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ABSTRACT

Reusable dual-channel optical sensors for Hg?* ions were prepared by Langmuir-Schaefer (LS)
method from amphiphilic (trans-A2)BC-type porphyrins functionalized at meso-positions of the
tetrapyrrolic macrocycle by sterically demanding diethoxyphosphoryl and mesityl groups as well

as electron donating RO, RS or RNH substituents (R = n-CgHi7). These three novel amphiphilic



porphyrin derivatives were synthesized in good yields and their floating films at the air—water
interface were investigated. In these monolayers, porphyrin molecules display a slipped stack-of-
card orientation, but their strong © stacking is prohibited by bulky diethoxyphosphoryl and mesityl
groups. The heteroatom substituent plays a key role in the molecular organization of the
monolayers because it can participate in intermolecular hydrogen bonding, which influences the
monolayer structure. Sensing properties of the porphyrins organized in Langmuir monolayers
differ from those in the solution environment. Selective spectrophotometric detection of Hg?* ions
by these floating films is observed because interfering Cu?*, Zn**, Cd**, and Pb?" ions are
coordinated to donor centers located at the periphery of the macrocycle. Transfer of these floating
films onto a polyvinyl chloride surface by LS technique affords perforated multilayer films with a
tight molecular coverage of the solid support. The effect of the heteroatoms on the organization of
these films was demonstrated by scanning electron microscopy (SEM) and electrochemical
impedance spectroscopy (EIS). Both absorption and emission studies provide a strong evidence
that chromophore-chromophore interactions are rather weak in these LS films. Binding of
mercury(Il) ions by the films and the regeneration of the sensors were explored visually and using
reflection absorbance and fluorescence spectroscopies and then confirmed by X-ray fluorescence
analysis. Detection limit of these selective and reusable dual-channel (absorbance and
fluorescence) thin-film sensors is about 10 M (2 ppb), that corresponds to the action level for

Hg?" ions in drinking water recommended by the U.S. Environmental Protection Agency (EPA).

1. Introduction

Reusable, sensitive and selective optical sensors for mercury(Il) ions are constantly

required due to the increase of metal contamination in environment and toxic effects of this



pollutant on living matter [1-4]. The mercury content in fish, human hair, and other
biological specimens around the world is regularly reported to exceed the permitted level.
The prolonged exposure of humans to even very low concentrations of Hg?* can lead to
neurological diseases, various cognitive and motion disorders, damage to the prenatal brain,
digestive system and kidneys. Mercury is one of the most toxic metals and the maximal
level established by the US Environment Protection Agency (EPA) for the content of this
ion in drinking water is as low as 2 ppb (0.01 uM) [5]. Common organic chemosensors, in
which the signal transduction is achieved through changing light absorption and/or
emission, are cost-efficient and useful for real-time and place analysis of environmental
and biomedical samples. However, they commonly exhibit a high limit of detection (LOD),
which is a serious drawback for their usefulness in the analysis of Hg?>* in aqueous samples.
From this standpoint, the key goal in the development of such systems is the enhancement
of their sensitivity to the analyte.

Porphyrins have been widely applied for the development of sensors due to their
compatibility with a wide range of transduction mechanisms and numerous pathways of
their interactions with target analytes (spanning from the weak Van der Waals forces to 7-
interactions, hydrogen bonding, and coordination to the central metal ion of
metalloporphyrins or chelation of metal ions by free base porphyrins) [6-8]. In particular,
their light absorption and emission properties are suitable for fabrication of highly sensitive
optical sensors due to their remarkable molar extinction and attractive luminescence
quantum yields (about 10%) [8-13]. Moreover, experimental research has shown that
porphyrins offer fascinating sensing opportunities, since they combine a high reactivity and

the possibility of tuning their sensing properties by choosing appropriate metals at the



center of the tetrapyrrolic ring and the peripheral substituents. More recently,
supramolecular chemistry concepts further enriched the value of porphyrin sensors [14],
while well-developed synthetic chemistry has rendered them suitable to surface
functionalization, expanding their attractiveness for preparation of sensory devices [15].

Free base porphyrins were widely explored for the detection of toxic metal ions,
including mercury(Il) ions, because the coordination of metal ions to pyrrolic nitrogen
atoms can be easily detected by optical spectroscopy or even visually [16-22]. However,
these chelators coordinate many soft metal ions and exhibit a low selectivity. These ligands,
like the vast majority of chemosensors, are insoluble in water and the synthesis of their
hydrophilic derivatives is somewhat laborious. Moreover, in aqueous media, the rate of the
complex formation and fluorescence quantum yields could be reduced in part due to the
tendency of planar and highly polarizable porphyrin molecules to aggregate under these
conditions. All these limitations significantly complicate the use of porphyrins in the
preparation of sensory systems.

To overcome these drawbacks, several approaches were developed. Cyclodextrin—
porphyrin inclusion complexes have been proposed as sensory systems to increase the water
solubility of the sensor molecules [23-25]. Another strategy is a conjugation of the
porphyrin with a hydrophilic ionophore [26-32]. In these modular molecules,
metalloporphyrin fragment serves only as a signaling unit and is separated from the receptor
unit by a phenylene or longer spacer. Commonly, addition of metal ions induces only very
small changes in the absorption spectra of these compounds. Therefore, recent
investigations were focused on the preparation of solid-state sensors based on free base

porphyrins, such as sensory sol-gel bulk materials and thin films [33-37],



porphyrin—polymer films [17, 38-41], or membranes [42-45], porphyrin-functionalized
nanoparticles [46-49], porphyrin-modified fibers [50], porphyrin—graphene oxide
nanocomposites [51], porphyrin-containing MOFs [52], porphyrin chemosensors grafted
on mesoporous silica [53], self-assembled films and aggregates [6, 54-56]. These molecular
materials are technologically attractive due to their potential ease of use. Moreover, several
of them demonstrate a high selectivity to Hg?" ions that likely can be explained by a
competitive complexation of interfering metal ions by the solid support [42, 43, 45, 48, 50,
51, 57]. Some of these systems can be used as dual-channel (light absorption and emission)
sensors as summarized in Table S1.

One of promising approaches to solid-state sensors, which can solve many of problems in
question, is the immobilization of water-insoluble porphyrins onto solid supports through the
preparation of Langmuir monolayers followed by their assembling into Langmuir-Blodgett (LB)
or Langmuir-Schaefer (LS) films [58-63]. This strategy has been widely investigated for the
fabrication of highly ordered ultra-thin films by virtue of its general applicability for controlling
the molecular orientation in the films. Langmuir monolayer method and LB/LS techniques allow
one not only to study and finely control the process of molecular organization at the stage of the
monolayer assembly, but also to gain a deeper insight into molecular recognition, receptor and
sensory phenomena that occur in the porphyrin-based self-assembled systems on surfaces.

Furthermore, LB and LS film thickness may be precisely controlled, which is important for
achieving high sensitivity of ultra-thin sensory films. Finally, both fabrication of sensors and
analytical tests may be performed in an aqueous medium using a minimum amount of organic
solvents and expensive porphyrins if the experimental conditions for a quantitative transfer of

floating films onto a solid support are found.



The LB and LS films formed by free base porphyrins and their complexes at air—water and
air—solid interfaces hold promise for different technical applications such as nonlinear optics,
electronics, solar cell development, catalysis and pharmacology [64-74]. The influence of metal
ions and peripheral substituents on the organization of porphyrin supramolecular assemblies at the
air—water interface and their transfer onto solid supports have been thoroughly investigated [75-
80]. The ultra-thin films prepared by these methods were also widely used for detection of gases
or volatile organic compounds (VOCs) in gaseous phase [72, 79, 81-86]. It is somewhat surprising
however, that this great effort devoted to the preparation of sensing monolayers has generated only
a few examples of porphyrin-based sensors operating in aqueous solutions [87]. The sensory
systems, which are stable in aqueous media and suitable for detection of Hg?" ions, were reported
only recently [88, 89]. They were prepared from commercially available 5,10,15,20-tetraphenyl-
(TPP) [88] and 5,10,15,20-tetra(4-pyridyl)porphyrins (TPyP) [89] and only the latter is relevant
to optical methods. Using this film, Hg>* and Cu®* ions can be distinguished in aqueous solutions.

According to investigations of porphyrin LB and LS films, the sensing porphyrin
monolayers are usually formed by molecules self-assembled through strong n—mn stacking. The
supramolecular interactions influence the absorption and emission properties of porphyrin
molecules and their ability to bind the target analyte [14, 90-92]. To circumvent these problems, it
would be useful to prepare porphyrin derivatives that are amenable to the formation of ordered
films yet isolate the chromophore molecules minimizing the electronic interactions of adjacent
molecules.

Recently, we reported a novel family of (trans-A2)BC-type porphyrins (A = Ph) bearing a bulky
and hydrophilic diethoxyphosphoryl substituent and RS, RO or RNH groups with a rather long

alkyl chain (R = n-CgHi7) at opposite meso-positions of the macrocycle (two RO-substituted



derivatives DPOP and DPOPAP are depicted in Fig. 1) [93]. These compounds being amphiphilic
may allow for the formation of the Langmuir monolayers at air—water interfaces [64, 69, 75, 91].
Moreover, the electron donating character of the heteroatom substituent is adequate to enhance the

Hg?" coordination by the macrocycle [57].

a O’R (trans-A,)BC-type X'CBH17
P(O)(OEt), P(O)(OEt),
R = n-CgH,7 (DPOP), X =8 (DMSP), O (DMOP),
CgH,-(4-n-CgH47) (DPOPHP) NH (DMNP)
b
~22 A
.
d
~8 A

Fig. 1. (a) Structures of porphyrinylphosphonate diesters referenced (DPOP and DPOPhP) and
investigated in this study (DMOP, DMSP and DMNP). (b) Spacefill model of DMSP molecule

optimized by the semi-empirical PM6 method [94].

Indeed, porphyrins DPOP and DPOPhP form rarefied films on liquid and solid surfaces,
in which electronic interactions of adjacent porphyrin molecules are either weak or altogether
absent [93]. The bulky diethyl phosphonate group (Fig. 1) seems to prevent the formation of tightly
packed porphyrin aggregates, while the substituent containing the alkyl chain and the phosphonate
group determine a preferential orientation of the molecules in the studied monolayers. Moreover,

in the LS films, these two oppositely located substituents serve as an efficient spacer of porphyrin



macrocycles belonging to adjacent layers. This allowed us to prepare emissive LS films of the free
base porphyrins DPOP and DPOPhP on the polyvinyl chloride (PVC) surface. The sensing
properties of these films have not been explored up to now. However, our preliminary investigation
has shown that the monolayers formed by DPOP at the air—water interface can coordinate zinc(II)
ions [93].

In this work, solid-state sensors for mercury(Il) ions were prepared from
porphyrinylphosphonate diesters DMOP, DMSP and DMNP by LS technique (Fig. 1). To this
end, we optimized the structural parameters of porphyrinylphosphonate diesters replacing two
phenyl substituents at the porphyrin skeleton by sterically demanding hydrophobic mesityl groups.
This structural modification should stabilize the porphyrin monolayers and decrease leaching of
amphiphilic porphyrin molecules into aqueous solution during the analysis and regeneration of the
sensor. Three meso-heteroatom-substituted derivatives differed only in the nature of the peripheral
donor site XR (X =NH, O, S) were prepared to evaluate the influence of this site on the structure
of self-assembled films and the selectivity of Hg?" detection. As a result of these systematic
studies, we developed sensitive, reusable, and cost-efficient solid sensors for detection of
mercury(Il) ions, which is useful for the analysis of environmental samples and drinking water. In
contrast to previously reported sensory LS films, these materials allow for the selective dual-
channel (colorimetric and fluorescence) detection of Hg?* ions due to coordination of interfering

metal ions to the donor heteroatoms located at the periphery of the porphyrin macrocycle.
2. Experimental Section

2.1 General considerations. Unless otherwise noted, all chemicals and starting materials were
obtained commercially from Acros® or Aldrich® and used without further purification. DMA was

dried with molecular sieves. CsxCO3; was dried under reduced pressure at 120 °C for 48 h.



Chloroform (analytical grade) and methanol (99.8%) were purchased from Merck. All metal salts

used were perchlorates of general M(ClO4),~xH>O formula. Caution! Although no problems were

experienced, perchlorate salts are potentially explosive when combined with organic ligands and
should be manipulated with care and used only in very small quantities.

5,15-Dimesitylporphyrin and (5,15-Dimesitylporphyrinato)zinc (1a) were prepared according
to published procedures [95]. [ 10-(Diethoxyphosphoryl)-5,15-diphenylporphyrinato]zinc (2a) was
obtained in 52 % yield according to a two-steps procedure involving bromination of porphyrin 1a
(1.3 g, 2.13 mmol) followed by Pd-catalyzed phosphonilation [63].

"H and *!'P NMR spectra were acquired either on a Bruker Avance III Nanobay 300 MHz and a
Bruker Avance III 600 MHz spectrometers. Chemical shifts are expressed in parts per million
(ppm), referenced on the & scale by using residual non-deuterated solvent signals as internal
standard for 'H NMR spectroscopy and external phosphonic acid (H3POs) for *'P NMR
spectroscopy. The coupling constants are expressed in units of frequency (Hz). Accurate mass
measurements (HRMS) were made on a THERMO LTQ Orbitrap XL equipped with an
electrospray ionisation (ESI) source in positive mode unless otherwise stated. Solutions in
CHCls/methanol (1:1) were used for the analysis. IR spectra were registered on Bruker Vector 22
spectrophotometer. Universal micro-ATR sampling accessory (Pike) was used in order to obtain
IR spectra of solid samples. UV-visible absorption spectra were obtained on a Varian Cary 50
spectrophotometer by using a rectangular quartz cell (Hellma, 100-QS, 45 x 12.5 x 12.5 mm,
pathlength: 10 mm, chamber volume: 3.5 mL). MALDI-TOF mass-spectra were obtained on a
Bruker Ultraflex II LRF 2000 mass-spectrometer in positive ion mode with dithranol matrix.
Analytical thin-layer chromatography (TLC) was carried out using Merck silica gel 60 F-254

plates (precoated sheets, 0.2 mm thick, with fluorescence indicator F254).



All the spectrometers were available at the "Pole Chimie Moléculaire", the technological
platform for chemical analysis and molecular synthesis (http://www.wpcm.fr) which relies on the
Institute of the Molecular Chemistry of University of Burgundy and WelienceTM, a Burgundy

University private subsidiary.

2.2 Synthesis of porphyrins
[5-Bromo-15-(diethoxyphosphoryl)-10,20-dimesitylporphyrinato(2-)]zinc (3a). To a
solution of porphyrin 2a (300 mg, 0.40 mmol) in chloroform (100 mL), pyridine (310 pL, 3.78
mmol) was added and the solution was stirred for 10 min at room temperature. The reaction
mixture was cooled to —7 °C and then NBS (78 mg, 0.44 mmol) was added in one portion. The
reaction was quenched after 10 min by the addition of acetone (10 mL). Then the reaction mixture
was evaporated under reduced pressure and the crude solid residue was purified by column
chromatography using CH>Cl,/MeOH (gradient elution, 0-0.4 v/v % of MeOH) as an eluent.
Fractions containing the target product were identified by TLC, combined, evaporated under
reduced pressure and dried overnight (2 mm Hg) to afford 3a as a dark violet solid in 90% yield
(297 mg). 'HNMR (300 MHz, CDCI3/CDsOD 2:1, v/v, 25°C): éu = 9.85 (dd, *Juu =4.6 Hz, *Jp
=0.7 Hz, 2H, p-H), 9.36 (d, *Jun = 4.6 Hz, 2H, f-H), 8.46 (br d, 3Juu = 4.9 Hz, 2H, p-H), 8.40 (d,
3Jun = 4.6 Hz, 2H, g-H), 7.06 (br s, 4H, Mes), 4.20-4.34 (m, 2H, POCHz>), 3.96-4.10 (m, 2H,
POCH>»), 2.43 (s, 6H, p-Me), 1.65 (s, 12H, 0-Me), 1.15 (t, *Jun = 7.0 Hz, 6H, OCH:Me) ppm.
3S'P{'H} NMR (121 MHz, CDCl3/CD30D, 2:1 v/v, 25°C) : ép (ppm) 26.45 ppm. HRMS (ESI): m/z
caled. for CgHsBrN4OsPZn [M+H]™ 823.13856, found 823.13778; calcd. for
C42H40BrN4O3PZnNa [M+Na]" 845.12051, found 845.11881. FT-IR (neat): Vimax 2976 (m), 2960
(m), 2921 (m), 1548 (m), 1467 (m), 1436 (m), 1391 (w), 1377 (w), 1355 (w), 1320 (m), 1287 (w),

1216 (s, P=0), 1199 (s), 1161 (w), 1085 (m), 1069 (m), 1044 (m), 1016 (s), 1000 (s, P-O), 983 (s,

10



P-0), 965 (m), 885 (s), 855 (s), 789 (c), 757 (s), 596 (m), 561 (m), 536 (m) cm™'. UV-Vis (CHCI3):
Amax [log e M em™)] = 324 (4.27), 427 (5.53), 555 (4.15), 590 (4.09), 606 nm (3.89).
[5-(Diethoxyphosphoryl)-15-(octyloxy)-10,20-dimesitylporphyrinato]zinc

(ZnDMOP). A 10 mL two-necked flask equipped with a magnetic stirrer and a back-flow
condenser was charged with porphyrin 3a (33 mg, 0.04 mmol) and cesium carbonate (130.0
mg, 0.40 mmol). The reaction vessel was evacuated and purged by N> for 3 times.
Subsequently, 4.5 mL of 1-octanol was added by syringe and the mixture was stirred at 85
°C for 4 h. After cooling, the reaction mixture was evaporated under reduced pressure. The
residue was purified by column chromatography on silica gel using CH>Cl, and
CH>Clo/MeOH (99:1, v/v) as eluents. The target compound ZnDMOP was isolated as a
violet solid in 52% yield (18 mg). '"H NMR (600 MHz, CDCI3/CD30D 2:1, v/v, 25°C): &
=9.97 (br d, *Juu = 5.0 Hz, 2H, B-H), 9.35 (d, *Juu = 4.6 Hz, 2H, p-H), 8.63 (d, *Juu =5.0
Hz, 2H, p-H), 8.53 (d, *Jun = 4.6 Hz, 2H, p-H), 7.27 (br s, 4H, Mes), 5.07 (t, *Jun = 7.1
Hz, 2H, OCH:C7H1s), 4.48—4.46 (m, 2H, POCH3), 4.26—4.18 (m, 2H, POCH>), 2.63 (s, 6H,
p-Me), 2.38-2.36 (m, 2H, OCH2CH2CsH13), 1.93—-1.87 (m, 2H, OC>H4CH>CsH11), 1.84 (s,
12H, o-Me), 1.61-1.55 (m, 2H, OC3HsCH2C4Ho), 1.50-1.44 (m, 2H, OC4HsCH>C3H>),
1.38-1.37 (m, 4H, OCsH;o(CHz)2Me), 1.35 (t, *Juu = 7.1 Hz, 6H, OCH:Me), 0.92 (t, *Jun
=7.1 Hz, 3H, OC7H1sMe) ppm. *'P{'H} NMR (243 MHz, CDCIl3/CD30D 2:1, v/v, 25 °C):
or = 27.37 ppm. FT-IR (neat): Viax = 3232 (W), 2925 (m), 2855 (m), 2362 (m), 2052 (w),
1916 (w), 1899 (w), 1879 (w), 1792 (w), 1770 (w), 1734 (w), 1683 (w), 1652 (w), 1611
(w), 1549 (m), 1531 (w), 1464 (m), 1440 (m), 1391 (w), 1378 (w), 1355 (m), 1322 (m),
1287 (m), 1263 (m), 1218 (m, P=0), 1201 (s, P=0), 1158 (m), 1085 (m), 1060 (m), 1047

(m), 1013 (s), 983 (s, P-0), 886 (s), 852 (m), 824 (m), 797 (s), 764 (m), 749 (m), 730 (m),
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718 (m), 702 (m), 672 (w), 663 (W), 629 (w), 596 (m), 673 (m), 563 (m), 537 (m), 517 (W)
cm™. UV-Vis (CHCl3/MeOH 2:1, v/v): Amax [log € M ! cm™)] = 403 (4.57), 422 (5.37),
517 (3.48), 556 (4.10), 587 (3.67), 600 nm (3.64). MS (MALDI-TOF): m/z calcd. for

CsoHssN4O4PZn [M + H]™ 873.35; found 873.56.

Diethyl [15-(octyloxy)-10,20-dimesitylporphyrin-5-yljphosphonate (DMOP). A 100
mL two-necked flask equipped with a magnetic stirrer and a back-flow condenser was
charged with ZnDMOP (18 mg, 0.022 mmol). Subsequently, 75.0 mL of chloroform and
200 pL of HCI were added by syringe and the mixture was stirred at room temperature for
1 h. Then the mixture was washed with distilled water (4 x 25 mL). The organic phase was
dried over MgSOQs, filtered and evaporated under reduced pressure. The target compound
DMOP was isolated as a red solid in 95% yield (17 mg). UV/Vis (CHCl3): Amax [log (M ™!
cm )] = 370 (4.18), 418 (5.10), 490 (3.85), 517 (4.24), 551 (3.89), 587 (3.79), 640 nm
(3.41). The purity of compound was checked by thin-layer chromatography and MALDI-TOF
analysis. MS (MALDI-TOF): m/z calcd. for C,H,N.O.P[M+H]- 811.44, found 811.68.

[5-(Diethoxyphosphoryl)-15-(octylsulfanyl)-10,20-dimesitylporphyrinato]zinc
(ZnDMSP). A 10 mL two-necked flask equipped with a magnetic stirrer and a back-flow
condenser was charged with porphyrin 3a (30 mg, 0.036 mmol) and cesium carbonate (119
mg, 0.36 mmol). The reaction vessel was evacuated and purged by N> for 3 times.
Subsequently, 4.4 mL of 1-octanethiol was added by syringe and the mixture was stirred at
room temperature for 2 h. After that, the mixture was evaporated under reduced pressure.
The residue was purified by column chromatography on silica gel using CH>Cl, and
CH>Clo/MeOH (90:10, v/v) as eluents. The target compound ZnDMSP was isolated as a

violet solid in 68% yield (22 mg).
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"H NMR (600 MHz, CDCl3/CD3;0D 2:1, v/v, 25°C): & = 10.11 (br d, *Jun = 5.0 Hz,
2H, p-H), 9.92 (d, *Jun = 4.6 Hz, 2H, -H), 8.71 (d, *Jun = 5.0 Hz, 2H, -H), 8.66 (d, *Jun
=5.0 Hz, 2H, -H), 7.29 (s, 4H, Mes), 4.48-4.43 (m, 2H, OCH2>), 4.25-4.20 (m, 2H, OCH>),
3.45 (t, *Jun = 7.0 Hz, 2H, SCH>»), 2.63 (s, 6H, p-Me), 1.83 (s, 12H, 0-Me), 1.60—1.55 (m,
2H, SCH2CH>), 1.42-1.38 (m, 2H, S(CH2)2CH>), 1.35 (t, *Juu = 7.1 Hz, 6H, OCH:Me),
1.11-1.03 (m, 8H, S(CH2)3(CH2)4), 0.73 (t, *Jun = 7.1 Hz, 3H, Me) ppm. >'P{'"H} NMR
(243 MHz, CDCl3/CD30D 2:1, v/v, 25 °C): & = 26.41 ppm. FT-IR (neat): Vimax = 2922 (m),
2853 (m), 2778 (w), 2731 (w), 2528 (W), 2356 (W), 2325 (W), 2289 (w), 2243 (w), 2165
(W), 2145 (w), 2111 (w), 2071 (w), 2052 (w), 2011 (w), 1982 (w), 1967 (w), 1950 (w),
1916 (w), 1885 (w), 1810 (w), 1779 (w), 1713 (w), 1661 (w), 1633 (w), 1612 (w), 1568
(w), 1549 (w), 1519 (w), 1455 (m), 1435 (m), 1412 (m), 1391 (m), 1377 (m), 1354 (w),
1318 (w), 1288 (w), 1265 (w), 1213 (m, P=0), 1195 (m, P=0), 1160 (m), 1085 (m), 1062
(w), 1045 (m), 1015 (s), 982 (s, P-0), 961 (s, P—0), 885 (m), 850 (s), 829 (m), 795 (s), 745
(m), 723 (m), 714 (m), 681 (w), 670 (w), 649 (m), 596 (m), 580 (m), 561 (m), 535 (m), 510
(m) cm™. UV-Vis (CHCI3/MeOH 2:1, v/V): Amax [log e(M™! cm™)] =329 (4.14), 405 (4.59),
427 (5.38), 525 (3.40), 561 (3.96), 595 (4.11), 611 nm (3.90). MS (MALDI-TOF): m/z

caled. for CsoHssN4O3SPZn [M + H]™ 889.33; found 889.47.

Diethyl [15-4-(octylsulfanyl)-10,20-dimesitylporphyrin-5-yljphosphonate (DMSP).
A 100 mL two-necked flask equipped with a magnetic stirrer and a back-flow condenser
was charged with ZnDMSP (22 mg, 0.024 mmol). Subsequently, 50.0 mL of chloroform
and 150 puL of HCI were added by syringe and the mixture was stirred at room temperature
for 1 h. Then the mixture was washed with distilled water (4x20 mL). The organic phase

was dried over MgSOQy, filtered and evaporated under reduced pressure. The target
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compound DMSP was isolated as a red solid in 94% yield (19.0 mg). UV-Vis (CHCI):
Amax [log & (M1 cm™)] = 370 (4.42), 421 (5.16), 490 (3.62), 520 (4.09), 558 (4.03), 595
(3.72), 650 nm (3.83). The purity of compound was checked by thin-layer chromatography and

MALDI-TOF analysis. MS (MALDI-TOF): m/z calcd. for CsoHeoN4O3SP [M + H] ™ 827.41;
found 827.78.
[5-(Diethoxyphosphoryl)-15-(octylamino)-10,20-diphenylporphyrinato]zinc

(ZnDMNP). A 10 mL two-necked flask equipped with a magnetic stirrer and a back-flow
condenser was charged with porphyrin 3a (30 mg, 0.036 mmol), palladium acetate (0.4 mg,
0.002 mmol), BINAP (1.9 mg, 0.003 mmol) and cesium carbonate (17 mg, 0.05 mmol).
The reaction vessel was evacuated and purged by N> for 3 times. Subsequently, 4 mL of
anhydrous toluene was added by syringe. After that, octylamine (60 uL, 0.36 mmol) was
added by syringe and the mixture was stirred at reflux for 19 h. After cooling, the reaction
mixture was evaporated under reduced pressure. The residue was purified by column
chromatography on silica gel using CHCls/pentane (2:3, v/v) as eluent. The target
compound ZnDMNP was isolated as a green-violet solid in 64% yield (20 mg). "H NMR
(600 MHz, CDCI3/CD3OD 2:1, v/v, 25 °C): éu = 9.33 (br d, *Juu = 4.9 Hz, 2H, H), 8.78
(d, *Jun = 4.4 Hz, 2H, p-H), 8.11 (d, *Jun = 4.9 Hz, 2H, p-H), 7.95 (d, *Jun = 4.4 Hz, 2H,
B-H), 7.12 (s, 4H, Mes), 4.31-4.27 (m, 2H, POCH>), 4.24 (t, *Jun = 7.2 Hz, 2H, NCH>),
4.11-4.07 (m, 2H, POCH>), 4.00 (br t, 1H, NH), 2.49 (s, 6H, p-Me), 1.80 (s, 12H, 0-Me),
1.54-1.48 (m, 2H, CH>), 1.34-1.29 (m, 2H, CH>), 1.26 (t, *Juu = 7.1 Hz, 6H, OCH>Me),
1.20-1.17 (m, 8H, CH>), 0.77 (t, 3H, *Juu = 7.1 Hz, Me) ppm. *'P{'"H}NMR (600 MHz,
CDCI3/CD30D 2:1, v/v, 25 °C): ép = 28.60 ppm. FT-IR (neat): vinax = 3384 (w), 3374 (w),

3308 (w), 3261 (W), 3244 (w), 3228 (w), 3187 (w), 3143 (w), 3128 (W), 3098 (w), 3084
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(W), 2955 (m), 2924 (m), 2855 (m), 2733 (w), 2538 (W), 2461 (w), 2361 (w), 2325 (W),
2225 (w), 2196 (w), 2167 (w), 2109 (w), 2075 (w), 2052 (w), 2044 (w), 2012 (w), 1998
(W), 1984 (w), 1882 (w), 1735 (w), 1611 (w), 1551 (m), 1503 (m), 1459 (m), 1377 (m),
1343 (m), 1320 (m), 1308 (m), 1271 (m, P=0), 1200 (m, P=0), 1160 (m), 1084 (m), 1050
(m), 1017 (s), 980 (m, P-0), 964 (m, P—O), 885 (m), 852 (m), 844 (m), 789 (m), 730 (m),
716 (m), 668 (w), 631 (m), 597 (m), 563 (m), 536 (m) cm’'. UV-Vis (CHCls/MeOH 2:1,
V/V): Amax [log & (M cm™)] = 330 (4.28), 403 (4.52), 424 (5.16), 440 (4.86), 515 (3.90),

552 (4.18), 590 (3.84), 606 nm (3.91). MS (MALDI-TOF): m/z calcd. for CsoHsoNsO3PZn

[M + H]" 872.36; found 872.49.

Diethyl [15-4-(octylamino)-10,20-dimesitylporphyrin-5-yl|phosphonate (DMNP).
A 100 mL two-necked flask equipped with a magnetic stirrer and a back-flow condenser
was charged with ZnDMNP (20 mg, 0.022 mmol). Subsequently, 50.0 mL of chloroform
and 150 puL of HCI1 were added by syringe and the mixture was stirred at room temperature
for 1 hours. Then the mixture was washed with distilled water (4 x 25 mL). The organic
phase was dried over MgSOQyu, filtered and evaporated under reduced pressure. The target
compound DMNP was isolated as a red solid in 96% yield (17 mg). UV-Vis (CHCI3): Amax
[log ¢ M ! cm™)] = 421 (5.20), 437 (5.14), 507 (4.28), 548 (4.09), 582 (4.08), 656 nm
(4.22). The purity of compound was checked by thin-layer chromatography and MALDI-TOF
analysis. MS (MALDI-TOF): m/z calcd. for CsoHe1NsO3P [M + H]t 810.44; found 810.28.

2.3 Visual detection of metal ions

The sensing properties of DMSP, DMOP and DMNP in the presence of metal ions were
evaluated visually by adding gradually up to 1-3 equiv. of a 0.02 M methanol solution of

metal perchlorate to DMSP, DMOP and DMNP (¢ = 0.05 mM) dissolved in chloroform.
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Quenching of the solution fluorescence after addition of metal ions can be visually observed

upon diode (A = 365 nm) irradiation.
2.4 UV—-vis absorption and fluorescent measurements of solutions and LS films

The UV—vis absorption spectra of solutions and LS films deposited onto solid substrates
were recorded on a SHIMADZU-2450 spectrometer (Japan) in a wavelength range of 200-
900 nm. The fluorescent spectra of solutions and LS films deposited onto solid substrates
were recorded on a «SHIMADZU RF-5301» spectrofluorometer (Japan) in a wavelength
range of 200-900 nm. The solution measurements were performed in a quartz cuvette with
an optical path length of 1 cm at 20+1 °C. Excitation wavelength of the porphyrins was 420

nm.
2.5 Preparation of Monolayers and LS films

A 1000-2 KSV Minitrough (I x w =36.4 x 7.5 cm) model (KSV Instrument Ltd., Helsinki,
Finland) equipped with a platinum Wilhelmy plate was used for preparation of Langmuir
monolayers. The trough and barriers are made of Teflon. Monolayers were formed by
spreading a freshly prepared 0.05 mM solutions of the ligands in chloroform. The deposited
volume for spreading at the air—water interface was usually 200 pL. The spreading solution
was deposited by means of a Gilson "Distriman" micropipette in 2.5 pL portions. Delivered
drops were uniformly distributed over the available surface of water or aqueous solutions
of perchlorate salts (1 mM). Deionized water (18.2 MQ cm, pH ~5.5) produced by a
Vodoley cartridge purificator (SPE Himelektronika, Russia) was used as a subphase.
After the sample has been spread, the solvent was allowed to evaporate for 15 min. All
measurements were carried out at room temperature (20 = 1 °C). The monolayer was

compressed at a rate of 5 mm min™'. Each compression isotherm was recorded at least three
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times to ensure the reproducibility of the results. The sensitivity of the Wilhelmy plate
method for surface pressure—area (n—A4) isotherms was £0.01 mN m™'.

LS films were deposited horizontally onto PVC (polyvinyl chloride) substrates, gold
(silicon chip coated with gold) or silicon supports. Monolayers transfer was carried out at
a constant surface pressure of 5 or 18 mNm'!. The transfer ratio for the LS films was no

less than 0.95 for all substrates.
2.6 UV-—vis reflection absorption spectroscopy

UV-vis reflection absorption spectra of Langmuir monolayers at the air—water interface
were recorded in the 200—750 nm wavelength range using an AvaSpec—2048 FT-SPU
(Avantes) fiber-optic spectrophotometer equipped with a 75 W DH-2000 deuterium-
halogen light source and a CCD array detector. The UV—vis reflectometric probe with a
fiber-optic diameter of 400 um, combined with a 6—fiber irradiating bundle, was placed
perpendicular to the studied surface at a distance of 2—3 mm. The signal reflected from the

surface of the subphase prior to the deposition of the monolayer was used as a baseline.
2.7 Ultra high resolution scanning electron microscopy (SEM)

SEM imaging was performed using the Field Emission Scanning Electron Microscope
Zeiss Supra 55 (FE-SEM, Carl Zeiss, Germany). Accelerating voltage was set at 2-15 kV
with 4-6 mm working distance. Imaging was conducted using in-Lens secondary electron

detector. For SEM studies, the LS films were transferred onto the cut silicon wafers.
2.8 X-Ray Studies

X-Ray patterns were acquired using Empyrean (Panalytical) diffractometer equipped with
1-D position-sensitive X’Celerator detector. Ni-filtered Cu Ka-radiation was employed.

Calibration of angular scale in low-angle region was verified using fresh silver behenate
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powder (Sigma Aldrich) [96]. Standard Bragg-Brentano (reflection) geometry was
employed, allowing acquisition of out-of-plane diffraction, i.e. only planes parallel to the
substrate are contributing. For X-ray studies, the LS films were transferred onto the PVC
substrates.

Elemental analysis of LS film was performed by method of X-ray fluorescence
spectroscopy using an X-ray Analytical Microscope (XGT 7200, Horiba, Japan), with a
Rhodium (Rh) X-ray tube, a beam size 1.2 mm, tube voltage of 30 kV, and current of 0.15

mA under vacuum.
2.9 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy measurements were performed with an IPC-
compact homemade electronic potentiostat controlled by the Intelligent Potentiostat
Control software (IPC-Compact ver. 8.65 developed at IPCE RAS, Moscow, Russia). The
three-electrode cell was equipped with the working electrode (silicon chip coated with
gold), an Ag/AgCl reference electrode, and a platinum mesh as an auxiliary electrode. A
solution of K3[Fe(CN)¢s] and K4[Fe(CN)s] (1 mM each) prepared in 0.5 M KCI was used as

an external redox-active probe. The cell was washed with deionized water and ethanol.

3. Results and discussion
3.1. Synthesis of DMSP, DMOP and DMNP

A synthetic approach to zinc complexes of (trans-A2)BC-type porphyrinylphosphonate
diesters was reported by us previously [93]. As shown in Scheme 1, ZnDMSP, ZnDMOP
and ZnDMNP were prepared from 5,15-dimesitylporphyrin (1a) which was transformed in

phosphonate diester 2a in an overall yield of 45% by bromination with NBS followed by
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the Pd-catalyzed phosphonylation reaction. The porphyrin 2a was reacted with NBS to
prepare bromide 3a, which was involved in nucleophilic substitution reactions. This
synthetic route was previously used by us for the preparation of functionalized 5,15-
diphenylporphyrins and in preliminary experiments we try to synthesize the target
compounds under the same experimental conditions. However, the reactivity of
bromoporphyrins with respect to nucleophiles is found to be highly dependent on the nature
of aryl substituents at the macrocyclic periphery and careful optimization of the reactions

was needed to obtain the products in good yields.

1) NBS, Py
CHCl,, RT

P(O)(OEt),
2) HP(O)(OEt),
Pd(OAc),/PPh3

NEt;

EtOH/toluene (1:1)

1a,b 2a,b

Ar

Ar = Mes (1a, 2a); Ph (1b,2b)

1) NBS, Py,
CHCls, -7 °C 2) HXCgH47, solvent, T
Ar
H17CB\
X P(O)(OEt),

Ar

Ar = Ph, X = O (ZnDPOP), S (ZnDPOP),
NH (ZnDPNP)

Ar = Mes, X = O (ZnDMOP), S (ZnDMOP),
NH (ZnDMNP)

Scheme 1 Synthetic route to porphyrinylphosphonate diesters ZnDMSP, ZnDMOP and

ZnDMNP.
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Despite the fact that reactions of bromoporphyrins with alcohols commonly need
palladium catalysts, the electron-deficient bromoporphyrins 3a and 3b reacted with
alcohols and thioalcohols under catalyst-free conditions in the presence of cesium
carbonate in DMA or without any solvent [93]. However, the reactions are non-selective
and the target products are unstable under these reaction conditions. Thus, the product yield
is highly dependent on the reaction time and temperature.

When the reaction of mesityl-substituted porphyrin 3a with 1-octanol was run under the
best conditions reported for the preparation of ZnDPOP (DMA, 90 °C, 2 h), the conversion
of starting bromide 3a was as low as 20% (Table 1, entry 1). The bromide 3a was
completely consumed only after 16 h at 120 °C (entry 2). However, three compounds were
obtained and the reduced porphyrin 4 was a major product. The separation of these

compounds by column chromatography on silica gel was impossible.

Table 1

SNAr reaction of bromoporphyrin 3a with n-octanoll?!

Br O-n-CgH47 H
Mes Mes Mes Mes + Mes Mes
Cs,CO3,
solvent
P(O)(OEt), P(O)(OEt), P(O)(OEt),
3a ZnDMOP 4
Yield of
r t Conversion
Entry Solvent ZnDMOP
o [%%]®]
[°C] [h] .
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1 DMA 90 2 20 15

2 DMA 120 16 100 20
3lel DMA 120 12 14 7
4 n-octanol 95 2 100 (25)
5 n-octanol 70 16 25 25
6 n-octanol 85 4 100 (53)

[a] Reaction conditions: bromide 3a, n-octanol (100 equiv.), cesium carbonate (3 equiv.) and
solvent were heated under N, when monitored by MALDI-TOF MS. [b] Determined by 'H NMR

analysis. Isolated yields are given in parentheses. [c] Na,CO3 was employed as a base.

When sodium carbonate was employed as a base, the substitution was slow and
accompanied by the hydrodebromination reaction (entry 3). The selective reaction was
observed only in octanol, but the product yield was highly dependent on the reaction
temperature because the ZnDMOP was unstable under these experimental conditions. For
instance, the product was isolated in low yield after 2 h of the reaction at 95 °C despite complete
conversion of the starting bromide 3a (entry 4). When the temperature was decreased to 70 °C,
the reaction was very slow (entry 5). The best result was obtained by reacting these compounds
at 85 °C for 4 h when the product was isolated in 53% yield after chromatographic purification
(entry 6).

The reaction of bromide 3a with more nucleophilic octanethiol running without solvent

was rapid but less selective as compared to the substitution of the bromine atom by octanol
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(Scheme 2). Among many competing processes, the extensive hydrodebromination of

starting bromide 3a was observed as it was previously reported for the reaction of bromide

3b with octanethiol [93]. When proceeded at room temperature, this reaction was

completed in 2 h leading to an inseparable mixture of ZnDMSP and 4 in 2:1 molar ratio.

The decrease of temperature up to 0 °C gave 55% yield of reduced porphyrin 4. In contrast,

by conducting the reaction at 120 °C, the hydrodebromination was suppressed and

ZnDMSP was isolated in 68% yield when the reaction was stopped after 10 min.

The reaction of bromide 3a with less nucleophilic n-octylamine was run under catalytic

conditions developed previously for amination of 3b (Scheme 3) [93]. The reaction

smoothly proceeded in the presence Pd(OAc)>/BINAP and cesium carbonate in refluxed

toluene affording ZnDMNP in 63% yield.

Br S-n-CgH47
n-CsH17SH
Mes Mes Mes Mes + Mes
C32003, T
P(O)(OEt), P(O)(OEY),
3a ZnDMSP (68%)

Scheme 2. Synthesis of ZnDMSP.

Br N H'n'CgH 17
n-CBH 1 7N H2
Pd(OAc),/BINAP
Mes Mes Mes Mes
Cs,COg,toluene
reflux
P(O)(OEt), P(O)(OEt),
3a ZnDMNP (63%)

Scheme 3. Synthesis of porphyrin ZnDMNP.
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Free base porphyrins DMSP, DMOP and DMNP were obtained in high yields by
reacting their Zn complexes with concentrated hydrochloric acid in chloroform at room
temperature.

All the studied compounds were unambiguously characterized by NMR, IR and UV-vis
spectroscopies and MALDI-TOF analysis.

The electronic absorption spectra of obtained compounds are particularly interesting for
our studies. They are shown in Fig. 2, S1 and S2 and spectroscopic data are summarized in
Table S2. Two distinct regions of absorption is observed for all compounds as it is typical
for porphyrins and have been interpreted by four-orbital model of Gouterman [97, 98]. Very
strong Soret bands are centered at 420-430 nm and several less intensive Q bands appear
in the 500-690 nm region. Low symmetry (D2;) and the presence of polar substituents in
the molecules impart some distinctive features to the spectra. The shape of absorbance
curve of zinc complexes is more complicated as compared to those of conventional As-type
metalloporphyrins with D4, symmetry due to the loss of orbital degeneracy. Broadening of
bands envelope or a split of the band was observed in the high-energy region of their UV—
vis spectra. As shown in Fig. 2, the pseudo allowed Q transitions also showed complicated
splitting pattern. Similar trends were also observed in the UV—vis spectra of free base

porphyrins DMSP, DMOP and DMNP.
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Fig. 2. Normalized UV-vis absorption spectra of DMSP, DMOP and DMNP in
chloroform (a) and their Zn complexes in chloroform/methanol (2:1, v/v) solution (b) (c =

6.25 uM).

3.2. Metal ion binding by DMSP, DMOP and DMNP in solution

It 1s well known that in solution environment, including aqueous media, chelation of
metal ions by four pyrrole nitrogen atoms of the porphyrin macrocycle leads to the change
of their light absorbance and emission [17-21].

In chloroform, porphyrin DMNP bearing the most electron donating XCgH17 substituent
immediately responds to the addition of 2 equiv. of mercury(Il), zinc(Il), copper(Il),
lead(IT) or cadmium(Il) perchlorates by changing both absorption and emission of the
studied solutions (Fig. 3, S3—S7). The metal complexation is manifested by a bathochromic
shift of the Soret band and the appearance of three or four Q-bands of the complexes. The
color of the solutions varies from light brown to green as shown in Fig. 3. Efficient
fluorescence quenching is observed for all metal ions except Zn>". This quenching can be

detected even visually upon irradiation of the solutions with a 365 nm diode.
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As shown in Fig. 3a and S3-S7, the selectivity of DMSP and DMOP with respect to
toxic metals in chloroform is a bit higher compared to that of DMNP but still far from any
practical interest in sensing because these ligands chelate all studied metal ions except Cd*".
In the presence of Cu?", hypsochromic shifts of the Soret band were recorded for both
ligands, while Zn>* ions caused bathochromic shifts, that is typical for the formation of in-
plane and border-line porphyrin metal complexes, respectively [20].

Quenching of DMSP and DMOP fluorescence was observed after addition of Cu®*, Pb**
and Hg?" cations (Fig. 3b and c, respectively). In contrast, addition of zinc(II) perchlorate
results in emissive solutions (Fig. 3b, c). The heteroatom substituent influenced not only
the shift of the absorption and emission maxima (Fig. 3) but also the time needed to reach
the equilibrium conditions. For instance, the complexation of zinc(II) and copper(Il) ions
by DMSP and DMOP has taken a rather long time (60 min) (Fig. S3—S6) as it was
previously observed for many water-soluble porphyrins [20].

It has to be noted, that all three ligands being coordinated to Hg?* ions afford stable
complexes, in which the bulky metal ion is located above the macrocycle plane as
evidenced by a large bathochromic shift of the Soret band, typical for out-of-plane
porphyrin complexes [20, 99, 100]. The fluorescence quenching after addition of
mercury(Il) perchlorate is also observed for all three studied compounds (Fig. 3b—d).

The protonation of DMSP, DMOP, and DMNP also leads to fluorescence quenching,
but can be distinguished from the complexation reactions via more pronounced
bathochromic shifts of the Soret band (Table 2, Fig. S§8—S10).

Thus, despite specific structural features, our ligands are efficient dual-channel

molecular probes of Hg?* ions in chloroform. However, they exhibit a low selectivity with
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respect to this analyte. The heteroatom substituent influences the coordination properties
of porphyrinylphosphonate diesters. This can be caused by electronic effects of the
substituents and/or a preliminary coordination of the cations to the heteroatoms located at
the periphery of the macrocycle.

Table 2. Soret and Q-absorption bands (nm) for the porphyrins DMSP, DMOP and DMNP in

chloroform solution upon addition of metal perchlorate

Porphyrin
Soret band Q bands
/Analyte

DMSP 421 520 558 595 650
H* 450 - 545 598 652
Hg?* 445 - 550 590 646
Cu?* 419 443 - 550 587 647
Zn** 428 520 560 595 648
Pb** 424 443 517 557 593 647
Cd** 422 520 558 595 650
DMOP 418 517 551 587 640
H* 440 - 537 584 634
Hg?* 433 - 537 579 628
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Fig. 3. (a) Cation-induced color changes of DMSP, DMOP and DMNP chloroform
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solutions upon addition of metal perchlorates before (/) and after (2) diode irradiation (365
nm), equilibration time was 60 min. Evolution of the fluorescence (b - d) spectra (Aex =420
nm) of DMSP (b, /), DMOP (c, /) and DMNP (d, /) upon addition of metal perchlorates:
for DMSP and DMOP (2) 3 equiv. of Hg?*, (3) 1 equiv. of Cu**, (4) 1 equiv. of Zn?*, (5)
3 equiv. of Pb®" and for DMNP (2) 2 equiv. of Hg*", (3) 2 equiv. of Cu®’, (4) 2 equiv. of

Zn**, (5) 2 equiv. of Pb*", (6) 2 equiv. of Cd*" in chloroform solutions, all spectra are

corrected for dilution effects.

3.3. Monolayers of porphyrins DMOP, DMSP and DMNP on the water surface

Porphyrin monolayers on the surface of deionized water were formed according to
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Langmuir technique. Surface pressure—area (m—A) isotherms of DMOP, DMSP and
DMNP are depicted in Fig. 4a.

Compression isotherms of DMOP and DMSP monolayers are quite similar both in the
shape and in the values of molecular areas. The molecular area at the «lift-off points» of
the isotherms (i.e., at the points where the surface pressure 7 starts to rise) was calculated
to be 150 A%/molecule, which is smaller than the expected value for the face-on orientation
of the macrocycle (~ 225-250 A?/molecule) [64, 101]. Thus, when the monolayer is
compressed, the molecules adopt an inclined orientation (Fig. 4b), which is greatly
facilitated by the substituent pattern of the macrocycles, particularly by the presence of the
polar hydrophilic diethoxyphosphoryl group and the opposite hydrophobic substituent with
a hydrocarbon chain. This slipped stack-of-card orientation of the molecules is typical for
monolayers of amphiphilic porphyrins at the air—water interfaces, but the values of “lift-off
points” in these films commonly lie in the range of 70—120 A%/molecule [101]. An increase
of this value up to 150 A%/molecule for DMOP and DMSP is likely due to steric effects of

bulky mesityl and phosphorous-containing substituents.
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Fig. 4. (a) Surface pressure vs area isotherms for the monolayers of DMSP (/), DMOP (2)
and DMNP (3) on the pure water surface. (b) Schematic illustration of the proposed
molecular orientation of DMSP and DMOP in the monolayer on the pure water surface at
110-125 A%/molecule. (c) Schematic illustration of the proposed molecular orientation of
DMNP in the monolayer on the pure water surface at 200 A?/molecule. (d-f) In situ
absorption spectra for the monolayers of DMSP (d), DMOP (¢) and DMNP (f) on the pure
water surface under compression. Spectra of the porphyrins in chloroform solution are also

shown for comparison (red).

The rapid increase of the surface pressure upon monolayer compression likely indicates

a decrease in the molecular inclination angle relative to the surface normal. After reaching
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the dense packing, which observed at the pressure of 18—20 mN m™! and the surface area of
110 A%/molecule, the monolayers are reorganized, as evidenced by clearly defined “kink-
points”. The monolayer compressibility significantly increases probably due to squeezing
out of the porphyrin molecules leading to the formation of floating films composed of a
few monolayers or nano-sized discrete 3D aggregates [85, 102].

To gain a deeper insight into the structural organization of the monolayers, their
reflection absorption spectra were recorded and compared to those of the porphyrins in
solution environment. The aggregation of porphyrin molecules in a monolayer is evidenced
by broadening and shifting of the Soret band, as predicted by exciton theory [103]. The
absorption spectra of DMOP and DMSP and their monolayers are presented in Fig. 4d and
4e, respectively. The Soret bands of the monolayers are only slightly broadened and red-
shifted (7 and 14 nm, respectively) relative to those of porphyrins in chloroform solution
[104]. It worth to note, that the Soret bands of both floating films are much narrower
compared to that of TPP monolayers [66]. Moreover, when DMOP and DMSP monolayers
are compressed, the emergence of new bands in the high-energy region was not observed
in contrast to the monolayers of many other porphyrins with D2, symmetry in which
excitonic interactions between the porphyrin excited states were observed [69, 104-107].

Considering these spectral data, the self-assembly of DMOP and DMSP into weak J-
aggregates [108] through n—n interactions cannot be definitively excluded because small
bathochromic shifts of the absorption maxima of the Soret bands are observed. However,
these shifts may also be induced by a change in the environmental polarity [64]. In any
case, we can safely conclude that bulky substituents of the porphyrin macrocycle prevent

the formation of strong porphyrin aggregates in the studied monolayers.
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In the case of the DMNP monolayer, the shape of the compression isotherm drastically
differs from the n—A curves for DMOP and DMSP floating films (Fig. 4a). The value of
surface area (200 A%/molecule) at the «lift-off point» is closer to limiting areas of
monolayers with the face-on orientation of tetrapyrrolic macrocycles. A plausible rationale
for this finding is a change in the orientation of porphyrin molecules in the monolayer due
to intermolecular hydrogen bonding of octylamino and diethoxyphosphoryl groups leading
to the formation of porphyrin chains (Fig. 4c). In these supramolecular aggregates, the
tetrapyrrolic macrocycles are almost parallel to the liquid surface at low level of surface
coverage. This hydrogen bonding strongly influences the structure of the monolayer during
its compression. In contrast to DMOP and DMSP monolayers, a slow slope variation is
observed before and after a slightly marked kink at 80 A2. The behavior of DMNP holds
certain implications to previous studies of porphyrin monolayers, in which the influence of
hydrogen bonding on the structure of Langmuir monolayers was observed [68]. UV—vis
spectrum of this monolayer is quite similar to that recorded for this porphyrin in chloroform
solution but broadened and red-shifted (6—8 nm). Interestingly, for this floating film, the
shape and position of Soret and Q bands are dependent on the compression pressure,
presumably due to the change in the orientation and packing of the macrocycles with the
increase of surface pressure.

Thus, being deposited on the water surface by Langmuir technique, DMOP, DMSP and
DMNP form stable monolayers in which the porphyrin molecules are ordered and initial
surface areas are as high as 150-200 A%/molecule. The heteroatom-containing substituent

influences the structural organization of the monolayers.

3.4. Sensing properties of DMOP, DMSP and DMNP monolayers
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The complexation of interfering mercury(Il), copper(Il), zinc(Il) and lead(Il) ions
by DMSP monolayer was studied by comparing UV-—vis spectra and compressing
isotherms of the monolayer formed on the surface of water and aqueous solutions of the
metal perchlorates (Fig. 5a, b). For each studied analyte, several UV—vis spectra were
recorded at the surface pressure of 15 mN m™! to ensure a complete complexation of the
metals (15—-60 min). The Cu?", Zn*" and Pb*" ions appear to be coordinated to only the
peripheral donor heteroatoms, which is confirmed by 1) the only small spectral difference
between corresponding UV—vis spectra and 2) a shift of the isotherms towards large areas
in the presence of metal ions owing to electrostatic repulsion of cations in the floating films.
This coordination modes of functionalized porphyrins was already observed in DPOP
monolayers formed on the surface of aqueous solution of zinc(II) perchlorate [93]. In
contrast, Hg?" ions seem to be ligated by four pyrrolic nitrogen atoms of the porphyrin
macrocycle, which follows from a significant bathochromic shift of the Soret band and the
changes in the spectrum shape in the Q region. The formation of the mercury(Il) complex
with porphyrin leads to the liberation of two protons and affords a neutral species with
porphyrin to Hg?* ratio of 1:1 [100, 109, 110]. The isotherm of the ligand shifts towards
smaller molecular areas and the monolayer rigidity is greatly increased probably due to a
high tendency of porphyrins to form with mercury(Il) ions sandwich-type complexes (Fig.
S11) [100].

In the case of DMOP, the introduction of copper (II) and zinc(II) cations does not shift
the compression isotherms and the absorption spectrum remains almost unchanged (Fig.
5b, c¢). It seems that both metals do not form any complexes with the porphyrin ligand

organized in the monolayer, at least after 60 min of the contact. These data lead us to a
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tentative conclusion that the oxygen atom of the octanoxy substituent does not participate

in the complexation of these metals probably owing to the conjugation of the oxygen lone

pair with the aromatic macrocycle.
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Fig. 5. In situ absorption spectra (a, c, €) and surface pressure vs area isotherms (b, d, f) for

the monolayers of DMSP (a, b), DMOP (c, d) and DMNP (e, f) on the surface of pure

water (1) and 1 mM aqueous solutions of Hg(C104)> (2), Cu(ClO4)2 (3), Zn(ClO4)2 (4) and

Pb(ClO4)2 (5). Equilibration time before compression was 15 min (1) and 60 min (2-5),

respectively. In situ absorption spectra are recorded at surface pressure 15 mN m™'.

In contrast, in the presence of lead(Il) cations, the compression isotherm of the DMOP

monolayer is shifted toward large areas. This shift is accompanied by an increase in the
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monolayer rigidity. The intact position of the maximum of the Soret band indicates that
only donor centers at the macrocycle periphery are coordinated to the metal ion as it was
observed for DMSP monolayer (Fig. 5a, b).

Introduction of mercury(II) cations into the aqueous subphase leads to the complexation
of this metal by the macrocycle as unambiguously indicated by a bathochromic shift of the
Soret band and the spectral changes in the Q region of the spectrum. It is worth to note that
the compression isotherm of this complex is very similar to that of Pb?>" complex with
DMOP and is displaced to large molecular areas in comparison with Hg?" complex with
DMSP.

Sensing properties of DMNP and DMSP were alike in all their basic features with the
exception that compression isotherms of DMNP on the surface of subphase containing
Cu?’, Zn>* and Pb*" ions exhibited larger molecular areas at the «lift-off points» and slower
slope variations. It seems that both the nitrogen atom of the octylamine group and the
phosphoryl oxygen atom are coordinated to the metal ions in the monolayer inducing a
mainly horizontal orientation of the macrocycles at a low density of the monolayers (Fig.
51).

It has to be noted that analogous switching in the coordination mode of porphyrin ligand
was observed for TPyP in a solution environment [89]. In ethanol, four pyrrolic nitrogen
atoms of TPyP are chelated to Hg?" ions, but not to Cu®* cations. In the later complex, only
pyridine nitrogen atoms participate in the binding of Cu?* ions. The same coordination
modes of these metal ions were proposed by the authors for LS films formed by TPyP but
experimental evidences of Hg?" coordination by the macrocycle in the film were quite

delicate.
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In conclusion, being organized in Langmuir monolayers, porphyrins DMOP, DMSP and

DMNP develop selective spectrophotometric responses on the presence of mercury(Il) ions

in the aqueous subphase. In these sensory systems, only Hg?" ions are coordinated to the

tetrapyrrolic macrocycle while other metals (Cu?*, Zn?>* and Pb*") are ligated to the

peripheral donor sites if at all.

3.5. Langmuir-Schaefer films of DMOP, DMSP and DMNP

The monolayers of porphyrinylphosphonate DMOP, DMSP and DMNP were transferred

onto a PVC support using the LS method. The deposition was performed at two different surface

pressures (5 and 18 mN m™') and optic properties of the films were monitored by absorption and

fluorescence spectroscopies (Fig. 6, S13—-S14).
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Fig. 6. UV—vis absorption (a) and fluorescence (b) spectra for LS film of DMSP deposited onto

a PVC substrate from the pure water surface at 5 mN m™! (Aex = 420 nm). Inset shows the

dependence of the absorbance (a) and fluorescence (b) intensity vs the number of layers in the LS

film at A =425 (a) and 668 (b) nm.

In the absorption spectra, the linear increase of the B-band and Q-band intensities with the
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number of transferred layers was observed for all three films under both transfer conditions. This
evidences a high degree of the monolayer transfer. More importantly, the intensities of the
emission bands were high and increased regularly for DMOP and DMSP films, confirming the
absence of strong aggregation in these multilayer films in contrast to many LS films of amphiphilic
porphyrins reported previously [70]. The emission of the DMNP film was less intensive and its
increase with the enhancement of film thickness was less regular probably due to the aggregation

of porphyrin molecules as it was observed for its Langmuir monolayer (Fig. 4f).

The structure of 30-layer LS films of DMSP, DMOP and DMNP transferred onto PVC
substrate at 5 and 18 mN m™! was investigated by XRD analysis. Only DMSP film deposited at
18 mN m™! displayed Bragg peaks (Fig. S15) and their interpretation was not straightforward.
Two reflections with similar intensities appear at 3.42° and 6.89°, corresponding to distances of
25.75 A and 12.81 A, respectively. Such a pattern indicates a high level of local molecular
organization in the film showing that this material displays at least layer structure. As for the films
of DMOP and DMNP porphyrins, which do not give any Bragg reflections, it can be assumed that
after the transfer of monolayers onto solid supports, a structural rearrangement occurs leading to
the formation of amorphous domains or very small microcrystallites.

Morphology of LS films was investigated by scanning electron microscopy (SEM) (Fig. 7).
The films structurally differ one from other. Both DMSP and DMOP films transferred at 5 mN
m~! form networks which uniformly cover the surface of the substrate over large areas (Fig. 7a, b).
Nevertheless, density of DMOP film is higher than that of its sulfur-containing analogue. SEM
image of DMNP film shows that this material has a complex morphological pattern. Two types of
structures are apparently formed in the film: 1) homogeneous with inclined orientation of

macrocycles and 2) chain-type with a planar orientation of macrocycles, which is formed via
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hydrogen bonds between >NH and —P(O)(OEt), groups. (Fig. 7c). As the transfer pressure

increases to 18 mN m!, the structural elements of films become more consolidated (Fig. 7d, e, f).

Fig. 7. SEM images of 5-layer LS films of DMSP (a, d), DMOP (b, ¢) and DMNP (c, ) deposited
onto a cut silicon wafer at a surface pressure of 5 (a, b, ¢) and 18 (d, e, f) mN m™! from the deionized

water surface.
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The LB and LS techniques are traditionally appreciated in material chemistry as convenient
methods for fabrication of highly uniform and dense films with a high predetermine composition,
architecture and thickness [58, 59, 61]. However, for some technical applications such as sensing,
for instance, these features are actually detrimental to performance causing a slow diffusion of an
analyte to reaction centers. Therefore, morphology modifications of the LB and LS films, which
afford an increase of their surface area, are advantageous for these applications. For instance, the
ultra-rapid transfer of LB monolayers was developed to form non-uniformed films consisting of
nano-structured domains. This sensing material exhibited a higher sensitivity as compared to
conventional LB films due to the enhanced surface area of the porous film assembly [111]. The
porphyrinylphosphonate diesters can be organized in perforated film assemblies by simple LS
technique due to their appropriate molecular design. The observed features of the surface
morphology of DMOP, DMSP and DMNP films can be a consequence of substrate-induced
transformations or slow dewetting of transferred monolayers containing water molecules due to

their hydrogen bonding to polar substituents at the macrocycle periphery [25].

DMOP, DMSP and DMNP monolayers formed at 5 mN m™' were also transferred onto the
gold surface and investigated by electrochemical impedance spectroscopy, which allows for
estimation of the film permeability by measuring the charge transfer resistance between the gold

electrode and an external redox couple containing electrolyte (Fig. 8, Table 3).
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Fig. 8. Nyquist plots (hodographs) of a pure gold electrode (/); gold electrode coated with a single
layer LS films of DMSP (2), DMOP (3) and DMNP (4) transferred at a surface pressure of 5 mN
m- from the surface of deionized water before (a) and after (b) exposure in 0.1 mM Hg(ClO4)»
aqueous solution for 10 min. The inset shows the equivalent Randles circuit used for EIS data

modeling.

Table 3. Electrochemical parameters obtained for one-layer LS films of DMSP, DMOP and
DMNP on a gold electrode from mathematical modeling of the corresponding Nyquist plots,

according to the equivalent Randles circuit presented on the inset of Fig. 8b.

Rsa Cdlb RctC ZW
System

Q) (WFem?) (Qem?) (Qs'?)
Au 40 12.6 7.6 236.7
Au/ DMSP 50 175 81.3 248.7
Au/ DMOP 52 157 90.8 255.0
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Au/ DMNP 50 14.0 49.0 274.3

Au/ DMSP/Hg** 52 142 358.1 455.0
Au/ DMOP/Hg** 4.5 145 764.4 319.0
Au/ DMNP/Hg*" 5.1 125 52.3 277.4

aRs: electrolyte resistance. *Car: electrical double layer capacity. °Re: charge transfer resistance at

the electrode/electrolyte interface. YZy: Warburg diffusion element.

Comparing LS films of DMSP and DMOP (Fig. 8a, Table 3), the latter shows higher
charge transfer resistance. This is consistent with SEM data obtained for the thicker films

on PVC support formed at the same deposition surface pressure (Fig. 7).

The fact that charge transfer resistance is low for the DMNP film indicates the presence
of significant number of defects in this film. This finding also correlates with the SEM
image of the multilayer DMNP film on PVC, which demonstrate its high inhomogeneity
(Fig. 7).

When the DMSP and DMOP films were immersed in aqueous solution of mercury(II)
perchlorate for 10 min, the metal-bound ligands gave rise to better organized insulating
layers as indicated a significant increase of the charge-transfer resistance (Fig. 8b, Table
3). Interestingly, when DMNP film was exposed to Hg?* ions, the charge transfer resistance
does not change, likely due to a structural difference of the monolayers formed by DMNP

and other studied porphyrins.

Thus, porphyrinylphosphonates DMOP, DMSP and DMNP form stable, colored and

emissive LS films on the surface of PVC. The perforated structure of these films is advantageous
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for their sensing applications. Their emissive properties and their morphology are dependent on
the nature of heteroatom substituent at the macrocyclic periphery. The LS films formed by
porphyrins DMOP and DMSP seem to be more appropriate for developing of solid film sensors

owing to their higher emission.
3.6. Sensing properties of DMOP, DMSP and DMNP films

The LS films formed by three studied porphyrins on the surface of PVC support offer
selective spectrophotometric responses on the presence of mercury(Il) ions as Langmuir
monolayers formed by these compounds at the air—water interface. Exposure of 10-layer
DMOP, DMSP and DMNP films to 0.1 mM solution of mercury(Il) perchlorate for 30 min
led to a bathochromic shift of the Soret band (Fig. 9a, c, €). Moreover, using these LS films,
the presence of the Hg?" ions can be detected by emission spectroscopy owing to almost
complete fluorescence quenching upon the complex formation (Fig. 9 b, d, f).

The sensors can be regenerated by the treatment with an acidified aqueous solution (pH

= 2) as shown in Fig. 9.
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Fig. 9. UV—vis absorption (a, c, €) and fluorescence (b, d, f) spectra (Aex = 420 nm) of 10-
layer LS films of DMSP (a, b), DMOP (c, d) and DMNP (e, f) deposited onto a PVC
substrates from pure water surface at 5 mN m™' (/) and immersed in 0.1 mM aqueous
solution of Hg(ClO4)> for 30 min (2) followed by washing by acidified aqueous solution

(pH 2) for 3 min (3).
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Fig. 10. Changes of absorbance intensity at 424 nm (DMSP, a), 421 nm (DMOP, b) and
424 nm (DMNP, ¢) during five consecutive analyses of Hg?" ions in aqueous samples (10-
layer LS film; exposition to 0.1 mM aqueous solution of Hg(ClO4)> for 30 min; washing

by an acidic solution with pH 2 for 2 min).

Interestingly, the absorbance and emission spectra of regenerated films were similar to
those of pristine materials only in the case of DMOP and DMSP sensors. For the film of
amino-substituted porphyrin DMNP, the Soret band was more structured. Moreover, a
significant increase of emission intensity was observed after the sensor regeneration (Fig.
9f). These spectral changes were ascribed to the structural reorganization of the DMNP
film under acidic conditions. Intermolecular hydrogen bonding plays a crucial role in the
self-assembly of DMNP molecules in the Langmuir monolayers and likely in LS films
because the morphology of DMNP film significantly differs from those of DMOP and
DMSP films (Fig. 7). The treatment of DMNP sensor by an acidic solution leads to a
removal of Hg?" ions and the protonation of the octylamino group. The later process can
induce significant structural changes of porphyrin monolayers due to strong electrostatic
repulsions of positively charged porphyrin molecules as it was observed for DMOP,

DMSP and DMNP monolayers after the complexation of Zn?>*, Cu?>* and Pb*" ions by the
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ligands (Fig. 5).

Interestingly, the regenerated DMNP film preserves its sensory properties as do the
recovered DMOP and DMSP sensors. The DMOP, DMSP and DMNP films can be
regenerated at least 5 times without loss of their efficiency (Fig. 10).

Next, it was demonstrated that convenient naked-eye analysis of Hg?" ions is possible
by DMOP, DMSP and DMNP films composed of 30 porphyrin layers transferred at 5 mN
m~! (Fig. 11a). These films can be also regenerated by treatment with diluted hydrochloric
acid (pH = 2). The presence of mercury(Il) ions in DMSP film after the analysis and their

total removal after washing of the sensor were confirmed by X-ray fluorescence analysis

(Fig. 11b, c).
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Fig. 11. (a) Cation-induced color changes of 30-layer LS film of: DMSP (/), DMOP (2)
and DMNP (3), transferred onto a PVC substrate at a surface pressure of 5 mN m™! from
the pure water surface. X-ray fluorescence spectra of 30-layer LS film of DMSP transferred
onto a PVC substrate at a surface pressure of 5 mN m™! from the pure water surface (a), LS
film after exposure to 1 mM Hg(ClO4)> aqueous solution (b — blue line); LS films

DMSP/Hg?" that have been regenerated using acidified aqueous solution (b — black lines).
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The effect of Hg?" ions on structure of DMSP 30-layer LS films transferred onto solid
substrate at 18 mN m™!, was also investigated by XRD analysis. As mention above, only
this pattern film shows Bragg reflections (Fig. S15). Like the pristine material, the film
treated with Hg?" ions displays two peaks with equal intensity. They appear at 4.22° and
5.30°, which correspond to distances 0of 20.92 A and 16.64 A, respectively (Fig. S15). These
data evidence a structural reorganization of the ordered sensing film after the complexation
of the metal ions.

Instrumental LOD of all thin-film sensors was as low as 10 M (2 ppb) (Fig. S18-S19),
which corresponds to the maximum contamination level (of 2 ppb) for Hg*" ions in drinking
water recommended by EPA [5]. Moreover, interfering Cu?*, Zn**, Cd** and Pb*" ions do
not significantly disturb the analyses of Hg?* cations. The best results in cross-selectivity

experiments were obtained with DMSP film as shown in Fig. 12 and Fig. S20.
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Fig. 12. Absorbance (a-c) and fluorescence (d-f) intensity of the 10-layer LS film of DMSP
(a, d), DMOP (b, ¢) and DMNP (c, ) before and after immersion in 0.1 mM Hg?* aqueous
solution and in aqueous solution containing 1 mM of Cu®*, Zn?>*, Cd**, Pb** and 0.1 mM

Hg?* perchlorates.
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To demonstrate the key role of molecular organization in sensory properties of these LS
films, a cast film of porphyrin DMSP was deposited onto a glass slide from a chloroform
solution of this ligand. This film changes the colour in the presence of Hg**, Cu?**, Zn*",
Cd*" and Pb*" ions (Fig. S21) and slowly washes out from the solid surface.

We also prepared LS films transferring TPP and TPyP monolayers onto PVC slides
under the same experimental conditions as was used to prepare DMOP, DMSP and DMNP
sensors. UV—vis spectra of these films were remained unchanged after their exposure to

10~ M aqueous solutions of mercury(II) perchlorate for 60 min (Fig. S24).

4. Conclusions

To prepare stable and sensitive ultra-thin porphyrin films responding to the binding of
toxic metals, we have adapted the structural parameters of tetrapyrrolic molecules by tuning
their hydrophilic-lipophilic balance, the size of substituents and introducing the donor
heteroatoms at the periphery of the porphyrin macrocycle. To this end, XCgHis-
functionalized (X = O, S, NH) 10,20-dimesitylporphyrin-5-ylphosphonate diesters DMOP,
DMSP and DMNP were prepared according the synthetic approach developed by us
previously. The target compounds were obtained in good yields after careful optimization
of the nucleophilic substitution reactions.

These amphiphilic compounds form stable Langmuir monolayers at the air—water
interface. In these floating films, porphyrin molecules display a slipped stack-of-card
orientation, but their strong mn-m stacking is prohibited by sterically demanding
diethoxyphosphoryl and mesityl groups located at meso-positions of the macrocycle. The
heteroatom substituent plays a key role in the molecular organization of these floating films

due to its participation in intermolecular hydrogen bonding.
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Sensing properties of the monolayers remarkably differ from those of their molecular
precursors in the solution environment. The films are suitable for selective
spectrophotometric detection of Hg?" ions in aqueous environment because interfering
Cu?’, Zn?*, Cd**, and Pb*" ions are coordinated to the donor atoms at the periphery of the
macrocycle.

Deposition of these floating films on the PV C surfaces by LS method affords multilayer
films with a quite dense coverage of the solid support by sensing molecules. Both
absorption and emission studies of these films have provided strong evidence in favor of
very weak chromophore interactions. Interestingly, the heteroatom substituent has a
significant effect on the surface pressure-assisted supramolecular assembly of porphyrins
on the solid surfaces. However, in all ordered films, the receptor layers are accessible to
mercury(Il) ions.

Despite differences in molecular organization, all studied multilayer films can be used
as solid-state dual-channel (absorption and emission) reusable Hg?" sensors since only Hg?*
ions are coordinated to the tetrapyrrolic macrocycle, while other metals (Cu?", Zn**, Cd**
and Pb*") are ligated to the peripheral donor sites if at all. The attenuation of the porphyrin
association in the film makes the adsorption of Hg?' ions easier and allows for their
desorption under acidic conditions.

The instrumental optical response of these films can be obtained at Hg?" concentrations
above 10 M (2 ppb), which corresponds to the action level for Hg?* ions in drinking water
recommended by EPA. Moreover, these sensors can be used for the naked-eye colorimetric
detection of the analyte in aqueous solutions in the presence of interfering Cu**, Zn>*, Cd**

and Pb*" ions.
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While LOD and selectivity of these sensory systems are comparable to the best
previously reported solid-state sensors based on porphyrin derivatives (Table S1), they are
prepared by using cost-efficient solid supports and minimal amounts of porphyrins. These
sensors allow for simple miniaturization of sensory devices and can be used in field
conditions. Their selectivity is determined by the porphyrin structure and is independent on
the properties of the solid support, which is important in the analysis of environmental

samples containing many unidentified interfering compounds.
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