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Reactions of M*" (M = Mg*" (1), Ca** (2), Sr** (3), or Ba>" (4)) salts with R,S-hydroxyphospho-
noacetic acid (HPAA) in aqueous solutions of pH 2.0—2.7 at a 1:1 ratio yield hydrated M—HPAA layered
or three-dimensional coordination polymers with varying degrees of hydration (metal-coordinated water
or lattice water). The crystal structures of 3 (two different phases, 3a and 3b, formed at slightly different
pH) and 4 have been determined by single-crystal X-ray crystallography. Both enantiomers (R and §) of
HPAA are incorporated in these metal -HPA A materials. Compounds were also characterized by a plethora
of other techniques (ATR-IR, SEM, TGA, elemental analyses, powder XRD). Corrosion experiments
were carried out at pH 2.0 and 7.3 to study the effect of combinations of externally added Sr** or Ba**
and HPAA (1:1 ratio) on corrosion rates of carbon steel. It was found that at pH 2.0 St/HPAA or Ba/
HPAA 1:1 combinations are not able to inhibit corrosion. However, at pH 7.3 quantitative corrosion
inhibition is achieved. Anticorrosion films were studied by FT-IR, EDS, and XRF. These amorphous (by
XRD) inorganic—organic protective coatings are composed of Sr** or Ba>" and HPAA in a 1:1 ratio
and are identical to Sr—HPAA or Ba—HPAA materials synthesized at pH 7.3 and different from those
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synthesized at pH 2.0—2.7. Structure elucidation was not possible because they are amorphous.

Introduction

The fields of supramolecular chemistry, crystal engineer-
ing, and materials chemistry have seen impressive growth
during recent years. Utilization of phosphonic acids ligands
has undoubtedly played a key role in widening these areas
of research.''* Phosphonate ligands have attracted consider-
able attention in the context of fundamental research, but
have also been extensively used in several other technologi-
cally/industrially significant areas, such as water treatment,'***
oilfield drilling, '>'® minerals processing, '’ corrosion control, '#2°
metal complexation and sequestration,”’ dental materials,*
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enzyme inhibition,”> > bone targeting,>**® cancer treat-

ment,”’ etc. There exists a gamut of metal phosphonate
materials whose structures exhibit attractive features that
depend on several variables, such as the nature of M (metal
oxidation state, ionic radius, and coordination number in
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particular), number of phosphonate groups on the ligand
backbone, presence of other functional moieties (carboxylate,
sulfonate, amine, hydroxyl), and, naturally, process variables
(reactant ratio and concentration, temperature, pressure, etc.).
Synthesis of metal phosphonates is usually performed in
aqueous solutions (or in mixtures of water and a polar organic
solvent), so it is not surprising that water is commonly found
in their lattice, participating in extensive hydrogen bonding,
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which is predominant in these architectures resulting in 1-,
2-, and 3-D supramolecular networks.>° Lastly, it is worth
noting that the vast majority of metal phosphonates are
coordination polymers, although there are reports of metal
phosphonate molecular complexes.

Herein, we describe syntheses of five new alkaline-earth-
metal hydroxyphosphonoacetates, M—HPAA (hydroxy-
phosphonoacetic acid = HPAA, M = Mg, Ca, Sr (two
phases), Ba), and structural characterization of three (Sr (two
phases) and Ba) of them. These polymeric inorganic—
organic hybrids have the general formula {M-
[(HPAA)(H,O),]*(H,0),},, with x and y determining the
amount of metal-coordinated and lattice water, respectively.
Crystalline materials containing metal-coordinated HPAA?~
are obtained as products from reactions of HPAA and
hydrous MCl, salts (M = Mg, 1; Ca, 2; Sr, 3a, 3b; Ba, 4) in
a 1:1 molar ratio under ambient conditions and low pH
(2—3). Synthetic efforts were based on simple “electroneu-
trality” principles, according to which at the synthesis pH
the ligand (HPAA?") and metal (M*>") have the same but
opposite charges, thus resulting in neutral frameworks. The
metal—HPAA compounds (generated in situ) containing Sr**
or Ba*" have been applied as anticorrosion films for the
protection of steel metal surfaces.

Phosphonate additives, initially applied as replacements
for carcinogenic chromate in metallic corrosion protection,
have since then found extensive use.'®2° There is a
consensus in literature reports on a synergistic action of
dissolved M** and phosphonates that has been assigned to
formation of metal—phosphonate inhibiting films on the
metallic surface.’' Recently, we initiated a systematic effort
to study metal—phosphonate films on metal surfaces, focus-
ing on their accurate description at the molecular level. >~

Experimental Section

Materials. All water-soluble metal salts were commercial
samples and used without further purification. A racemic mixture
of R,S-HPAA (50% w/w solution in water) was from Biolab, U.K.
Stock solutions of HCI and NaOH (from Riedel de Haen) were
used for pH adjustments. In-house, deionized water was used for
all syntheses.

Instrumentation. The TGA apparatus was a TGA/SDTA 851-
LF 1100-Mettler with the carrier gas being either air or N, at a
flow of 100 mL/min. Samples were heated from 25 to 800 °C at a
heating rate of 7 °C/min in a aluminum pot (volume 30 uL). FT-
IR spectra were recorded on a FT-IR Perkin-Elmer FT 1760. ATR-
IR spectra were collected on a Thermo-Electron NICOLET 6700
FTIR optical spectrometer. X-ray diffraction data were collected
on a SMART 1K CCD diffractometer at 298(2) K with Mo Ka. (4
= 0.71073 A).

(30) (a) Clearfield, A. Curr. Opin. Solid State Mater. Sci. 2002, 6, 495—
506. (b) Clearfield, A. Curr. Opin. Solid State Mater. Sci. 1996, 1,
268-278.

(31) Marin-Cruz, J.; Cabrera-Sierra, R.; Pech-Canul, M. A.; Gonzalez, 1.
Electrochim. Acta 2006, 51, 1847-1854.

(32) Demadis, K. D.; Mantzaridis, C.; Raptis, R. G.; Mezei, G. Inorg. Chem.
2005, 44, 4469-4471.

(33) Demadis, K. D.; Katarachia, S. D.; Koutmos, M. Inorg. Chem.
Commun. 2005, 8, 254-258.

(34) Demadis, K. D.; Lykoudis, P.; Raptis, R. G.; Mezei, G. Cryst. Growth
Des. 2006, 6, 1064-1067.

(35) Demadis, K. D.; Mantzaridis, C.; Lykoudis, P. Ind. Eng. Chem. Res.
2006, 45, 7795-7800.



Metal Carboxyphosphonate Hybrids

Chem. Mater., Vol. 20, No. 15, 2008 4837

Table 1. Bond Distances for Sr—HPAA (3a), Sr—HPAA (3b), and Ba—HPAA (4)*

Sr—HPAA (3a)

Sr—HPAA (3b)

Sr(1)—0(4) 2.5030(17) Sr(1)—O(2)#1
Sr(1)~0(8) 2.570(2) Sr(1)~0(7)
Sr(1)—O(1)#1 2.5786(17) St(1)—0(4)
Sr(1)~0(9) 2.597(2) Sr(1)—0(8)
St(1)—0(6) 2.6055(18) Sr(1)—O(1)#2
SK(1)—0(5)#2 2.6178(17) Sr(1)—0(6)
St(1)—0(7) 2.623(3) St(1)—0(3)#3
Sr(1)—0(5)#1 2.6916(18) Sr(1)—O(5)#4

St(1)—O(5)#2

Ba—HPAA (4)
2.5698(19) Ba(1)—O(4)#1 2.706(4)
2.5821(19) Ba(1)—0(6) 2.724(4)
2.598(2) Ba(1)—0(7) 2.782(4)
2.635(2) Ba(1)—0(1) 2.791(4)
2.6472(18) Ba(1)—0(8) 2.817(5)
2.6489(19) Ba(1)—0(3)#2 2.831(4)
2.7271(19) Ba(1)—0(5)#3 2.855(4)
2.7530(19) Ba(1)~0Q)#2 2.858(4)
2.761(2) Ba(1)—0(2)#4 2.915(4)

¢ Symmetry transformations used to generate equivalent atoms. For S;t—HPAA (3a): #1 x, —y + 1/2, z — 1/2; #2 —x, y — 1/2, —z + 3/2; #3 —x, —y,
—z+ L;#dx, —y + 1/2, 2+ 1/2; #5 —x, y + 1/2, —z + 3/2. For St—HPAA 3b) #1 x + 1/2, =y + 172,z — 1/2; #2 x - 1/2, =y + 1/2, z — 1/2; #3
—x, =y + 1, —z+2#4 —x+ 12,y + 12, =2+ 3/2;#5 —x, =y + 1, =z + L; #6. x + 1/2, =y + 1/2, z + 1/2; #7 x — 1/2, —y + 1/2, z + 1/2; #8
—x+ 112,y — 1/2, =z + 3/2. For Ba—HPAA 4) #1 x + 1/2, =y + 3/2, z — 1/2; #2 x — 1/2, =y + 3/2,z — 1/2; #3 —x, —y + 1, —z + 1; #4 —x + 1/
2,y =12, =z + 125 #5 —x, =y + 1, =z #6 x + 172, =y + 3/2, z + 1/2; #7 —x + 112, y + 172, =z + 1/2; #8 x — 1/2, —y + 3/2, z + 1/2.

Syntheses. Reactions of HPAA with a variety of divalent metal
ions (Mg, Ca, Sr, Ba, Zn, Cu, Cd) occur to give M—HPAA
materials (see SI). M—HPAA materials with M = Zn, Cu, and Cd
will be reported in a future publication. Similar experimental
procedures are followed for the synthesis of all alkaline-earth-metal
hydroxyphosphonoacetates.

M—HPAA Syntheses (M = Mg (1), Ca (2), Sr (3b), Ba(4)) at
pH 2.0. A quantity of HPAA (0.5 mL of a 50% w/w aqueous
solution, 2.195 mmol) is dissolved in deionized water (25 mL),
and hydrated metal chloride (2.195 mmol) is added to it stepwise
under vigorous stirring. Solution pH is adjusted to 2.0 with 1.0 M
NaOH. The clear, slightly yellow solutions are stored at ambient
temperature. All reaction solutions precipitate crystalline material
after 3 days. If crystallization is left to proceed over 1 week higher
yields are obtained (40—60% based on metal, depending on
crystallization time and compound). The precipitates are isolated
by filtration and air or oven dried.

Synthesis of Sr[(HPAA)(H»0);]+H>O (3a). The same procedure
as given above was followed except that the solution pH was
adjusted to 2.7 with 1.0 M NaOH. Large octahedral blocks
crystallize after 4 days. Yield: 45% based on Sr. It should be
mentioned that if the BaCl,*2H,0 + HPAA reaction is carried out
at pH 2.7, Ba[(HPAA)(H,0), (4) is obtained as the only product.
It appears that the Ba/HPAA system is insensitive to pH.

Synthesis of Fe[(HPAA)(H,0) at pH 2.0. The same procedure
was followed as given above, except that ferrous ammonium sulfate
hexahydrate (Fe"(NH4)»(SO,),*6H,0) is used (2.195 mmol, 0.861
g). Rapid precipitation of an off-white powder occurs that is isolated
by filtration and oven dried. Yield: 65% based on Fe. This product
is amorphous based on powder XRD measurements.

M—HPAA Syntheses at pH 7.3 (for Sr and Ba). For the pH 7.3
syntheses, a quantity of hydrated strontium or barium chloride (1.76
mmol) is dissolved in deionized water (25 mL) and the pH is
adjusted to 7.3 with NaOH (5 and 1 M stock solutions). At the
same time HPAA (metal:HPAA at 1:1 molar ratio, 0.4 mL of a
50% w/w aqueous solution) is added to 25 mL of deionized water
and the pH is adjusted to 7.3 with NaOH (5 and 1 M stock
solutions). Finally, the individual metal chlorides and HPAA
solutions are mixed under vigorous stirring (the metal chloride
solution is added dropwise to the HPAA solution), and immediate
precipitation of white solids is observed. Yields are 50% for
Sr—HPAA and 70% for Ba—HPAA (based on metal). The
precipitates are isolated by filtration and air or oven dried. Further
details on syntheses, elemental analyses, and spectroscopic char-
acterization are included in the SI. These products are amorphous
based on powder XRD measurements.

Synthesis of Fe[(HPAA)(H,O)] at pH 7.3. The same procedure
was followed as given above except that ferrous ammonium sulfate
hexahydrate (Fe"(NH4)2(SO4),°6H,0) (4.39 mmol, 1.722 g) and

1.0 mL (4.39 mmol) of a 50% w/w HPAA aqueous solution are
used. Rapid precipitation of an off-white powder occurs that is
isolated by filtration and oven dried. Yield: 72% based on Fe. This
product is amorphous based on powder XRD measurements.

Crystallography. A table that contains collection and refinement
data has been included in the SI. Table 1 contains bond distances
and Table 2 bond angles for all three structures. Copies of
crystallographic data (cif files) for the structures may be obtained
free of charge from the CCDC: Sr—HPAA (3a) ref no. 607004,
Sr—HPAA (3b) ref no. 615683, and Ba—HPAA (4) ref no. 614291.

Corrosion Inhibition Protocol. A modified protocol is used
based on NACE Standard TM0169-95 (Item No. 21200), National
Association of Corrosion Engineers, Houston, TX.3® Corrosion
specimens (carbon steel, grade C1010) are prepared according to
the well-established protocol above. Each specimen (pretreated
carbon steel C1010) is immersed in a control solution (no inhibitor)
or test solution (17.56 mM M?** and 17.56 mM HPAA at pH =
2.0 or 1.76 mM M*" and 1.76 mM HPAA at pH = 7.3), and
corrosion progress is monitored by visual inspection for 6 days. Lower
concentrations for the pH = 7.3 experiments are used to avoid bulk
precipitation of the metal—HPAA materials. Then, the specimens are
removed from solution, surface samples are taken for spectroscopic
studies, and corrosion products are cleaned by the standard NACE
method above to determine corrosion rates from mass loss.

Results and Discussion

Syntheses. A generalized reaction can be written as
follows (proton content on the HPAA ligand is also shown
in bold®’)

M**+R,S — HO,CCH(OH)PO,H,+

pH=2—-127

excess H,O {MI[R,S —

(0,CCH(OH)PO;H)(H,0),] - (H,0),},+2H"

where M=Mgx=2,y=0(1); M=Cax=2,y=0(2);
M=Srx=3,y=1@Ba); M=Srx=2,y=0@3b); M
=Bax=2,y=0 (4). At pH = 2.7 HPAA possesses a
“2—" overall charge (HPAA®") with each carboxylic and
phosphonic acid group being singly deprotonated.’” In
principle, its association with M*" cations leads to neutral,
polymeric materials. However, anionic metal—HPAA frame-

(36) NACE Standard TM0169-95 (Item No. 21200), National Association
of Corrosion Engineers, Houston, TX; www.nace.org.

(37) pKa's of H3PAA: 1.2, 4.8, 7.93. Stunzi, H.; Perrin, D. D. J. Inorg.
Biochem. 1979, 10, 309-316.
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Table 2. Bond Angles for Sr—HPAA (3a), Sr—HPAA (3b), and Ba—HPAA (4)

Demadis et al.

Sr—HPAA (3a)

Sr—HPAA (3b)

0(4)—Sr(1)—0(8) 81.76(7) 0Q)#1—Sr(1)—0(7)
0(4)—Sr(1)—O(1)#1 70.13(5) 0Q)#1—-Sr(1)~0(4)
0(8)—Sr(1)—O(1)#1 134.35(7) 0(7)—Sr(1)—0(4)
0(4)—Sr(1)~0(9) 98.96(7) 0Q)#1—-Sr(1)~0(8)
0(8)—Sr(1)~0(9) 76.33(9) 0(7)—Sr(1)~0(8)
O(1)#1—Sr(1)—0(9) 73.56(7) 04)—Sr(1)~0(8)
0(4)—Sr(1)—0(6) 74.09(6) OQ)#1—Sr(1)—O(1)#2
0O(8)—Sr(1)~0(6) 78.46(8) 0O(7)—Sr(1)~O(1)#2
O(D#1—Sr(1)—0(6) 124.09(7) 04)—Sr(1)—O(1)#2
0(9)—Sr(1)—0(6) 154.57(8) 0(8)—Sr(1)~O(1)#2
0(4)—Sr(1)—0(5)#2 155.09(5) 02)#1—Sr(1)—0(6)
0O(8)—Sr(1)—O(5)#2 77.55(6) 0(7)—Sr(1)~0(6)
O(D#1—Sr(1)—O(5)#2 134.75(5) 04)—Sr(1)—0(6)
0(9)—Sr(1)—0(5)#2 89.55(8) 0(8)—Sr(1)~0(6)
0(6)—Sr(1)—O(5)#2 88.18(6) O()#2—Sr(1)—0(6)
0(4)—Sr(1)~0(7) 106.14(11) 0Q)#1—-Sr(1)~0(3)#3
0(8)—Sr(1)—0(7) 139.67(9) 0O(7)—Sr(1)—0(3)#3
O(#1—Sr(1)—0(7) 83.83(10) 0@)—Sr(1)~0(3)#3
0(9)—Sr(1)—0(7) 137.92(8) 0(8)—Sr(1)~0(3)#3
0(6)—Sr(1)—0(7) 66.61(8) O()#2—Sr(1)~0(3)#3
0O(5)#2—Sr(1)—0(7) 81.69(12) 0(6)—Sr(1)—0(3)#3
0(4)—Sr(1)—O(5)#1 130.56(5) OQ)#1—-Sr(1)—O(5)#d
0(8)—Sr(1)—O(5)#1 135.75(8) O(7)—Sr(1)—O(5)#4
O(D#1—Sr(1)—O(5)#1 60.47(5) 0(4)—Sr(1)—0(5)#4
0(9)—Sr(1)—0(5)#1 70.03(7) 0(8)—Sr(1)—O(5)#4
0(6)—Sr(1)—O(5)#1 133.11(6) O(1)#2—Sr(1)—O(5)#d
O(5)#2—Sr(1)—O(5)#1 74.35(6) 0(6)—Sr(1)—O(5)#4
O(7)—Sr(1)—O(5)#1 67.97(8) 0B3)#3—Sr(1)—O(5)#d

OQ)#1—Sr(1)—O(5)#2
0O(7)—Sr(1)~O(5)#2
0(4)—Sr(1)—O(5)#2
0(8)—Sr(1)~O(5)#2
O()#2—Sr(1)—O(5)#2
0(6)—Sr(1)~O(5)#2
0(3)#3—Sr(1)—0(5)#2
O(5)#4—Sr(1)—O(5)#2

Ba—HPAA (4)
137.25(6) O(4)#1—Ba(1)—0(6) 136.97(10)
140.46(6) O@)#1-Ba(1)~0(7) 137.79(10)
76.19(6) 0(6)—Ba(1)—0(7) 78.63(11)
69.35(7) O(4)#1—Ba(1)~0(1) 70.92(11)
130.80(6) 0(6)—Ba(1)—0(1) 68.25(9)
107.24(8) O(7)—Ba(1)~0(1) 146.08(10)
87.50(6) O@)#1—Ba(1)—0(8) 69.11(13)
87.88(7) 0(6)—Ba(1)~0(8) 105.52(15)
70.73(6) 0O(7)—Ba(1)—0(8) 132.34(11)
140.60(6) O(1)—Ba(1)~0(8) 66.66(11)
72.21(6) O(4)#1—Ba(1)—0(3)#2 86.08(12)
145.57(6) 0(6)—Ba(1)~0(3)#2 70.32(11)
70.27(5) 0(7)—Ba(1)—0(3)#2 88.42(13)
68.69(6) O(1)—Ba(1)~0(3)#2 74.04(12)
74.14(6) 0(8)—Ba(1)—0(3)#2 138.45(11)
131.66(6) O(d)#1—Ba(1)—0(5)#3 133.06(9)
69.82(6) 0(6)—Ba(1)—0(5)#3 74.04(10)
71.54(6) 0(7)—Ba(1)~0(5)#3 67.54(12)
65.56(7) O(1)—Ba(1)—0(5)#3 108.36(13)
139.71(6) 0(8)—Ba(1)~0(5)#3 68.32(11)
105.59(6) 0(3)#2—Ba(1)—0(5)#3 140.24(10)
80.92(6) O(4)#1—Ba(1)—O(2)#2 72.01(11)
69.77(6) 0(6)—Ba(1)—0(2)#2 116.32(11)
138.35(6) 0(7)—Ba(1)~0(2)#2 70.75(11)
79.30(7) O(1)—Ba(1)—0(2)#2 117.44(10)
129.46(6) 0(8)—Ba(1)—0(2)#2 136.36(14)
143.66(6) 0(3)#2—Ba(1)~0(2)#2 54.83(9)
74.65(6) 0(5)#3—Ba(1)~0(2)#2 133.69(9)
71.26(6) O(4)#1—Ba(1)~0Q2)#4 82.95(12)
70.33(6) 0(6)—Ba(1)—O(2)#4 139.71(9)
118.40(6) 0(7)—Ba(1)—0(2)#4 69.01(12)
133.85(7) O(1)—Ba(1)—O(2)#4 143.81(9)
58.12(5) 0(8)—Ba(1)—0(2)#4 81.02(12)
119.75(5) 03)#2—Ba(1)—O(2)#4 129.84(10)
134.45(5) O(5)#3—Ba(1)~0(Q2)#4 71.83(12)
71.60(6) 0Q2)#2—Ba(1)—O(2)#4 75.27(10)

works with fully deprotonated tri-anionic HPAA®~ have been
reported with divalent metal ions, albeit these incorporate an
organoammonium cation (vide infra) for charge balance. Water
content (either metal coordinated or in the lattice) is variable.
It cannot be predicted a priori for each synthesis. Syntheses at
pH 7.3 (they were only limited to Sr, Ba, and Fe) rapidly
produce amorphous precipitates; thus, crystallization of products
suitable for single-crystal X-ray analyses was not possible. These
products are distinctly different from those synthesized at pH
2.0 (based on FT-IR, elemental analyses, and powder XRD).
A slight change in solution pH (from 2.0 to 2.7) leads to
formation of another phase of Sr—HPAA (3b). It should be
noted that this change in pH has no effect on the Ba—HPAA
system, yielding 4 in both cases.

Crystallography. The identity of 3a, 3b, and 4 has been
confirmed by single-crystal X-ray crystallography. Crystal-
lographic data are presented in Table 4.1 (see SI, collection
and refinement) and Tables 1 (bond distances) and 2 (bond
angles). The structural descriptions for materials 3a, 3b, and
4 are presented below.

Sr[(HPAA)(H20);]+H>O (3a). This is a 2-D, layered
polymer consisting of “Sr(HPAA)(H,O);” units that are
connected through a Sr—O(carboxylate) linker. The Sr atoms
are 8-coordinated. Sr—O bond distances range from 2.5030(17)
to 2.6916(18) A. Consequently, each HPAA®~ ligand is
coordinated to three symmetry-related Sr** centers (Figure
1, top). On the basis of the virtually equal C—O bond lengths
(C(2)—0(5) 1.258(3) A and C(2)—0(6) 1.260(3) A) the
negative charge is delocalized over the entire O—C—0O

moiety. The Sr—Ocapoxyiae bond distances are 2.6055(18)
(monodentate), 2.6178(17) (bridging), and 2.6916(18) A

Figure 1. Coordination environment of Sr in 3a showing the multiple
bridging of HPAA (top). Hydrogen-bonded phosphonate dimer between
two adjacent layers (bottomo). Color code: Sr, magenta; P, orange; C, black;
O, red; H, white.
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Figure 2. Layered structure of S,—HPAA (3a) seen along the ¢ axis with exaggerated lattice water molecules (red spheres in the white box) separating the
Sr—HPAA layers (in the black box). Color code: Sr, magenta; P, orange; C, gray; O, red.

Figure 3. Coordination environment of Ba®* centers in 4 showing the
multiple bridging of HPAA. Color code: M (Sr, Ba), magenta; P, orange;
C, black; O, red; H, white.

(bridging). The monodeprotonated —POsH ™~ group is coor-
dinated to only one Sr with a Sr—O(4) bond distance of
2.5030(17) A. The P—O bond lengths (P—O(4) 1.5000(17)
A, P—0(2) 1.516(2) A, and P—Og(3) 1.5680(17) A) point
to delocalization of the negative charge over the O(4)—P—0(2)
moiety. The hydroxyl group remains protonated with its
oxygen atom found at a 2.5786(17) A from Sr. The
coordination environment of Sr could best be described as a
bicapped octahedron. There is one H,O of crystallization per
asymmetric unit. O—Sr—O angles range from 70.13(5)° to
98.96(7)°. Each HPAA acts as a double chelate bridge
between two Sr ions (a carboxyl and the hydroxyl oxygens
chelate one Sr, while the other carboxyl and a phosphono
oxygen chelate another Sr). This type of HPAA bridging
induces sufficient “strain” to create a zigzag chain with
alternating “Sr” and “HPAA” units with a Sr—Sr—Sr dihedral
angle of 136.27°. These zigzag chains are connected through
Sr—O(carboxyl) linkages found on every other Sr, thus
creating a corrugated layer that runs parallel to the bc plane.
One could envision this architecture as a “‘double inorganic
layer”, the bridging mode of the carboxylate oxygen O(5)
being responsible for it. The closest Sre<Sr intralayer
contact is 4.231 A, whereas the closest Sre+Sr interlayer

Figure 4. 3-D structure of Ba—HPAA (4) showing packing along the ¢
axis and the Ba-coordinated waters (exaggerated O8) filling the “pores”
(shown schematically as rhombs). Color code: M (Sr, Ba), magenta; P,
orange; C, gray; O, red.
contact is 7.150 A. Neighboring layers are connected through
extensive hydrogen-bonding interactions that involve the
water molecule of crystallization (Figure 2). Specifically,
0O(10) forms four hydrogen bonds, O(10)-+-0O(4) 2.743 A
(with the Sr-coordinated O—P moiety), O(10)++-O(1) 2.712
A (with the Sr-bound hydroxyl moiety), O(10)++-0O(9) 2.754
A (with a Sr-coordinated water), and O(10)++-O(2) 2.919 A
(with the “free” O—P moiety). Furthermore, the neighboring
“double layers” interact additionally via hydrogen bonds that
include two noncoordinating —(O)P—O—H moieties from
two adjacent layers (Figure 1, bottom). These —(O)P—O—H
groups form two identical hydrogen bonds O(2)++-O(3) 2.599
10\, creating a local P—O—H-*++O—P dimer, reminiscent of
the classical “carboxylic acid dimer”.*®

M(HPAA)(H,0), (M = Sr (3b), Ba (4). Materials 3b and
4 are isostructural. In the 3-D structure of 4, each HPAA



4840 Chem. Mater., Vol. 20, No. 15, 2008

Demadis et al.

Figure 5. SEM images of Ca—HPAA (2, A), S;—HPAA (3a, B), S;—HPAA (3b, C), and Ba—HPAA (4, D). Width of images (in um) = 60 (A), 10 (B),

20 (C), and 5 (D).
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Figure 6. Thermogravimetric curves for compounds 1, 2, 3a, 3b, and 4.

links to five symmetry-equivalent, 9-coordinated Ba**
centers through its phosphonate group (bridging three Ba
ions), the carboxylate group (bridging two Ba), and the
protonated hydroxyl moiety (coordinating terminally one Ba
center), Figure 3. There are no H,O’s of crystallization but
only two Ba-coordinated waters (O(7) and O(8)) in the
structure. The Ba—OH, bond distances are 2.782(4) and
2.817(5) A. Ba—Ocamoxylacbond distances are 2.971(4) (mon-
odentate), 2.858(4) (bridging), and 2.914(4) A (bridging).
The C—0O bond lengths (C(1)—0O(1) 1.273(4) and C(1)—0(2)
1.235(5) A) suggest delocalization of the negative charge
over both O carboxyl atoms. The monodeprotonated
—PO3H ™ group is coordinated to three Ba atoms in a bridging
u3 mode with bond distances of Ba—O(4) 2.706(4) A,
Ba—Oy(5) 2.855(4) A, and Ba—O(6) 2.724(4) A. O(5) bears
the H atom. This is supported by the P—O bond lengths:
P—0(4) 1.513(3) A, P—0O(5) 1.572(3) A, and P—O(6)
1.484(3) A. The near equivalency of the two P—O bond
lengths (P—O(4) and P—0O(6)) point to delocalization of the
negative charge over the O(4)—P—O(6) moiety. The hy-
droxyl group remains protonated with its oxygen atom found
at a 2.831(4) A from Ba. The coordination environment of
Ba could be best described as a distorted bicapped trigonal
antiprism. The hydroxyl (O(3)) and one carboxyl oxygen
(O(2)) create a five-membered ring with Ba, whereas one

(38) Demadis, K. D.; Raptis, R. G.; Baran, P. Bioinorg. Chem. Appl. 2005,
3, 119-134.

phosphono oxygen (O(6)) and the other carboxyl oxygen
(O(1)) create a six-membered ring with a neighboring Ba.
The multiple coordination ability of the —POs;H™ moiety in
the structure of 4(3b) can be contrasted to the monodentate
coordination mode of the —PO3;H™ group in 3a. In the latter,
the absence of the bridging capability of the —POsH ™ group
creates a layered structure, whereas in the former the bridging
3 mode of the —POs;H ™ group is responsible for generation
of a three-dimensional motif.

In all structures both R and S HPAA isomers are
incorporated in the layers. In 3a, each “double” layer is R-S-
R-S-. In 3b(4), the R and S isomers are interwoven into a
complicated 3-D arrangement (Figure 4).

The 3-D structure of 4 is also supported by several
hydrogen bonds that form between the —OH, —P—O—H,
and Ba-coordinated waters. Specifically, the hydroxyl O(3)
creates a hydrogen bond with two Ba-bound waters, O(7)
and O(8) (at 2.675 and 2.894 A). The protonated —P—O—H
group is hydrogen bonded to Ba-bound carboxyl O(1) (at
2.522 A). Ba-coordinated water, O(8), is hydrogen bonded
simultaneously to another Ba-bound water, O(7) (2.758 A),
and the hydroxyl, O(3) (2.894 A). The second Ba-coordinated
water, O(7), forms three hydrogen bonds simultaneously with
another Ba-bound water, O(8) (2.758 A), with the hydroxyl
group, O(3) (2.675 A), and with a Ba-coordinated phospho-
ryl, O(4) (2.654 A).

A number of metal—-HPAA structures have been reported
for various transition metals but are distinctly different than
those reported herein, mainly due to incorporation of amine
templating agents into the final solid and the presence of
other metal-coordinated ligands or a second metal ion used
in syntheses.’**®* Neutral metal-HPAA compounds that
contain only HPAA and water as ligands (absence of other
ligands) include the recently published isostructural series
of M(HPAA)(H,0), (M = Mn, Fe, Co, Zn).*' These
materials appear to have the same elemental composition
(i.e., one metal center, one doubly deprotonated HPAA
ligand, and two metal-coordinated water molecules) as 3b
and 4. However, important factors such the octahedral
coordination geometry of the metal centers, monodentate
coordination of the carboxylate group, and absence of a bond
between the protonated —P—O—H group and the metal
center lead to a different structure (layered vs three dimen-
sional) from 3b and 4. In addition, a Ni(HPAA)(H,0),
compound was reported to have one-dimensional structure.*’



Metal Carboxyphosphonate Hybrids

" free HPAA acid
1 . . . . 1 . v
4000 3600 3200 2800 2400 2000 1600 1200 800 400
971 Mg-HPAA (1)
87 4
774
67
574
474
374
274
17
4000 3600 3200 2800 2400 2000 1600 1200 800 400
100
Ca-HPAA (2)
90 {
80 4
704
60 4
—
o 50
o~
< Ll
3
30
[
8 2
g 4000 3600 3200 2800 2400 2000 1600 1200 800 400
[~
s »
bt Sr-HPAA (3a)
19
18 4
17 4
16 1
15 4 H
14
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Sr-HPAA (3b)
9%
85 4
754
65
55

4000 3600 3200 2800 2400 2000 1600 1200 800 400
100
Ba-HPAA (4)
95 4
90
854
804
5
70 4
65
4000 3600 3200 2800 2400 2000 1600 1200 800 400

intensity (a.u.)

5400

Chem. Mater., Vol. 20, No. 15, 2008 4841

4800
4200
3600 +
3000 4
2400 4
1800 4
1200 4

600

Mg-HPAA (1)

15

25 35 45 55 65

3200
2800
2400 4
2000 A
1600 A
1200 4

800

400 4

Ca-HPAA (2)

10000

25 35 45 55 65

9000 o
8000 4
7000 4
6000 o
5000 4
4000 o
3000 4
2000 4

1000

Sr-HPAA (3a)
red calculated
blue measured

8000

7000
6000
5000
4000 1
3000
2000

1000

04
10

Sr-HPAA (3b)
red calculated
blue measured

20 25 30 35 40 45 50

600 4

500

Ba-HPAA (4)
red calpulated
blue mpasured

U k-'.': i .AM»W:&

wavenumber (cm™)

Figure 7. ATR-IR spectra of compounds 1—4.

Miscellaneous Characterization Methods (SEM, TGA,
Powder XRD, and FT-IR). All materials reported herein
were also characterized by other techniques, such as SEM,
TGA, powder XRD, and FT-IR. SEM images of four

10 15 20 25 30 35 40 45 50

2 theta (deg)

Figure 8. XRD patterns of compounds 1—4. For crystallographically
characterized compounds calculated patterns are presented as well.

representative materials are shown in Figure 5. These reveal
that the compounds studied show well-defined crystal edges
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0.176 mM 1.756 mM

control 1756 mM  175.6 mM

Figure 9. Concentration-dependent effect of free HPAA on carbon steel.
Although metal specimens corresponding to [HPAA] 17.56 and 175.6 mM
appear free from corrosion products, corrosion rates are very high, leading
to severe metal dissolution (see text and Table 3).

and surfaces. Thermogravimetric analysis was employed to
study removal of water molecules (metal-bound and lattice)
and compound thermal decomposition. The results are shown
in Figure 6. All materials were studied under air and under
nitrogen gas without variation in the results obtained. Water
loss in Mg—HPAA (1) is initiated at room temperature and
continues up to ~135 °C. Mass loss of ~16.10%, corre-
sponding to removal of both water molecules (15.59%
theoretical), produces an amorphous compound. Ca—HPAA
(2) starts losing water at ~100 °C, and this loss continues
until ~165 °C, where two water molecules are removed
(calculated loss 15.65%, measured loss 15.30%). Further
temperature increase results in HPAA ligand decomposition.
Full decomposition occurs until 625 °C. We studied water
loss from Ca—HPAA (2) thermodiffractometrically (results
not shown here, see SI). After 90 °C the material starts losing
crystallinity, and at 120 °C it is completely amorphous.
Mass loss for S;c—HPAA (3b) is initiated at ~195 °C,
showing a well-defined loss until 245 °C. This loss clearly
corresponds to removal of two water molecules (calculated
loss 12.97%, measured loss 12.53%). As temperature in-
creases gradual mass loss occurs with no discernible steps.
Mass loss ceases at ~680 °C. Mass loss for Ba—HPAA (4)
starts at ~170 °C, showing an abrupt drop until ~214 °C.

(39) Fu, R.; Zhang, H.; Wang, L.; Hu, S.; Li, Y.; Huang, X.; Wu, X. Eur.
J. Inorg. Chem. 2005, 3211-3213.

(40) Zhang, Y.-Y.; Zeng, M.-H.; Qi, Y.; Sang, S.-Y.; Liu, Z.-M. Inorg.
Chem. Commun. 2007, 10, 33-36.

(41) Fu, R.; Xiang, S.; Zhang, H.; Zhang, J.; Wu, X. Cryst. Growth Des.
2005, 5, 1795-1799.

(42) Sun, Z.-G.; Chen, H.; Liu, Z.-M.; Cui, L.-Y.; Zhu, Y.-Y.; Zhao, Y.;
Zhang, J.; You, W.-S.; Zhu, Z.-M. Inorg. Chem. Commun. 2007, 10,
283-286.

(43) Li, J.; Meng, L.; Sun, Z.-G.; Cui, L.-Y.; Zhang, J.; Zhang, Y.-Y.; Dong,
D.-P.; Chen, H.; You, W.-S.; Zhu, Z.-M. Inorg. Chem. Commun. 2007,
10, 535-537.

(44) Sun, Z.-G.; Cui, L.-Y.; Liu, Z.-M.; Meng, L.; Chen, H.; Dong, D.-P.;
Zhang, L.-C.; Zhu, Z.-M.; You, W.-S. Inorg. Chem. Commun. 2006,
9, 999-1001.

(45) Li, J.; Dong, D.-P.; Huang, C.-Y.; Sun, Z.-G.; Zhu, Y.-Y. Acta
Crystallogr., Sect. E 2007, E63, m2348-m2349.

(46) Sun, Z.-G.; Cui, L.; Chen, H.; Meng, L.; Dong, D.; Tian, C.; Zhu, Z.;
You, W. J. Coord. Chem. 2007, 60, 1247-1254.

(47) Zhao, Q.-H.; Dua, L.; Fang, R.-B. Acta Crystallogr., Sect. E 2006,
E62, m219-m221.

(48) Sun, Z.-G.; Dong, D.-P.; Li, J.; Cui, L.-Y.; Zhu, Y.-Y.; Zhang, J.;
Zhao, Y.; You, W.-S.; Zhu, Z.-M. J. Coord. Chem. 2007, 60, 2541—
2547.

Demadis et al.

This loss fits well with removal of two water molecules
(calculated loss 10.99%, measured loss 10.79%). After this
temperature, ligand decomposition occurs that is complete
at ~620 °C. Again, for this compound there are no
temperature ranges where mass remains unchanged. Thus,
isolation and characterization of possible dehydrated “inter-
mediates” is not an option for compounds 2, 3b, and 4.
Following water loss, decomposition of HPAA occurs for
all compounds by release of CO,. The measured mass losses
that are due to HPAA degradation correspond well to the
calculated ones. These are 21.9% (21.0 calculated) for 1,
20.3% (19.0% calculated) for 2, 14.8% (14.1% calculated)
for 3a, 15.5% (15.8% calculated) for 3b, and 13.4% (13.7%
calculated) for 4. Final, metal-containing products after heat
treatment at 800 °C have not been characterized. If formation
of M(HPO,) is assumed, the following decomposition can
be envisioned in air after removal of lattice waters

M[(O,CCH(OH)(PO,H)](s) + 3/20,(g) — M(HPO,)(s) +
2C0,(g) + H,0(g)

Vibrational spectroscopy was employed as well to further
characterize these compounds. Attenuated total reflectance
(ATR) spectra are shown in Figure 7. This technique*® as
well as routine FT-IR® were successfully employed for the
study of metal—phosphonocarboxylate inorganic—organic
hybrids. Mid-IR spectra (400—4000 cm™' region) of
metal —-HPAA products display a multitude of bands in the
region 1100—1270 cm ™' assigned to the P=O stretch and
intense bands in the regions 1500—1650 (due to ¥(C=0),5ym)
and 1340—1450 cm™! (due to V(C=0)gym). Free HPAA
shows the ¥(C=0),qyn stretch as an intense sharp band at
1734 cm™ ! and the v(P=0) and v(P—O) stretches as intense,
overlapping bands in the 900—1250 cm™ " region. Spectra
of isostructural compounds 3b and 4 are virtually identical
with only minor changes, as expected. Both ¥(C=0)m and
Y(C=O0)4nm vibrations appear in similar positions for 3a and
3b4) (1573, 1547, and 1549 cm !, respectively, for
V(C=0)aym and 1379, 1369, and 1349 cm™ L, respectively,
for ¥(C=O0)sm). This observation is consistent with the
structural results. In all three structures the —COO™ moiety
displays the same mode of coordination to the metal centers
(see structural description, vide supra). However, severe
broadening of the ¥(C=0),s,m band in the spectra of 3b and
4 is notable (see Figure 7) compared to the sharp ¥(C=0),4ym
band in the spectrum of 3a. A possible explanation for this
could be the presence of a strong hydrogen bond between
the carboxyl O(1) and the protonated O(5) —P—OH group
(2.522 A) in the structure of 3b and 4. This is in contrast to
the behavior of the carboxyl O’s (5 and 6), which do not
participate in any hydrogen bonds. The POO™ stretching
vibration appears at 1211 (3a), 1185 (3b), and 1180 cm ™'
(4). Tt has been suggested® that such values indicate that
the —P=0 double bond is delocalized, in accordance with
our structural findings for the three structures. A doublet in
the region 920—970 cm™' is assigned to the —P—OH

(49) Chaplais, G.; Le Bideau, J.; Leclercq, D.; Vioux, A. Chem. Mater.
2003, 75, 1950-1956.

(50) Zima, V.; Svoboda, J.; Benes, L.; Melanova, K.; Trchova, M.; Dybal,
J. J. Solid State Chem. 2007, 180, 929-939.
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Table 3. Corrosion Rates Obtained in the Absence (Control) and Presence of Combinations of M>" (Sr or Ba) and HPAA

free HPAA or

corrosion rates (CR, x 107> mm/yr)

metal —-HPAA material concentration (mM) pH = 2.0 pH =173

control 299 0% inhibition 142 0% inhibition
HPAA 0.176 41 27.3% inhibition
HPAA 1.76 155 48.1% inhibition 73 48.6% inhibition
HPAA 17.56 492 metal dissolution 192 metal dissolution
HPAA 175.6 466 metal dissolution
Sr+HPAA? b 465 metal dissolution” 0.48 99.7% inhibition”
Ba+HPAA® b 397 metal dissolution 0.46 99.7% inhibition?

@ % Inhibition is defined as [(CReontrol — CRinhibitor)/CReontrol] X 100. © Concentrations used: [Sr*"] = [Ba®"] = [HPAA] = 17.56 mM (metal:HPAA
in a 1:1 molar ratio) for pH = 2.0 and [Sr*"] = [Ba®>"] = [HPAA] = 1.76 mM (metal: HPAA in a 1:1 molar ratio) for pH = 7.3. Lower concentrations
for the pH = 7.3 experiments are used to avoid bulk precipitation of the metal-HPAA materials.

control Sr-HPAA Ba-HPAA control Sr-HPAA Ba-HPAA

pH=2 pH=2 pH=2

pH=7.3 pH=73 pH=7.3

Figure 10. Anticorrosion effect of metal-HPAA films on carbon steel.
Corrosion inhibition by metal—HPAA synergistic combinations is evident
(specimens 2, 3, 5, and 6) compared to the “control” (specimens 1 and 4).
Although specimens 2 and 3 (pH = 2.0) are free of iron oxides, corrosion
rates are higher than the “control” (see text).

antisymmetric and symmetric stretching vibrations. The
strong band in the region 1045—1072 cm™' is tentatively
assigned to an antisymmetric vibration mode of the —CPO;
group. Bands in the spectra for all metal—-HPAA compounds
are also observed in the 400—550 cm ™' region. These are
assigned to the —PO; symmetric and —PO; antisymmetric
bending modes.

All metal-HPAA compounds were also characterized by
powder XRD, and the patterns are presented in Figure 8.
Patterns for 3b and 4 are almost identical, as expected, since
these compounds are isostructural. All other patterns are
different, suggesting different structures. Unfortunately,
compounds 1 and 2 have not as of yet been structurally
characterized.

Corrosion Inhibition Studies. Corrosion experiments
were performed to verify previous literature reports on the
synergy of metal ions and phosphonate additives and study
the protective film acting as a corrosion barrier. First, we
attempted to establish the concentration-dependent effect of
free HPAA on carbon steel at two different pH’s, 2.0 and
7.3 (see Figure 9 and Table 3). It was found that there is an
optimum concentration for inhibition performance (1.756
mM, 0.073 mm/y for pH 7.3). Decreasing [HPAA] to 0.176
mM results in a decrease in performance (0.041 mm/y at
pH 7.3). Importantly, an increase in [HPAA] to 17.56 and
175.6 mM has a detrimental effect on the anticorrosion

performance and causes Fe metal dissolution (192 and 466
mm/y, respectively, at pH 7.3).

Initial experiments with metal/HPAA mixtures were
focused on exposure of carbon steel specimens to synergistic
combinations of M>" (Sr or Ba) and HPAA in oxygenated
aqueous solutions in a 1:1 ratio (under identical conditions
used to prepare crystalline M—HPAA at pH 2.0). Although
the visual effect was at first encouraging (Figure 10, compare
the “control” specimen 1 with specimens 2 and 3), quanti-
fication of the corrosion rates demonstrated that they were
actually much higher than the “control” (Table 3).

Explanations for this lack of anticorrosion performance
at low pH regions could be that the HPAA added first reacts
preferentially with the Fe—oxide layer (formed almost
instantaneously upon exposure of the carbon steel surface
to oxygenated water) before it interacts with soluble Sr**
or Ba®". Another possibility is that Sr—HPAA or Ba—HPAA
compounds that may form in solution never reach the steel
surface because they undergo bulk precipitation. We dis-
counted this scenario based on the following arguments.
Indeed, we observed white precipitates formed in the bulk
in our corrosion experiments (pH 2.0) whose FT-IR,
however, is distinctly different from those of authentically
prepared Sr—HPAA or Ba—HPAA (see SI). These FT-IR
spectra are the same as that of a Fe—HPAA material prepared
at pH 2.0 using a Fe:HPAA ratio of 1:1, whose composition
is consistent with the formula Fe(HPAA)+H,0. A reasonable
assumption is that HPAA at the surface acts as an Fe—oxide
dissolving agent. We observed a similar behavior in similar
experiments with M** (M = Ca, Zn) and 2-phosphonobu-
tane- 1,2,4-tricarboxylic acid (PBTC).34 On the other hand,
results published on the action of combinations of metal ions
(Ca** or Zn**) with HEDP (HEDP = hydroxyethylidene-
1,1-diphosphonic acid) on carbon steel revealed that Ca**
was displaced by Fe*" in a “low-stability” Ca—HEDP
complex.”® This did not occur for the Zn—HEDP case,
resulting in a much more effective corrosion protection in
the “Zn + HEDP system”. The Zn/phenylphosphonate
system (note the presence of only one phosphonate group
in phenylphosphonate vs two in HEDP) showed an analogous
Zn** for Fe** exchange.®* A similar process of Sr** or Ba®*
displacement by Fe** could be envisioned in our case. This
can explain the formation of Fe—HPAA precipitates at pH
2.0 but no Sr—HPAA or Ba—HPAA. Due to the ineffective-

(51) Awad, H. S.; Turgoose, S. Corrosion 2004, 60, 1168—1179.
(52) Rajendran, S.; Apparao, B. V.; Palaniswamy, N. Anti-Corros. Method.
Mater. 1998, 45, 158-161.
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Figure 11. Micromorphology of corroded and metal—HPA A-protected steel surfaces as revealed by SEM: control (A), Sr—HPAA (B), and Ba—HPAA (C)
at pH 7.3. Occasional film cracking is due to drying. Identification of film components (Fe, C, O, Sr, Ba, and P) was possible by EDS.

ness of the metal-HPAA materials to act as corrosion
inhibitors at pH 2.0, no further experiments were pursued at
that pH.

Hence, corrosion experiments were set up at higher pH
7.3. In general, corrosion rates are lower as pH increases.>
This was confirmed in our “control” experiments (reduction
of the corrosion rate by one-half, see Table 3 and specimens
1 and 4 in Figure 10). At higher pH (7.3) and in the presence
of Sr** or Ba*" and HPAA combinations corrosion rates
are dramatically suppressed and corrosion inhibition reaches
almost 100% (Table 3). Although differentiation between
the “control” and “metal -HPAA”-protected specimens is
profound within the first hours, the corrosion experiments
were left to proceed over a 6-day period. Anticorrosion
inhibitory activity was based on mass-loss measurements.>®
Anticorrosion performance was also demonstrated by visual
inspection of specimens 5 and 6 that appear totally free of
corrosion products. To further characterize the protective film
the corrosion specimens and film material were subjected to
SEM, FT-IR, XRF, and EDS studies (Figure 11).

SEM images (Figure 11, left) reveal a fairly uniform
inhibiting film. This coating was found (by EDS, Figure 11,
right) to contain M** (Sr or Ba from externally added salts)
and P (from added HPAA) in an approximate 1:1 molar ratio.

(53) Sastri, V. S. Corrosion Inhibitors, Principles and Applications; John
Wiley & Sons: Chichester, 1998; p 737.

Fe was also present, apparently originating from the carbon
steel specimen. Further, a complementary study of the
inhibiting film was pursued by FT-IR spectroscopy. Figure
12 shows comparative FT-IR spectra of the filming material
(from a corrosion experiment with Sr** and HPAA at pH
7.3) and a Sr—HPAA material that was synthesized at pH
7.3. A similar FT-IR spectrum was obtained for the Ba®" +
HPAA system (see SI).

It is obvious that there is an excellent agreement between
the two spectra. Comparison of the FT-IR spectra in Figure
12 and those (for 3a, 3b, and 4) in Figure 7 indicates that
the molecular structure of the filming material is nof the same
as the structurally characterized materials 3a, 3b, and 4.
Although the film displays a ¥(C=0),4m vibration at 1582
cm™ ' that is at a similar position with that of 3a, 3b, and 4
(1573, 1547, and 1549 cm ™', respectively), the ¥(C=0)sym
vibration at 1408 cm™' is distinctly different from that of
3a, 3b, and 4 (1379, 1369, and 1349 cm™ !, respectively).
This difference may originate from a change in the coordina-
tion mode of the carboxylate moiety in the filming material.

Notably, the region associated with bands due to the
phosphonate group has undergone dramatic changes. The
doublet at 925 and 948 cm ™! in the spectrum of 3a, assigned
to the —P—OH antisymmetric and symmetric stretching
vibrations, has completely disappeared in the spectrum of
the film and given rise to a new band at 976 cm™'. This



Metal Carboxyphosphonate Hybrids

n
o
L

b TN
\ N IV
\¥

\J
10 T
1700 1600 1500 1400 1300

-
==

-
o

transmittance (%)

=
Iy

» WA A /// | \M\/\/m

Lo

M
16
\\J/ V red = corrosion film from Sr+ HPAA pH 7.3

55 blue = Sr-HPAA synthesized at pH 7.3
12 1 \\/

10 T T T T 1
1300 1200 1100 1000 9200 800 700 600 500 400

transmittance (%,

wavenumber (cm™)

Figure 12. FT-IR of the anticorrosion protective film formed by combination
of Sr** and HPAA at pH 7.3 and, for comparison, of Sr—HPAA synthesized
at pH 7.3. (Top) »(C=0) asymmetric and symmetric stretching vibrations.
(Bottom) vibrations associated with the phosphonate group.

implies that coordination of the —P—OH group is different
in the film from that in 3a. Similar observations can be made
after comparison of the FT-IR spectrum of the Sr—HPAA
film and that of 3b. There are various shifts in several other
peaks as well. Therefore, most likely, the molecular structure
of the Sr—HPAA film (and by inference of the Ba—HPAA
film) is different from that of 3b (or 4) as well. Several
attempts to synthesize S;—HPAA and Ba—HPAA materials
at pH &~ 7 have given powders but not crystalline products.
These compounds are amorphous by powder XRD. There-
fore, at present, the true molecular structures of these films
cannot be accurately determined based on available data. We
will not make an attempt to propose a possible structure, as
this would be highly hypothetical. Nevertheless, attempts to
crystallize S;—HPAA and Ba—HPAA materials at pH ~ 7
are under way.

The anticorrosion coatings composed of Sr—HPAA or
Ba—HPAA function as corrosion inhibitors by reducing the
cathodic current (see SI). This results in lower corrosion rates.
The films prevent oxygen diffusion toward the steel surface.
This phenomenon is well known for phosphonate additi-
ves.> To our knowledge, there is no systematic study
published that focuses on a “structure/function” relationship
of corrosion inhibitors. It is widely accepted that the presence
of phosphonate groups is necessary for good anticorrosion
performance because these are responsible for metal—
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phosphonate film formation, via coordination.>> However,
the role of other groups present on the phosphonate backbone
(e.g., hydroxyl, carboxyl, amine, etc.) is poorly understood.
Several literature reports, however, report high inhibition
efficiencies for phosphonates that contain other groups
besides a single phosphonate moiety, such as multiple
phosphonate groups, hydroxyl, and carboxyl.”® Obviously,
further research is needed to elucidate the true role of these
additional groups in anticorrosion efficiency.

Conclusions

The principal highlights/conclusions of this research are
given below: (a) a conveniently synthesized under mild
conditions and structurally characterized series of divalent
metal—-HPAA (Mg>" (1), Ca®" (2), Sr** (3), or Ba*" (4),
HPAA = R, S-hydroxyphosphonoacetic acid) organic—
inorganic hybrid polymeric materials is described. (b) Their
structures show some variability with slight changes in pH,
creating 2-D layered structures (3a) or 3-D architectures (3b
and isostructural 4). (c) When metal-HPAA compounds
(Sr** or Ba®") are generated in situ at pH 2.0 in an aqueous
solution in contact with a carbon steel specimen, they are
unable to inhibit metallic corrosion and, in fact, corrosion
rates are dramatically increased compared to the “control”.
This was assigned to preferential formation of Fe(IIll)-HPAA
compounds that abstract the Fe** cations from the steel
specimen, thus facilitating metal loss and mitigating metal
dissolution. (d) When metal —-HPAA compounds (Sr** or
Ba”") are generated in situ at circumneutral pH they act as
effective corrosion inhibitors (with inhibition efficiency ~
100%) by creating anticorrosion protective films on the
carbon steel surface composed of S;r—HPAA or Ba—HPAA
hybrids. These are not the same compounds as those
synthesized at pH 2.0 (and structurally characterized).

Although the field of metal phosphonate chemistry has
progressed impressively over the past decade, it is far from
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V. S. Electrochim. Acta 1997, 42, 1427-1434. (b) Kalman, E.;
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537. (c) Bofardi, B. P. In Reviews on Corrosion Inhibitor Science
and Technology; Raman, A., Labine, P., Eds.; NACE International:
Houston, TX, 1993; p 1I-6. (d) Kuznetsov, Y. I.; Kazanskaya, G. Y.;
Tsirulnikova, N. V. Prot. Met. 2003, 39, 120-123. (e) Benabdellah,
M.; Dafali, A.; Hammouti, B.; Aouniti, A.; Rhomari, M.; Raada, A.;
Sehaji, O.; Robin, J. J. Chem. Eng. Commun. 2007, 194, 1328-1341.
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maturity. There are still a plethora of opportunities in basic
research®’ and other application areas, such as biotechnol-
ogy,>® hydrogen storage,” scale inhibition,* bone resorp-
tion,®" catalytic oxidations,® ionic conductors,®* pro-drugs,**
anticalcification agents,65 intercalation,®® ion adsorption,67
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and several others. Further development of this growing field
of materials chemistry is dependent on (poly)phosphonate
ligand availability through organic synthesis.®®
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