 4-H), 7.33 (dd, J = 7.9, 1.2 Hz, 4H, 2-H), 7.26 (t,] =
7.9 Hz, 4H, 3-H), 6.81 (tt, ] = 7.9, 1.2 Hz, 2H, 4-H), 2.45 (s, 6H,
CH3;). *C NMR (125 MHz, DMSO) 6 ppm 154.9, 145.6, 141.5,
136.2, 128.9, 119.3, 117.4, 113.0, 11.0; m/z (ES+): found:
366.1692 [M + Na], requires: 366.1689; IR vy /Jem ' (solid):
3341, 3012, 2927, 1600, 1561, 1245, 1162, 1139, 746, 693; mp:
218-220.5 °C.

Compound 2-OMe. Yield, 73%. "H NMR (400 MHz, CDCl; +
EtOH) 6 ppm 11.14 (s, 2H, NH), 7.80 (t, ] = 8.1 Hz, 1H, 4'-H), 7.39
(d,J = 9.0 Hz, 4H, 3-H), 7.02 (d,J = 8.1 Hz, 2H, 3'-H), 6.43 (d, ] =
9.0 Hz, 4H, 2-H), 3.66 (s, 6H, OCHj,), 2.38 (s, 6H, CH;). *C NMR
(125 MHz, DMSO) é ppm 154.2, 138.0, 118.9, 115.4, 114.5, 55.2,
11.6; m/z (ES+): found: 426.1905 [M + Na], requires: 426.1900; IR
vmax/em ' (solid): 3393, 3187, 2994, 2831, 1502, 1412, 1270,
1231, 816; mp: 178-181 °C.

Compound 3-OCF;. Yield, 93%. 'H NMR (500 MHz, MeOD)
6 ppm 8.49 (t, ] = 8.1 Hz, 1H, 4-H), 8.01 (d, ] = 8.1 Hz, 2H, 3'-H),
7.60~7.27 (m, 4H, 3-H), 7.06 (d, ] = 9.0 Hz, 4H, 2-H), 2.44 (s, 6H,
CH;). *C NMR (125 MHz, MeOD) 6 ppm 149.1, 148.4, 145.2,
144.1, 132.6, 123.5, 122.0 (q, Jy_c = 254.9 Hz),121.8, 116.6, 11.5;
m/z (ES+): found: 534.1333 [M + Na], requires: 534.1335; IR v,/
em ! (solid): 3150, 3073, 2955, 2906, 1540, 1504, 1439, 1248,
1193, 1159, 1142, 844; mp: 271.3-272.8 °C.

Spectrophotometric = measurements and titrations.
Compound 1-3 (0.023 mmol) was dissolved in EtOH (10 mL) to
prepare a stock solution of 2.3 mM. A 0.03 mL of the stock
solution containing an appropriate compound were diluted
with 2.97 mL of EtOH to make the final concentration of 2.3 x
107° M. Cu(ClO,),6H,0 (12.8 mg, 0.0345 mmol) or
Zn(ClO,),-6H,0 (429 mg, 1.15 mmol) was dissolved in EtOH (10
mL) to prepare a stock solution of 3.45 mM or 115 mM,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. A solution of Cu(ClO,),-6H,0 (3.45 mM, 0.002 mL)
or Zn(ClO,),-6H,0 (115 mM, 0.003 mL) was transferred to an
appropriate solution (2.3 x 10> M) of compound 1-3 prepared
above. After mixing them for a few seconds, UV-vis spectra were
recorded at room temperature.

L*a*b* measurements and amine sensing. A filter paper
slice was soaked in the methanolic solution containing an
appropriate compound 1-3 and dried thoroughly. A series of
vials (25 mL) containing cotton to absorb a known amount
(1 ppm and 5 ppm) of different amines were prepared. parts per
million concentrations (w/v) of 1 ppm (0.0025 mg/25 mL) and
5 ppm (0.0125 mg/25 mL) of the corresponding amines were
prepared. The coloured paper stripes were inserted into the
prepared vials, sealed and left for the same time at room
temperature. This allowed to avoid a direct contact between the
analytes and the sensory stripes, and to maintain a constant
vapour pressure.”* The colour change responses were recorded
after 30 min and L*a*b* data was acquired by Datacolor CHECK
3 portable spectrophotometer.

Crystallography. Single crystals of compounds 1-3 and their
metal complexes suitable for X-ray diffraction were obtained by
a slow diffusion of ether into a saturated CHCl;-EtOH solution
containing an appropriate compound and Cu(u) or Zn(u) salt at
room temperature. Measurements were carried out at 120 K on
an Agilent SuperNova diffractometer equipped with an Atlas
CCD detector and connected to an Oxford Cryostream low
temperature device using mirror monochromated Cu-K, radi-
ation (I = 1.54184 A) from a Microfocus Nova X-ray source. The
structure was solved by dual-space methods using SHELXT®
and refined by a full matrix least squares technique based on F>
using SHELXL2014.%* All non-hydrogen atoms were located in
the Fourier Map and refined anisotropically. All hydrogen
atoms were placed in calculated positions and refined iso-
tropically using a “riding model”. The crystal features and data
collection are summarised in ESI.} The molecular structures of
the metal complexes are shown in Scheme 1.

Computational details. The optimized molecular geometries
were obtained in both vacuum and solvent continuum (ethanol)
at the B3LYP/Def2-TZVP/D3BJ level in the Orca program
(version 4.1.0). UV/vis spectra were computed with TDDFT at the
B3LYP/Def2-SVP/D3BJ level also in Orca. Bond order were
computed in the ADF program at the B3LYP/TZVP/D3BJ level.
For full details see the Methods section 3.1 in the ESL.t

Conclusions

To conclude, the compounds 1-3 show a strong potential to act
as multi-responsive sensing scaffolds to a variety of analytes
such as pH, amines and metal ions. The compounds can detect
analytes at the micro-litre concentration. A detailed correlation
between the structural features of 1-3 and their optical prop-
erties, which is provided by computational and experimental
methods, highlights that the signal recognition motif, in
response to pH, is localised on the pyridine unit. This shows
a strong alignment with the experimental data as the proton-
ation of Py-N is also confirmed by X-ray analysis. The revers-
ibility of the protonation process is successfully demonstrated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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by TFA/TEA model. This led to a fabrication of paper-based
sensor to test a presence of amines in the gas phase with
a detection limit of 1 ppm. Despite an apparent similarity in ion
size and the chemical properties of Cu(u) and Zn(u) ions,
compounds 1-3 are highly selective towards Cu(u), showing
a strong response at 2.5 x 10~® M of the analyte. In addition,
the colour changes can be clearly seen by the naked eye
providing a convenient and reliable sensing strategy for pH,
amines and Cu(u) ions detection in a wide range of applications.
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