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Abstract

Ammonium aminomethylphosphonate monohydrate was synthesized via aqueous neutral-
ization of aminomethylphosphonic acid with ammonium carbonate. The compound was 
fully characterized by FT-IR and NMR spectroscopy, as well as single-crystal X-ray diffraction 
(SC-XRD). Structural analysis confirmed the zwitterionic nature of the aminomethylphos-
phonate anion and revealed an extensive 3D supramolecular network of charge-assisted 
N–H···O and O–H···O hydrogen bonds.
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1. Introduction
Among organophosphorus compounds, phosphonates featuring a robust C–P bond 

have drawn significant attention due to their exceptional hydrolytic and thermal stability 
compared to classical phosphates [1–5]. While phosphates are prone to hydrolysis at the 
phosphorus centre [6,7], the direct P–C bond in phosphonic acids renders them extraordi-
narily resistant to degradation even under harsh conditions [4,7]. Consequently, substituted 
phosphonate derivatives serve as versatile building blocks in coordination chemistry, materi-
als science, and crystal engineering, playing a key role in the design of functional solid-state, 
bioactive, and proton-conducting materials [8–13]. Very recently, ammonium hydrogen 
phenylphosphonate was reported as an effective consolidant for stone substrates [14].

The formation of ammonium salts from phosphonic acids via acid–base neutralization 
with ammonia or basic ammonium salts (such as ammonium carbonate) provides highly 
water-soluble crystalline solids with well-defined stoichiometries [14–16]. However, the 
pronounced tendency of these species to undergo self-assembly and nucleate extended 
crystalline domains directly affects interfacial packing, molecular organization, and the 
resulting performance of the modified materials, making a detailed structural understanding 
of their solid-state hydration and hydrogen-bonding networks essential.

The crystal structure of anhydrous ammonium aminomethylphosphonate (1) was re-
cently reported in 2025 by Hu et al. [13]. Herein, we report the synthesis, spectroscopic char-
acterization, and single-crystal X-ray structure (SC-XRD) of ammonium aminomethylphos-
phonate monohydrate (1·H2 O). A comparative structural analysis is also presented with 
respect to the previously reported anhydrous phase [13].
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2. Results and Discussion
Ammonium aminomethylphosphonate monohydrate (1·H2 O) was synthesized in 

water by neutralization of aminomethylphosphonic acid with ammonium carbonate in 1:1 
molar ratio (Scheme 1). Interestingly, anhydrous compound 1 was obtained from the same 
starting reagent under different evaporation conditions of the reaction mixture [13]. The 
starting aminomethylphosphonic acid is a polyprotic acid with pKa  values of 1.8, 5.4, and 
10.0, the latter constant referring to the terminal amino group [17]. Hence, under neutral 
and acidic conditions, the amino group is protonated, and the formally neutral acid displays 
a zwitterionic structure [18].

Scheme 1. Synthesis of ammonium aminomethylphosphonate monohydrate (1·H2 O) by neutraliza-
tion of aminomethylphosphonic acid with ammonium carbonate.

Compound 1·H2 O was obtained as a white crystalline solid that, similarly to the starting 
acid [18] and other aminophosphonic compounds [19,20], showed a pronounced tendency 
to crystallize, readily affording large, well-defined colourless single crystals up to several 
millimetres in size, exhibiting varying crystal habits (Figure S1). It is worth noting that the 
synthesis of 1·H2 O utilizes the same precursor as that previously reported for the anhydrous 
phase 1 [13], differing in the solvent evaporation process. While evaporation at 50 °C was 
reported to yield the known anhydrous salt 1 [13], slow room-temperature evaporation of 
the aqueous solution for 7 days afforded crystals of the monohydrate phase 1·H2 O.

Compound 1·H2 O was characterized by means of 1 H, 13 C, and 31 P NMR in D2 O
(Figures S2–S4), showing the expected signals (1 H NMR: 2.77 ppm (d, 2 JP–H  = 12.0 Hz, 
CH2 ); 13 C{1 H} NMR: 37.21 ppm (d, 1 JP-C  = 133.2 Hz); 31 P NMR: 9.27 ppm (t, 2 JP–H  = 12.0 Hz, 
P–CH2 ). The FT-IR spectrum (Figure S5) displays a broad high-frequency absorption, with 
bands at 3419 and 3108 cm−1  assigned mainly to the O–H stretching vibration of lattice water 
and to overlapping N–H stretching vibrations of the ammonium cation and protonated 
amino group, respectively [21]. The weak bands at 2917 and 2848 cm−1  are consistent 
with the asymmetric and symmetric CH2  stretching vibrations, respectively [21]. In the 
fingerprint region, the strong absorptions at 1064 and 727 cm−1  are consistent with P–O 
and P–C stretching modes of the phosphonate group, respectively [21,22]. The thermal 
stability and dehydration behaviour of 1·H2 O were evaluated by simultaneous thermo-
gravimetric and differential thermal analysis (TGA-DTA) under a dry air atmosphere up to 
500 °C (Figure S6). The TGA curve exhibits an initial weight loss of ~10%–12% between 
room temperature and 130 °C, accompanied by an endothermic event in the DTA curve. 
This weight loss matches the theoretical value of 12.3% calculated for the removal of one 
lattice water molecule per unit formula, thereby confirming the 1:1 stoichiometry 1·H2 O 
(see below). Upon dehydration, the resulting anhydrous intermediate remains stable up 
to approximately 180 °C, above which oxidative thermal decomposition of the organic 
framework takes place.

The crystal structure of 1·H2 O was elucidated by single-crystal X-ray diffraction analy-
sis, confirming the expected zwitterionic nature of the aminomethylphosphonate monoan-
ion. The asymmetric unit comprises one ammonium cation, one aminomethylphosphonate 
monoanion, and a cocrystallized water molecule (Figure 1).
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Figure 1. Ellipsoid plot of the asymmetric unit of compound 1·H2 O viewed along the [110] crystallo-
graphic direction and showing the atom-numbering scheme. Displacement ellipsoids are drawn at 
the 50% probability level.

Crystal data for CH11 N2 O4 P (M = 146.09 g mol−1 ): monoclinic, P21 /n, a = 5.8812(2) Å, 
b = 6.0995(2) Å, c = 18.2584(5) Å, 𝛽 = 95.5880(10)°, V = 651.86(4) Å3 , Z = 4, T = 100(2) K, 
μ(Mo Kα) = 0.367 mm−1 , 16401 measured reflections, 1831 independent reflections 
(Rint = 0.0460, Rsigma = 0.0240), R1 = 0.0234 [I ≥ 2σ(I)] and wR2 = 0.0610 (all data).

Crystallographic data, selected bond lengths and angles are provided in Tables S1 and S2 
in the Supporting Information.

The crystal packing of 1·H2 O is sustained by an extensive three-dimensional network 
comprising nine crystallographically distinct charge-assisted N–H···O and O–H···O hydro-
gen bonds (Table 1 and Figure 2). The protonated amino group of the aminomethylphospho-
nate anion (N1) acts as a donor through three hydrogen bonds with phosphonate O1 and 
O2 acceptors belonging to three neighbouring anions (interactions a–c). The ammonium 
cation (N2) uses all four N–H groups as donors: three interact with phosphonate O2 and O3 
atoms (interactions d–f), while the fourth forms an N–H···O contact with the cocrystallized 
water molecule (interaction g). The water molecule therefore acts as both a hydrogen-bond 
acceptor, in g, and a donor, forming two O–H···O contacts with phosphonate O2 and O3 
atoms (interactions h and i, respectively). Overall, the D···A and H···A distances lie in the 
ranges 2.7336(12)–2.8196(12) and 1.815(14)–2.04(2) Å, respectively, with D–H···A angles 
ranging from 158.0(11) to 179.5(18)°.

Table 1. Hydrogen bonding interactions found in compound 1·H2 O.

D−H···A D···A (Å) D−H (Å) H···A (Å) ∠D−H···A (°)

a N1−H1A···O1 i 2.7668(11) 0.889(18) 1.880(18) 175.8(12)
b N1−H1B···O2 ii 2.7336(12) 0.920(14) 1.815(14) 176.2(11)
c N1−H1C···O1 iii 2.8124(12) 0.872(12) 1.984(12) 158.0(11)
d N2−H2A···O2 2.7967(11) 0.898(17) 1.915(17) 166.7(17)
e N2−H2B···O3 iv 2.7828(12) 0.889(18) 1.921(18) 163.0(17)
f N2−H2C···O3 v 2.8196(12) 0.906(19) 1.931(19) 166.2(16)
g N2−H2D···O4 vi 2.7445(13) 0.864(18) 1.881(18) 178.3(17)
h O4−H4A···O2 v 2.7443(12) 0.853(19) 1.891(19) 179.5(18)
i O4−H4B···O3 2.7558(12) 0.74(2) 2.04(2) 161.2(2)

i  = 1 + x, +y, +z; ii  = 3/2−x, −1/2 + y, 3/2 − z; iii  = 3/2 − x, ½ + y, 3/2 − z; iv  = +x, 1 + y, +z; v  = 1 − x, 
1 − y, 1 − z; vi  = −x, 1 − y, 1 − z.
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Figure 2. Hydrogen bonding interactions in 1·H2 O. Interactions are labelled according to Table 1.

Graph-set analysis reveals four recurrent ring motifs within the hydrogen-bonded 
framework [23,24]. Interactions b and c generate 𝑅2

2(10) rings and, together with interactions 
d and e, give rise to 𝑅3

4(10) motifs. Interactions d, f, h, and i define 𝑅2
4(8) rings, whereas 

two symmetry-related pairs of the water-mediated interactions h and i generate 𝑅4
4(12)

rings. Representative examples of these motifs are shown schematically in Figure S7. These 
rings are interconnected through the remaining hydrogen bonds, producing the extended 
three-dimensional network. Interestingly, the 𝑅2

2(10) and 𝑅3
4(10) motifs are also present 

in the previously reported anhydrous phase 1, as identified by graph-set analysis of the 
deposited crystal structure of Hu et al. [13]. In contrast, the 𝑅2

4(8) and 𝑅4
4(12) rings observed 

in 1·H2 O involve the lattice water molecule and are therefore specific to the hydrated form. 
Hydration thus preserves part of the hydrogen-bonding topology of the anhydrous phase 
while introducing additional water-mediated ring motifs that reorganize the connectivity 
of the three-dimensional framework.

3. Materials and Methods
3.1. General Methods

All reagents were purchased from Merck (Darmstadt, Germany) and used without fur-
ther purification. FT-IR spectra (KBr beam splitter, KBr windows, 4000–400 cm−1 , resolution 
4 cm−1 ) were recorded on a Thermo-Nicolet 5700 spectrometer (Madison, WI, USA) at room 
temperature on KBr pellets of the analysed samples. 1 H NMR and 31 P NMR measurements 
were carried out in D2 O at 25 °C, using a Bruker Avance III HD spectrometer (Rheinstet-
ten, Germany) (14.1 T), operating at 600 and 243 MHz, respectively. Chemical shifts are 
reported in ppm (δ). TGA measurements were performed using a Perkin Elmer STA 6000 
Simultaneous Thermal Analyser (Shelton, CT, USA). 10 mg of sample were weighed on an 
alumina crucible and a curve from 25 to 500 °C with a gradient of 10 °C per min using a 
40 mL min−1  dry air flow was recorded.

3.2. X-Ray Diffraction Analysis
Single-crystal X-ray diffraction data for compound 1·H2 O were collected at 100 K on 

a Bruker D8 Venture diffractometer (Karlsruhe, Germany) equipped with a PHOTON II 
CPAD detector (Karlsruhe, Germany) and a Mo Kα radiation (λ = 0.71073 Å) generated by 
an Incoatec IμS microfocus X-ray source (Geesthacht, Germany), operated at 50 kV and 
1.0 mA. The structure was solved with SHELXT [25] using dual-space methods and refined 
using SHELXL [26] through cycles of least-squares refinement of F2 . Hydrogen atoms 
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bonded to carbon were placed in geometrically calculated positions and refined using a 
riding model, with Uiso (H) = 1.2Ueq (C). Hydrogen atoms on heteroatoms were located 
from the difference Fourier map and refined freely.

3.3. Synthesis of Ammonium Aminomethylphosphonate Monohydrate (1⋅H2 O)
Aminomethylphosphonic acid (0.55 g, 5.0 mmol) dissolved in 200 mL of water was 

slowly added to 0.48 g (5.0 mmol) of ammonium carbonate dissolved in 50 mL of water. 
The resulting solution was stirred for 3 h and subsequently transferred to a crystallizer. The 
solvent was allowed to evaporate in 7 days at atmospheric pressure at r.t., in a laboratory 
conditioned at 24 ± 2 °C, affording colourless crystals. Yield: 0.6105 g, 84%. FT-IR (KBr 
pellet) ν = 3419 (m), 3108 (w), 2917 (vw), 2848 (vw), 2616 (w), 1623 (m), 1527 (m), 
1442 (m), 1301 (w), 1195 (vw), 1130 (vw), 1093 (vw), 1064 (vs), 975 (w), 929 (w), 819 (w), 
727 (s), 470 (m) cm−1 . 1 H NMR (600 MHz, D2 O) δ = 2.77 ppm (d, 2 JP–H  = 12.0 Hz, 2H, 
CH2 ). 13 C{1 H} NMR (151 MHz, D2 O) δ = 37.21 (d, 1 JP-C  = 133.2 Hz) ppm. 31 P NMR 
(243 MHz, D2 O) δ = 9.27 ppm (t, 2 JP–H  = 12.0 Hz, 1P).

4. Conclusions
In conclusion, we have determined the spectroscopic properties and crystal structure of 

ammonium aminomethylphosphonate monohydrate (1⋅H2 O). The solid-state architectures 
of both the anhydrous and monohydrate phases are governed by intricate hydrogen-bonding 
networks involving the ammonium cations, the zwitterionic anions, and, in the case of 1⋅H2 O, 
co-crystallized water molecules. While the marked propensity of these species to form 
extended supramolecular networks and large crystalline domains highlights their structural 
robustness, it also suggests potential limitations for direct application as stone consolidants. 
In particular, excessive crystal growth within the pore system of stone substrates could 
potentially induce crystallization stress. Nevertheless, understanding these fundamental 
assembly mechanisms remains essential for tailoring soluble ammonium phosphonate 
precursors toward optimized conservation treatments.

Supplementary Materials: The following supporting information can be downloaded online.
Figure S1: Representative single crystals of compound 1·H2 O obtained from aqueous solution (scale 
ruler in cm); Figure S2. Portion of the 1 H NMR spectrum recorded on a D2 O solution of compound 
1·H2 O; Figure S3. Portion of the 31 P NMR spectrum recorded on a D2 O solution of compound 1·H2 O; 
Figure S4. Portion of the 13 C{1 H} NMR spectrum recorded on a D2 O solution of compound 1·H2 O; 
Figure S5. Solid state FT-IR spectrum recorded for compound 1·H2 O (KBr pellet); Figure S6. TGA 
(black line) and DTA (red line) curves of 1·H2 O recorded under a dry air atmosphere (25–500 °C). 
Figure S7: Schematic representation of selected hydrogen-bonded ring motifs identified by graph-set 
analysis in the crystal structure of compound 1·H2 O. Table S1: Crystal data and structure refinement 
parameters for compound 1·H2 O; Table S2: Bond lengths (Å) and angles (°) for compound 1·H2 O.
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