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Ionic liquid crystals are soft materials whose mesomorphic behavior can be strategically modulated as a function
of their components, considering both the design of the organic cation and the nature of the inorganic anion. A
new pyridylpyrazole derivative has been synthesized and used as a precursor for obtaining ionic salts that
contain the corresponding dicationic fragment and different counterions. Most salts behave as liquid crystal
materials exhibiting smectic A mesophases at temperatures ranging between 99 and 295 °C, as well as lumi-

nescence behavior in solution and/or the solid state. Interestingly, the related chloride salt emits blue light in the
solid state under excitation at 261 nm, in contrast to the absence of the emission of the initial pyridylpyrazole
derivative. This turn-on fluorescence response has been exploited to fabricate polymer supports that show a
bright blue emission under exposure to hydrochloric acid.

1. Introduction

The functionalization of f-diketones or pyrazoles with pyridine
moieties is a common strategy to prepare metallomesogens as they
present several donor atoms in their structures that can be used for
obtaining coordination compounds with liquid crystal properties [1].
For example, when designing p-diketones for use as ligands, the location
of the pyridyl nitrogen atom in the three or four position favors the
coordination of the diketone in a monodentate fashion via the pyridyl
nitrogen atom [2]. Whereas, when the nitrogen atom of the pyridine
moiety is located at the two position, pyrazoles can be easily coordi-
nated to a metal center via the pyridyl and pyrazole nitrogen atoms in a
chelate fashion [3-6].

Protonation of the pyridine gives also access to the fabrication of

ionic liquid crystals, opening a wide range of possibilities as a function of
the nature of both the cation and anion used [7-12]. Simple N-meth-
ylated pyridinium cations bearing aliphatic long chains were probably
one of the first ionic salts exhibiting liquid crystalline phases [13]. These
salts are capable of self-assembling into micelles or vesicles in solution
due to their amphiphilic character but also form smectic mesophases in
the solid state by the effect of temperature. Since then, a great variety of
structural designs derived from the functionalization of the pyridinium
cation have been reported as building blocks of ionic liquid crystals,
including polycationic pyridinium salts [7].

In the past decade, we have explored different synthetic routes to
prepare f-diketone pyridinium ionic salts with liquid crystal behavior
[14]. Learning to control the organization that these salts adopt in the
mesophase has allowed us to design materials with additional
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functionalities such as luminescence or dielectric conductivity in the
mesophase [2,14]. The protonation of the pyridine moiety usually
causes drastic changes in the HOMO and LUMO frontier orbitals,
allowing new charge-transfers that originate an enhancement of the
emission properties in the dye [15]. On the other hand, the presence of
ions that are allowed to freely move throughout the nanochannels of the
mesophase makes these ionic salts promising materials as ionic con-
ductors [16-18].

Less attention has been paid to the design of pyrazolium-based ionic
salts. Herein, a new pyrazole (1) functionalized with a tetradecylox-
yphenyl group and a pyridine moiety with the nitrogen atom at the three
position has been synthesized. As is well-known, the pyrazole moiety
contains a pyridinic nitrogen atom that is susceptible to being proton-
ated. Thus, this species has been used to obtain the cation [Hzsz(”)
Hpy12+ which in turn has allowed the obtention of the ionic salts 2-7,
isolated with counterions of different nature such as BFs, SbFg or
[PtCl4]2'. Table 1 collects the numbering used to identify the new
compounds.

2. Experimental Section
2.1. Starting materials

Solvents were purchased from Merck and used without further pu-
rification. The starting 1-(3-pyridyl)-3-(4-tetradecanoyloxyphenyl)pro-
pane-1,3-dione used for the preparation of the new pyrazole HpzR(!9PY
was synthesized as previously reported [2].

2.2. Instrumentation

2.2.1. Structural characterization

FTIR spectra were recorded in the solid state on a PerkinElmer
Spectrum 100 FTIR spectrophotometer with a universal ATR accessory
in the region of 4000-650 cm™'. 'H NMR and 2D COSY spectra were
performed on a Bruker DPX-300 spectrophotometer (NMR Service at
Complutense University of Madrid) from solutions in CDCl3 or DMSO-dg
at room temperature. Chemical shifts § are listed relative to SiMe,4 (TMS)
by using the signal of the deuterated solvent as a reference and coupling
constants J are given in Hertz. Multiplicities are indicated as follows: s
(singlet), d (doublet), t (triplet), qt (quintet), dd (doublet of doublets),
ddd (doublet of doublets of doublets), m (multiplet), br (broad signal).
The H shifts are accurate to +0.01 ppm and coupling constants to 0.3
Hz.

2.2.2. Mesomorphic studies

Polarized light optical microscopy (POM) observations were carried
out by using an Olympus BX50 microscope equipped with a Linkam
THMS 600 heating stage. The transition temperatures and their associ-
ated enthalpy data were determined with a PerkinElmer Pyris 1 differ-
ential scanning calorimeter. Samples were hermetically sealed in
aluminum pans and measurements were carried out with heating and
cooling rates of 10 K min~!. Temperature-dependent powder X-ray
diffraction (XRD) studies were carried out on a Panalytical X’Pert PRO
MPD diffractometer with Cu-Ka (1.54 [o\) radiation in a 6-0 configuration

Table 1
Compounds described in this work, including the numbering
used to identify them.

Numbering Compound

HpzR9py
(ngZR(14)pr)C12
(HopzR O PHPY)(BE,),
(Hypz**VHPY)CI(PFe)
(Hopz " HPY)(OH)(SbFe)
(Hopz" M) [PtCl,]
(Hypz" V1P [PACLy]

N Uulh whe=
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equipped with an Anton Paar HTK1200 heating stage (X-Ray Diffraction
Service at the Complutense University of Madrid).

2.2.3. Spectrophotometric and spectrofluorimetric measurements

All compounds were photophysically characterized by using a
JASCO V-650 spectrophotometer and a Horiba-Jobin-Yvon Fluoromax-4
spectrofluorometer to obtain the UV-Vis absorption spectra, as well as
the emission, excitation, and solid-state emission ones. For this latter, a
coupled fiber-optics device was connected to the spectrofluorometer,
and the solid sample was excited at the appropriate wavelength. All
measurements were performed in the PROTEOMASS-BIOSCOPE facil-
ities at LAQV-REQUIMTE, NOVA University Lisbon. In order to obtain
the referred spectra in solution, a proper amount of the different com-
pounds was dissolved in a 10 mL volumetric flask in THF so that a stock
solution (ca. 102 M) could be obtained. The work solutions were pre-
pared by proper dilution of the stock solutions to 10~ M, and the
measurements were collected by choosing the appropriate wavelength
at 298 K.

2.2.4. Theoretical calculations

These calculations were performed using the Gaussian 16(CO01)
package (DFT) [19], employing Coulomb-Attenuating Method B3LYP
(CAM-B3LYP) [20]. This functional better reproduces the charge
transfer (CT) states [21]. The H, C, O and N atoms were represented with
the 6-31+G(2d,p) basis set [22]. The structures were optimized without
any geometric constraints using the SMD continuum solvent model
(THF) and in the gas phase [23]. To reduce calculation cost, the terminal
alkyl chains were replaced by methyl group. In order to calculate the
molecular electrostatic (MEP) surface maps, natural bond orbital (NBO)
atomic charges and frontier orbitals, analyses were performed at the
same level of theory from the structures that had previously been opti-
mized. The visualization of molecular structures, orbitals and MEP
surfaces was carried out using Chemcraft and VMD software [24,25].
TD-DFT studies were carried out using the same level of theory as the
ground state (GS) optimizations to obtain the excited-state (ES) struc-
tures, both in the gas phase and in THF solvent [26].

2.2.5. Synthetic procedures

2.2.5.1. Synthesis of the pyrazole HpzR!#PY (1). To a solution of the
starting pyridine-functionalized diketone (1 g, 2.36 mmol) in ethanol
(40 mL, 96 % v/v), another ethanol solution (40 mL) of hydrazine
monohydrate (0.12 g, 2.36 mmol) was slowly added. The mixture re-
action was refluxed for 24 h and then, it was cooled to room temperature
to yield a beige precipitate, which is filtered off and dried under vacuum.

Beige solid (12 %). FTIR data (em™1): 3197-3008 Y(C-H)arom.,
2955-2851 v(C-H)qliph., 1513-1438 v(C—=C) + v(C=N), 772 5(C-H)py.
'H NMR data (ppm), 61 (300.16 MHz; CDCls, TMS), 0.88 (3H, t, °J 6.9,
CH3), 1.26-1.47 (22H, m, CHjy), 1.80 (2H, m, CHj), 3.99 (2H, t, 37 6.6,
OCHy), 6.79 (1H, s, Hy), 6.97 (2H, d, 37 8.7, Hp), 7.37 (1H, dd, 3y 7.9,
Hs), 7.57(2H, d, 3J 8.7, H,), 8.12 (1H, dt, 3J 7.9, Hy), 8.57 (1H, d, °J
4.8, Hg'), 9.07 (1H, s, Hy:). 5y (300.16 MHz; DMSO-dg; TMS), 0.84 (3H,
t,37 6.8, CHs), 1.22-1.41 (22H, m, CH,), 1.71 (2H, m, CHy), 3.99 (2H, t,
37 6.5, OCHy), 7.02 (2H, d, 37 8.2, Hpy), 7.17 (1H, s, Hy), 7.44 (1H, m,
Hs),7.71 (2H, d, %7 8.5, H,), 8.18 (1H, d, °J 7.9, Hy"), 8.51 (1H, m, He"),
9.05 (1H, s, Hy), 13.34 (1H, s, NH). Found: C, 77.17 %; H, 9.06 %; N
8,93 %, molecular formula CygH39N30 requires: C, 77.11 %; H, 8.87 %;
N, 8.97 %.

2.2.5.2. Synthesis of the ionic salt (HapzR(PHPY)Cl, (2). To a solution of
the pyrazole HpzRPY (0.27 g, 0.65 mmol) in tetrahydrofuran (50 mL),
a diluted aqueous solution of HCI (6 M) was slowly added up to achieve a
pH value of 2. The mixture was stirred at room temperature for 3 h. The
obtained precipitate was filtered off and dried under vacuum.

Beige solid (83 %). FTIR data (cm’l): 3482 v(0-H), 3086 v(C—H)arom,
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2915-2847 uU(C-H)aiph, 2564 v(N-H)u, 1635-1491 u(C=N) +
¥(C=C), 820 5(C-H),y. 'H NMR data (ppm), &y (300.16 MHz; DMSO-ds;
TMS), 0.84 (3H, t, °J 6.6, CH3), 1.23-1.41 (22H, m, CHy), 1.72 (2H, q, °J
6.3, CHy), 4.01 (2H, t, °J 6.5, OCH,), 7.05 (2H, d, > 8.8, 47 3.1 Hy), 7.40
(1H, s, Hy), 7.73 (2H, d, 37 8.8, %7 2.97, H,), 8.05 (1H, dd, 37 8.2, “J 5.6,
Hs), 8.82 (1H, d, 37 8.5, “ J 1.6, Hg"), 8.88 (1H, dt, °J 5.6, 4J 3.5, Hy),
9.28 (1H, d, %J 2.0, Hy'). Found: C, 63.62 %; H, 8.02 %; N, 8.01 %,
molecular formula CagH41N3OCly-HoO requires: C, 64.11 %; H, 8.26 %;
N, 8.01 %.

2.2.5.3. Synthesis of the ionic salt (Hzpz"(PHPY)(BF,), (3). A solution of
the chloride salt (HypzRPHPY)Cl, (0.03 g, 0.06 mmol) in methanol (10
mL) was added over another solution of AgBF4 (0.023 g, 0.12 mmol) in
acetonitrile (10 mL). The reaction was stirred for 24 h at room tem-
perature in absence of light. Then, the mixture was filtered over Celite®,
and the resulting solution was concentrated up to a final volume of ca.
15 mL. The precipitate obtained after maintaining the suspension for 12
h at 4 °C was washed with chloroform, filtered off, and dried under
vacuum.

Beige solid (15 %). FTIR data (em™1): 3161-3128 (C-H)arom.»
2920-2851 v(C-H)aliph., 2641 y(N—H)ﬁH, 1615-1470 v(C=N) +
¥(C=C), 1058 v(B-F), 784 6(C-H)py. 'H NMR data (ppm), 5y (300.16
MHz; DMSO-dg; TMS), 0.84 (3H, t, 37 6.37, CH3), 1.42-1.23 (22H, m,
CH), 1.72 (2H, m, CHy), 4.01 (2H, t, 37 6.4, OCHy), 7.03 (2H, d, %J 8.5,
Hm), 7.29 (1H, s, Hy), 7.73 (2H, d, 37 8.5,H,),7.79 (1H, dd, 37 5.19, Hs'),
8.56 (1H, d, °J 8.1, Hy), 8.68 (1H, d, °J 5.1, Hg), 9.18 (1H, s, Hy).
Found: C, 53.57 %; H, 6.56 %; N, 6.32 %, molecular formula
CogH41N30B,Fg-0.2CHCl3 requires: C, 53.50 %; H, 6.64 %; N, 6.56 %.

2.2.5.4. Synthesis of the ionic salt (Hzsz(”)pr )CI(PFg) (4). A similar
procedure than that carried out for 3 was used for the preparation of the
compound (HypzRVHPY)CI(PFy) (4), but using 2 (0.064 g, 0.126 mmol)
and AgPF¢ (0.064 g, 0.25 mmol) instead of AgBF4.

Beige solid (11 %). FTIR data (cm’l): 3135-3014 v(C-H)arom.,
2923-2853 v(C-H)aliph., 2626 V(N-H){iy, 1615-1554 v(C=N)+ 1(C=C),
828 u(P-F), 795 5(C-H)py. 'H NMR data (ppm), &y (300.16 MHz;
DMSO-dg; TMS), 0.84 (3H, t, 3y 6.4, CH3), 1.23-1.41 (22H, m, CHy),
1.72 (2H, m, CHy), 4.00 (2H, t, 3J 6.4, OCH,), 7.02 (2H, d, °J 8.4, Hy,),
7.18 (1H, s, Hy), 7.46 (1H, m, Hs"), 7.73 (2H, d, J 8.3, H,,), 8.18 (1H, d,
3y 8.1, Hy), 8.52 (1H, d, 3y 4.7,Hg ), 9.04 (1H, s, Hy'), 13.34 (1H, s, NH).
Found: C, 55.05 %; H, 6.67 %; N, 6.34 %, molecular formula
CogH41N30OCIPFg requires: C, 54.59 %; H, 6.82 %; N, 6.71 %.

2.2.5.5. Synthesis of the ionic salt (HpzR(*HPY)(OH)(SbFs) (5). A
similar procedure than that carried out for 3 was also used for the
preparation of the compound (Hzsz(14)pr)(OH)(SbF6) (5), but using 2
(0.020 g, 0.04 mmol) and AgSbFe¢ (0.028 g, 0.08 mmol) instead of
AgBF,.

Beige solid (18 %). FTIR data (cm_l): 3396 v(0O-H), 3115-3014
U(C-H)arom., 2923-2853 v(C-H)aliph., 2626 v(N-H){y, 1615-1554
v(C=N) + 1(C=Q), 795 8(C-H)py, 651 v(Sb-F). 'H NMR data (ppm), 6y
(300.16 MHz; DMSO-dg; TMS), 0.84 (3H, t, 3y 6.9, CHj), 1.23-1.41
(22H, m, CHy), 1.72 (2H, qt, 3y 6.45, CHy), 4.00 (2H, t, 3y 6.45, OCHy),
7.05 (2H, d, 37 8.8, 47 2.97 Hy), 7.32 (1H, s, Hy), 7.72 (2H, dt, 31 8.8, 4J
3.03 Hy), 7.92 (14, d, °J 6.8, Hs"), 8.73 (1H, m, Hy"), 8.73 (1H, m, Hg"),
9.21 (1H, s Hy'). Found: C, 48.65 %; H, 5.93 %; N, 6.07 %, molecular
formula CagH420oN3SbFg requires: C, 48.85 %; H, 6.15 %; N, 6.10 %.

2.2.5.6. Synthesis of the ionic salt (HapzR@PHPY)[PtCl,] (6). To a solu-
tion of (ngzR(14)pr)C12 (0.084 g, 0.16 mmol) in methanol (30 mL) is
added another solution of Ko[PtCl4] (0.068 g, 0.16 mmol) in water (10
mL). After 1 h of stirring at room temperature, a precipitate is formed,
which is filtered off and vacuum dried to yield the desired solid.

Beige solid (18 %). FTIR data (ecm™): 3500-3481 v(O-H),
3221-3059 UCH)arom, 2922-2850 v(C-H)aiph, 2644 v(N-H)i,
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1614-1467 v(C=N) + v(C=C), 789 6(C—H)py. 'H NMR data (ppm), du
(300.16 MHz; DMSO-dg; TMS), 0.84 (3H, t, °J 6.9, CHs), 1.23-1.41
(22H, m, CH,), 1.72 (2H, m, 2H), 4.01 (2H, t, 3y 6.42, OCH,), 7.04 (2H,
d, %J 8.4, Hy), 7.30 (1H, s, Hy), 7.73 (2H, d, 37 8.1, H,), 7.84 (1H, d, %J
7.1, Hs), 8.60 (1H, d, 37 8.10, Hy'), 8.69 (1H, d, 3J 5.2, He'), 9.19 (1H, s,
Hy:). Found: C, 40.27 %; H, 4.88 %; N, 5.47 %, molecular formula
C28H410N3PtC14~3H20 requires: C, 40.68 %; H, 5.08 %; N, 5.73 %.

2.2.5.7. Synthesis of the ionic salt (Hapz"®PPPY)[PACL,] (7). A similar
procedure than that carried out for 6 was used for the preparation of the
compound (Hzsz(14)pr) [PACly4] (7), but using 2 (0.012 g, 0.020 mmol)
and K3[PdCl4] (0.008 g, 0.023 mmol) instead of Ko[PtCly].

Beige solid (26 %). FTIR data (em™1): 3126 V(C-H)arom, 2922-2852
UCHaliph, 2625 v(N-H)y, 1612-1461 1(C=N) + »(C=C), 794
8(C-H)py. Found: G, 49.78 %; H, 6.43 %; N, 5.85 %, molecular formula
CogH41N3OPdCly requires: C, 49.18 %; H, 6.14 %; N, 6.04 %.

2.2.6. Preparation of PMMA doped thin films

The poly(methylmethacrylate) PMMA (Sigma-Aldrich, MW
~350,000, Tg 105 °C) polymer thin films were produced onto PFA
supports with a diameter of 5 cm by dissolving 100 mg of the polymer
matrix alongside 1 mg of HpzRPY in 10 mL of CHCl, followed by slow
evaporation of the solvent.

3. Results and discussion
3.1. Synthesis and structural characterization

The new pyrazole HpzRU®PY (1) has been synthesized via a
condensation reaction between the previously reported g-diketone and
hydrazine monohydrate. As shown in Scheme 1, the reaction of 1 with
HCl(aq) allowed obtaining the dichloride salt (HopzRUHPY)CL, (2),
which was in turn used as a precursor for the preparation of the ionic
salts 3-7 via ionic interchange of the chloride anions.

The structural characterization of the compounds was carried out by
FTIR and 'H NMR spectroscopies. The proposed formulations were also
confirmed by elemental analysis (see the Experimental Section).

The solid-state FTIR spectra of the pyrazole 1 and the ionic salts 2-7
show the expected bands for the pyrazole, pyridine, and alkyloxyphenyl
moieties (Figs. S1-S7). It is interesting to highlight that the v(C=N) and
v(C=C) bands, which appear at ca. 1510 cm™* for 1, are slightly shifted
towards higher frequencies in the ionic salts. This feature suggests an
increase of the strength of these bonds when the pyrazole and pyridyl
nitrogen atoms are protonated. Likewise, the existence of the different
counterions in 3-5 is also confirmed by the presence of the v(B-F),
v(P-F), v(F-P-F) and v(Sb-F) bands at around 1018, 828, 559, and 652
cm ™}, respectively. On the other hand, note that a broad band centered
between 2644 and 2564 cm ™! is observed for all ionic salts, which is
assigned to the v(N-H); band, in agreement with the protonation of the
pyridyl and pyrazole nitrogen atoms [27]. In addition, note for com-
pound 5, a broad band at 3396 cm ™! is observed in agreement with the
presence of the OH™ counterion. Results suggest that both in the PFg and
SbFg salts, these bigger counterions were only able to replace one of the
two chloride anions from the starting dichloride compound (Hopz?®
HPY)CL,,

The 'H NMR spectra of the compounds were recorded in deuterated
DMSO-dg solutions, and additionally pyrazole 1 was also characterized
in deuterated CDClj3 solution. Unfortunately, compound 7 is not soluble
in common deuterated solvents and its NMR spectrum could not be
obtained. In all spectra, three sets of signals associated with the protons
of the pyridyl, alkyloxyphenyl and pyrazole moieties are observed. It is
interesting to note that all the pyridyl proton signals appear downfield
shifted with respect to those of the corresponding proton ones found for
the neutral pyrazole, except for 4, in which they appear almost un-
changed (Figs. S8-514). The NH signal of the pyrazole group was only
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A=BF;n=2(3)

A= PFg X=CI (4)
A= SbFg; X = OH (5)

A=P{Cl, PdClz;n=1(8,7)

Scheme 1. Synthetic route for 1 and the ionic salts 2-7. Reagent and conditions: i) NoH4-H,0, (EtOH, 24 h reflux); ii) HCl, THF, 3 h at RT; iii) AgBF, (MeOH:
acetonitrile (1:1), 24 h at RT) or K5[PdCl4] (MeOH:water (3:1), 1 h at RT) or K,[PtCl4] (MeOH:water (3:1), 1 h at RT). iv) AgPFs or AgSbF¢ (MeOH:acetonitrile (1:1),

24 h at RT). Numbering used in the NMR assignation is also shown in the structural formula of 1.

detected at 13.34 ppm for 1 and 4 in DMSO-dg solution. No signals
associated with the pyrazole NH moiety are registered in the spectra of
the remaining salts, which could be due to the establishment of inter-
molecular hydrogen bonds [28].

3.2. Mesomorphism
The liquid crystal properties and the phase behavior of the new

compounds 1-7 were elucidated by microscopic observation of the
samples under polarized light. The neutral pyrazole 1 directly melts to

solid and liquid states were detected. By contrast, the ionic salts (except
7) form liquid-crystalline mesophases at temperatures that appear to
depend on the nature of the counterion. As shown in Fig. 1a and S15,
oily streak and fan-shaped textures of a SmA mesophase can be seen
growing from the solid or the liquid phase upon heating or cooling cy-
cles, respectively [29,30]. Differential scanning calorimetry (DSC) ex-
periments were conducted to study the phase behavior of the ionic salts
in terms of establishing the temperatures at which the phase transitions
occur and their corresponding enthalpy values. Results are collected in
Table 2. In all cases, the endothermic peak attributed to the solid —
mesophase phase transition was clearly detected in the first heating

the isotropic liquid at 153 °C, and no intermediate phases between the

(a) (b)
A ; ——Cooling -~
—— Heating SmA !
204 |
I
= Cr—SmA | |
< It ! ‘
= /
E 15—777 [P S, S
= —
| o
= Cr =— SmA
10 1
Exo SmA = |
50 100 150
Temperature / °C
(C) (d) Anionic layer Cationic layer Anionic layer
168000 -
3000
140000 ©°" 3 2500 00
5 <, 2000 ‘
& 112000 S 15001 (002)
> g 1000| (003) L
@ 84000 E s L
[ 4 6 8 10
-
£ 56000 20/
28000 4
S — L s
04 - EANAN, @ FFF d=4214
5 10 15 20 25 | (upreaep o
20/0° SO i Wi

Fig. 1. Thermal study of the mesophase for the ionic salt (ngzR(“)pr)Cl(PFs) 4: (a) Texture of the SmA mesophase observed by POM at 142 °C on cooling. (b) DSC
trace in the first heating and cooling processes. (c) DRX diffractogram registered in the mesophase at 120 °C on cooling. (d) Schematic drawing showing the potential
lamellar organization in the SmA mesophase.
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Table 2
Phase behavior of the ionic salts 2-6.
Numbering Compound Transition” T/°C (AH/kJmol’l)h
2 (HopzRAMHPY)C], Cr - SmA 99 (56.8)
SmA -1 200°
3 (HopzRHPY)(BF,), Cr - SmA 110 (23.6)
SmA - I 223¢
4 (HapzRPHPY)CI(PF) Cr - SmA 133 (20.0)
SmA -1 148 (42.2)
I-SmA 142 (—43.3)
SmA - Cr 98 (—17.1)
5 (HypzR*HPY)(OH)(SbFe) Cr-Cr 80 (9.9)
cr - Cr” 122 (22.6)
Cr - SmA 144.4 (14)
SmA -1 295¢
6 [HopzRPHPY] [PtCl,] Cr - SmA 132 (69.7)¢

2 Cr, Cr’, Cr”’ = crystalline phases, SmA = smectic A mesophase, I = isotropic
liquid.

Y DSC onset peaks.

¢ Detected by POM. Enthalpy was not determined due to pronounced
decomposition.

d A total decomposition occurs in the SmA mesophase at 295 °C.

cycle; however, isotropization occurs accompanied by a pronounced
decomposition of samples due to the high clearing temperatures
reached, which prevented the measurement of the enthalpy data.
Nonetheless, the formation of batonnets that coalesce to form the typical
fan-shaped texture of the SmA mesophase could be well observed for 3
on cooling (Fig. S15b). Also note that in the DSC trace of compound 4
(Fig. 1b), the solid — mesophase and the mesophase — isotrope phase
transitions are clearly monitored on heating, as well as the formation of
the mesophase from the isotropic liquid and the solidification process, as
observed by POM.

To go further, temperature-dependent X-ray diffraction studies were
made in 3 and 4 to clarify the organization of the cationic units (Hopz®
(A9HPY)2+ in the mesophase. The diffractograms registered in the SmA
mesophases display a set of four reflections with a d-spacing ratio of 1:1/
2:1/3:1/4, which confirm the lamellar nature of the mesophase (Fig. 1c
and S16). The reflection associated with the molten alkyl chains is
observed as a broad halo at around 4.6 A. Indexation of reflections and
structural parameters of the SmA mesophases are given in Table 3. Note
that lamellar periodicity is similar for both salts regardless of the nature
of the counterion. This feature points to a structural model in which
cations and anions moieties form well-differentiated layers (Fig. 1d). In
fact, this segregation-phase behavior may be the driving force for the
formation of the mesophase in the ionic salts studied [31-33].

3.3. Photophysical study

The pyrazole-derived salts manifest luminescence properties both in

Table 3
X-ray diffraction data for (Hypz"@HPY)(BF,), (3) at 130 °C on heating and for
(HopzRAPHPYYCI(PFg) (4) at 120 °C on cooling.

Cpd. d-spacing/A [hkI]? Lamellar periodicity/A”
3 416 (001) deat = 42.6
21.3 (002)
14.4 (003)
10.8 (004)
4.6° -
4 46.1 (001) dea) = 42.1
23.8 (002)
12.0 (003)
9.7 (004)
4.7¢ -

@ [hkl1] are the Miller indices.
5 dear = (Eldgop)/Nooi; where Nog; is the number of 001 reflections.
¢ Broad halo.
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solution and in the solid state, except for 6 and 7. Photophysical char-
acterization of all compounds in THF can be seen in Fig. 2, and data are
collected in Table 4. The UV-Vis spectra show a band centered at 260
nm, and a smaller one with a maximum of 360 nm for 1 and 3. Excitation
at 260 nm gives rise to an emission band at around 360 nm in all
compounds and, in the case of 3, if excited at 360 nm, another emission
band appears centered at 437 nm, suggesting the presence of an emis-
sion excimer. In all cases, luminescence quantum yields were found to be
below 0.001 in solution. Regarding the solid-state emission, a great in-
fluence as a function of the counterion is observed, being absent in the
case of the free ligand and the ionic salt 4. Emission in the solid-state was
easily detected after excitation at 360 nm for 2, 3 and 5 with emission
maxima at 490, 480 and 449 nm, respectively. This feature may be
associated with the lesser degree of the establishment of intermolecular
n---T interactions between the aromatic rings of neighboring cationic
species in the order 5 < 3 < 2 [34,35].

Solid-state emission spectra were registered for 2, 3 and 5 as a
function of temperature from the solid phase to the liquid-crystalline
mesophase (Fig. S17). For the three salts, the emission intensity de-
creases as the temperature increases, being practically quenched at the
melting temperature when the mesophase is formed. Note that for 5, a
slight increase in the emission intensity occurs from 25 to 80 °C. At this
temperature, a solid-solid phase transition occurs, and the fluorescence
is quickly quenched as the temperature continues to increase. By cooling
back to room temperature, the emission intensity is recovered only for
the ionic salt 2. In fact, it is higher than that observed initially before
heating this sample. Most likely the ordering of ionic units in the mes-
ophase is maintained after the solidification process and it improves the
fluorescence properties.

As discussed previously, the dichloride salt 2 was able to manifest
emission in the solid state that was not observed in the case of the
pyrazole derivative. Since the presence of nitrogen atoms susceptible to
be protonated, more specifically both pyridyl and pyrazole nitrogen
atoms, efforts have been made to develop a system that would poten-
tially enable the turn on effect of the solid state’s emission of the pyr-
azole. For this purpose, supported polymer films doped with 1 have been
fabricated enabling the potential opportunity to implement them as
sensors and aiding on the dispersion of the compound to prevent ag-
gregation. In line with this premise, poly(methylmethacrylate) PMMA
polymer matrix has been chosen due to its well documented imple-
mentations [36-39]. The study of the sensing properties started by
submerging different samples of the polymer thin film in aqueous so-
lution of hydrochloric, sulfuric, glacial acetic, nitric, and trifluoroacetic
acids for 10 min. Of all of them, only the polymer treated with HCl
maintained its physical structure intact, and no visual changes were
observed from its initial transparent appearance at naked eye. As ex-
pected, the doped polymer does not exhibit meaningful emission before
treated. However, a substantial increase is perceived after HCl (12 M)
treatment, and a band with an emission maximum at 450 nm becomes
clear (Fig. 3a). Note that the differences in the solid state’s emission
maxima of the chloride salt 2 (Asolution = 352 nm; Agolia = 490 nm) and
the newly fabricated material could be attributed to the protonation of 1
in the PMMA support. Compound 1 constitutes 1 % of the material and,
therefore, the ionic species are highly dispersed inside the polymer
matrix, which restrict the formation of intermolecular z---1 interactions
between the cationic species if compared with the solid state. This fact
originates a luminescence response (Apolymer = 450 nm) that is inter-
mediate between that found for 2 in solution and in the solid state
(Fig. 3b).

The elucidation about the reversibility was put forward by sub-
merging the already treated polymer film onto an aqueous solution of
NH; (25 % in water). Results suggest that the polymer return to its initial
state, and a quenching of the emission is detected (Fig. 3a).

The reusability of the polymeric material was demonstrated by
measuring the emission spectra during consecutive acid/base cycles.
The turn-on and “turn-off” responses were well-detected for five cycles
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Fig. 2. Photophysical characterization for compounds (a) HpzR¥PY (1), (b) (HopzRHPY)CL, (2), () (HopzRAPHPY)(BF,), (3), (d) (HopzRAPHPY)CI(PFe) (4) and (e)
(Hzsz(”)HPy)(OH)(SbF(,) (5).[1=1.0x 107° M; slit width for both excitation and emission in solution and/or solid state: 3 nm (2 nm for 3 and 5 in the solid state).

Table 4
Photophysical data.
Cpd.  Aabs/ dem [nm]  £/10*em™' M7! Stokes shift/em™!  259lid/
nm nm"
1 261, 353 3.86 (261), 0.16 9986 (261) -
355 (261) (355)
2 261 352 3.60 9905 490
3 261, 353 3.81 (261), 0.13 9986 (261), 4741 479
362 (261), (362) (362)
437
(362)
4 262 349 6.39 9515 -
5 266 337 5.01 7920 449

? The emission spectra were registered under excitation at 360 nm at room
temperature.

after the exposure of the sample to HCI and subsequent treatment with
ammonia (Fig. 3c and d). Although the intensity of the emission band at
450 nm slightly decreases after each cycle, the enhanced luminescence is
still clearly detectable under UV light. Thus, it presents the fundamental
characteristic to be implemented several times as an economic and
sustainable sensor of acidic environments giving value to its
applicability.

Further experiments were performed by submerging the PMMA
material in HCI solutions at different concentrations ranging from 6 to
10 M. As expected, the 10-min mark implemented for the remaining
studies increasingly prevents the polymer to reach the emission that is

held when submerged at 12 M, demonstrating that the concentration of
protons in these solutions is not sufficient to enable the complete pro-
tonation of the pyridyl and pyrazole nitrogen atoms (Fig. 4a). This
feature makes the new polymer capable to detect selectively the pres-
ence of HCl in aqueous solutions as a function of the emission intensity,
which shows a linear dependence on HCI concentration (Fig. 4b).

UV-Vis absorption spectra were also measured and plotted as a
function of the HCI concentration, as shown in Fig. S18. Although a
slight bathochromic shift occurs when the polymer is treated with HCI,
no clear dependence with HCI concentration is observed. This could be
due to a lack of homogeneity in the thickness of the polymers as a result
of the physical changes that they undergo after HCI treatment.

3.4. Theoretical study

Density functional theory (DFT) calculation was performed to un-
derstand the origin of the fluorescent turn-on response of the pyrazole
derivative when protonation to occurs. The ground state (GS) structures
of both the neutral and protonated forms were optimized using the CAM-
B3LYP functional with 6-31+G(2d,p) basis set, replacing the aliphatic
chain by a methyl group in order to reduce the calculation cost. Bond
lengths and angles are collected in Tables S1-S8, and Fig. 5a and b and
S19a,b display the optimized GS structures of 1 and 1-2H™ in the gas
phase and in THF solvent. As observed, the overall structure of 1 shows a
high planarity, although the pyridine and benzene rings are slightly
rotated with respect to the pyrazole plane. In the gas phase, the torsion
angles are —166.7 A (N1-C5-C6-C7), —166.3 A (C4-C5-C6-C10),
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Fig. 3. Sensing properties of the PMMA film doped with HpzR®PY 1. (a) Normalized emission spectra recorded prior and after treatment with HCl (12 M), and
sequent immersion in a NH3 solution. (b) Emission spectra in solution, solid state and inside the PMMA polymer matrix. (c) Emission spectra registered after HCl and
ammonia treatments during consecutive acid/base cycles. (d) Images showing the turn-on response of the PMMA sensor under UV light (Aexe = 365 nm). Slit width:
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Fig. 4. (a) Emission spectra recorded after exposure at different concentrations of HCl aqueous solutions (slit width: 2.5 nm). (b) Linearity curve showing the
dependence between the luminescence emission intensity and the HCI concentration.

146.7 A (N2-C3-C11-C16) and 146.0 A (C4-C3-C11-C12). When
calculated in THF, these angles slightly adjust to —163.3, —162.9, 150.6
and 147.0 A, respectively. The C-C and C-N bond distances of the three
rings show values that are consistent with a delocalized n-system, as

expected. In contrast, the protonated species 1-2H™ exhibits more pro-
nounced rotation of the pyridine ring with respect to the pyrazole plane.
The torsion angles in the gas phase are —138.7 A (N1-C5-C6-C7),
—135.3 A (C4-C5-C6-C10), —168.0 A (N2-C3-C11-C16) and —169.0 A
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Fig. 5. DFT calculations performed for 1 and 1-2H" species at the CAM-B3LYP/6-31+G(2d,p) level in the gas phase: (a,b) Optimized structures showing the
numbering used. (c,d) Natural bond orbital atomic charges. (e,f) Molecular electrostatic potential surface maps.

(C4-C3-C11-C12). In THF, these angles shift to —138.5, —137.7,
—154.2 and —153.9 A, respectively. The presence of the THF solvent
slightly moderates these torsion angles, suggesting solvent effects that
stabilize certain conformations.

Fig. 5¢,d and S19c¢,d display the natural bond orbital (NBO) atomic
charges for the structure of 1 and 1-2H™, calculated in the gas phase and
in THF. For compound 1, the pyrazole nitrogen atoms (N1 and N2) carry
negative charges of —0.289 and —0.370 e in the gas phase, and —0.314
and —0.369 e in THF, respectively. The nitrogen atom of the pyridine
moiety (N3) presents the highest degree of negative charge with a value
of —0.453 e in the gas phase and —0.482 e in THF. Consistent with it,
adjacent carbon atoms are positively charged whereas those furthest
from the nitrogen atoms have negative charge values ranging between
—0.115 and —0.338 e (in the gas phase) and —0.094 e and —0.344 e (in
THF). This evidences that the negative charge is delocalized on the ar-
omatic rings, as also happens in the benzene group, and explains the
existence of intermolecular n---1 interactions in the solid state. Similar
features are observed for 1-2H™ but note that the new protons bonded to
N3 and N1 atoms exhibit a high positive charge (0.505 and 0.477 e in the
gas phase; 0.513 e and 0.484 e in THF) that counteracts the negative
charges of the nitrogen atoms.

Visualization of the charge density can be seen in the molecular
electrostatic potential (MEP) surface maps depicted in Fig. 5e,f and
S19e,f. Results are in good agreement with the NBO atomic charges,
showing for 1 an area of high negative charge density mainly located
over the N3 and N1 atoms. Likewise, the electron delocalization of the
aromatic rings is also detected. However, the presence of THF results in
an increased positive charge density, which can be ascribed to solvent-
induced polarization effects (Fig. S19e). It has been established that,
when employed as a polar solvent, THF stabilizes certain partial charges
and redistributes the electron density. Conversely, the MEP surface map
for 1-2H™ exhibits a generalized positive charge density throughout the
structure, attributable to protonation, especially around the pyridinium
and pyrazolium fragments. The addition of THF has been shown to re-
sults in an increase in negative charge regions, suggesting that the sol-
vent stabilizes the positive charges to a certain extent, thereby
promoting a more balanced charge distribution around the pyridinium
and pyrazolium fragments in solution compared to the gas phase

(Fig. S19f).

Frontier molecular orbitals have also been analyzed by DFT to gain
insight into the electronic distribution and photophysical of compounds
1 and 1-2H™. As shown in Fig. 6 and $20, the HOMO and LUMO ones in
1 appear delocalized on the whole molecule, which supports the fact of
the existence of charge transfers between any of the three aromatic
rings. This delocalization suggests the occurrence of intramolecular
charge transfer (ICT) across the molecule. Instead, both the HOMO and
the LUMO are clearly localized in the structure of 1-2H™, the first one
over the pyrazole and benzene moieties, and the second one extended
around the pyrazole and pyridine groups. The HOMO-LUMO energy gap
was calculated to be 6.47 and 4.55 eV for 1 and 1-2H, respectively, in
the gas phase. When solvent effects (THF) are included, the energy gap
slightly decreases to 6.43 eV for 1, and increased to 5.81 eV for 1-2H™.
The energy decrease observed in 1-2H™ is associated with a stabilization
of the frontier orbitals, especially for the LUMO, which would explain
the appearance of the new emission band at low energies in the pro-
tonated species and, concomitantly, support the fluorescence turn-on
response found in 1 after treatment with acids. The HOMO-1, HOMO-
2, LUMO+1 and LUMO+2 for 1 and 1-2H" were also calculated in both
the gas phase and THF solvent (Figs. S21-524).

In order to provide further support for the photophysical study, time-
dependent density functional theory (TD-DFT) calculations were carried
out with the aim of characterizing the excited states (Tables S9-S12).
For 1, the lowest singlet excited state (S;) corresponds to a HOMO —
LUMO transition, with calculated emission wavelengths of 303 nm in
the gas phase and 323 nm in THF. These results are in reasonable
agreement with the band emission observed in solution at 353 nm (see
Table 4). In the case of 1-2H™, the lowest-energy transition in the gas
phase is not permitted, and the dominant radiative decay corresponds to
the third singlet excited state (S3), characterized mainly by a HOMO-1 —
LUMO+1 excitation, emitting at 441 nm. However, in THF, the emissive
state is the Sy, primarily Sg — S, with a computed emission value of 409
nm, closer to the experimental value of around 350 nm in solution for
those compounds containing the cationic fragment, i.e. for 2-5. While 1
is non-emissive in the solid state, compounds 2-5 show solid-state
emission bands centered between 490 and 449 nm as a function of the
counterions present in the structure (Table 4), which is consistent with
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Fig. 6. DFT plot showing the electronic distribution of the HOMO and LUMO for the pyrazole derivative in its neutral (1) and ionic (1-2H") forms in the gas phase.

The HOMO-LUMO energy GAP is also indicated.

the theoretical value found in the gas phase (441 nm) and supports the
turn-on behavior observed under protonation of 1 with HCl in the solid
state or in the PMMA matrix.

4. Conclusions

A new series of ionic salts derived from a pyridylpyrazolium cation
(HopzRPHPY)2+ has been prepared. The salts have been obtained by
anion exchange from the dichloride precursor derivative (HopzR(DHPY)
Cl,, which was in turn obtained from the neutral pyrazole compound by
treatment with HCL The investigation shows that the nature of the
counterion is crucial for the composition and properties of the new
species. In particular, those salts with PFg and SbFg anions lead to the
formulation (HapzRPHPY)CI(PFg) and (HopzR(PHPY)(OH)(SbF), while
the remaining compounds involve the total substitution of the two Cl™
ions of the precursor, leading to salts of the type (HypzRPHPHA (n = 2,
A=BFs;n=1,A=[PdCl4] 2', [PtCl4] 2. The new species, except for the
derivative bearing [PdCl4] % as counterion, exhibit mesomorphism and
form smectic A mesophases during both the heating and cooling cycles.
Additionally, they also show luminescence properties in solution and in
the solid state. In particular, the pyrazole precursor Hpz*“PPY has been
used as a dopant for the fabrication of polymeric materials. The pho-
tophysical characterization of this material reveals the absence of
luminescent emission, as expected, but under HCl treatment an intense
blue light is originated. This acidochromic behavior has been attributed
to the reversible protonation of the nitrogen atoms of the pyrazole and
pyridine groups. Interestingly, it can be reversed by submerging the
polymer in an ammonia solution, allowing the polymer to be recovered
and used again as a reliable, economic and sustainable sensor of acidic
aqueous environments.
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