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ABSTRACT: Triethylamine is a volatile liquid and exists in the
atmosphere in the gas phase. It is a hazardous air pollutant and
identified as a toxic air contaminant. Thus, producing ammonia (a
vital chemical for fertilizer production) from the vapor state of this
toxic substance is a challenging task. Diffusion of the vapor of
triethylamine, (C2H5)3N, into an acidified aqueous solution of
sodium molybdate results in the formation of single crystals of
compound [(C2H5)3NH]2[(C2H5)4N][NaMo8O26] (1). Notably,
compound 1 includes a [(C2H5)4N]+ cation, even though the
concerned reaction mixture was not treated with any tetraethy-
lammonium salt. The formation of the [(C2H5)4N]+ cation from
(C2H5)3N in an acidic aqueous medium is logically possible only
when an ammonium cation (NH4+) is formed in the overall reaction: 4(C2H5)3N + 4H+ = 3[(C2H5)4N]+ + [NH4]+. Although the
resulting NH4+ cation (identified by Nessler’s reagent test) is not included in the crystals of compound 1 as a cation, it can be made
associated with a crown ether in the isolation of single crystals of compound [NH4⊂B15C5]3[PMo12O40]·B15C5 (2), (B15C5 =
benzo-15-crown-5). Crystal structure analysis and 1H NMR studies of compound 2 have established the presence of an H-bonded
NH4+ ion in compound 2, thereby established the rearrangement reaction.

■ INTRODUCTION
Ammonia is an essential inorganic chemical for the fertilizer
industry, is the sixth largest chemical produced in the world,1−4

and is the key precursor of synthetic fertilizer.5−7 Until
recently, Haber’s process was the frequently used method for
industrial production of ammonia, which involves molecular
nitrogen and hydrogen and requires drastic conditions (500 °C
at 150−200 atm).8−10 In nature, nitrogenase enzymes
containing iron and molybdenum cofactors (known as
FeMoCo) do the job of production of ammonia from
atmospheric nitrogen at ambient conditions.11−13 There are
various reports where ammonia is generated using transition-
metal catalyzed reduction of nitrogen gas,14−24 as well as
through electrochemical25−33 and photo(electro)chemical
methods.34−38 We have demonstrated here a unique inorganic
rearrangement (not a redox reaction), occurring at room
temperature, that involves diffusion of triethylamine vapor into
an acidic aqueous polyoxomolybdate solution to generate an
ammonium ion (NH4

+) and tetraethylammonium ion
([(C2H5)4N]+) as shown in eq 1, resulting in the isolation of
single crystals of compound [(C2H5)3NH]2[(C2H5)4N]-
[NaMo8O26] (1). Notably, compound 1 includes the resulting
tetraethylammonium cation ([(C2H5)4N]+) but not the
ammonium cation (NH4+).

+ = [ ] + [ ]+ + +4(C H ) N 4H 3 (C H ) N NH2 5 3 2 5 4 4 (1)

There are quite a few inorganic rearrangement reactions
reported. The Michaelis−Arbuzov rearrangement for the
formation of C−P bonds,39 intermolecular rearrangements in
boron clusters,40 and rearrangement of polyamines41 are a few
of them. These rearrangement reactions have found numerous
applications in various fields. The rearrangement, described
here, will be an addition to this family of inorganic
rearrangement reactions as it demonstrates the rearrangement
of triethylamine to a tetraethylammonium ion and most
importantly ammonium ions at room temperature.
Triethylamine is a colorless liquid (boiling point, 89.5 °C),

but it exists in the atmosphere in the gas phase. According to
the United States Environmental Protection Agency (U.S.
EPA), the concentration of triethylamine in ambient air was as
high as 4.2 μg per cubic meter or 1 part per billion from an
unspecified location in the northeast United States in 1983.42

Thus, use of triethylamine in its vapor state to generate
ammonia would be a challenging task. In the present work, we
have demonstrated the formation of an ammonium ion from
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triethylamine vapor (eq 1) at room temperature; the work was
initiated from a serendipitous observation (vide inf ra). Even
though the resulting ammonium ion is not included in the
crystals of compound [(C2H5)3NH]2[(C2H5)4N][NaMo8O26]
(1), we could succeed to manipulate the ammonium ion
(NH4+), formed in the rearrangement (eq 1), to be associated
with a crown-ether (benzo-15-crown-5, B15C5) in forming a
ammonium-crown-ether supramolecular cation, which has
been crystallized with a Keggin type polyoxometalate anion
([PMo12O40]3−) resulting in the single crystals of compound
[NH4⊂B15C5]3[PMo12O40]·B15C5 (2). We have character-
ized compounds 1 and 2 by routine spectral analyses, including
elemental analyses, and unambigiously by single crystal X-ray
crystallography. We have established the rearrangement
reaction (eq 1), which is the formation of [(C2H5)4N]+ and
[NH4]+ cations from (C2H5)3N, by single crystal X-ray
structure determinaiton of compounds 1 and 2, and also we
have identified the resulting ammonium ion (NH4+), formed in
the rearrangement reaction (eq 1), by Nessler’s reagent test,
IR, and ESI-mass spectroscopies, and TGA studies.

■ EXPERIMENTAL SECTION
Materials and Methods. All the starting materials were

purchased as analytical grade and were used as received. IR
spectra of the compounds were obtained on a JASCO-5300
FTIR spectrophotometer. TGA was carried out on an STA 409
PC analyzer. PXRD plots were recorded on a Bruker D8-
Advance diffractometer using graphite-monochromated Cu
Kα1 (1.5406 Å) and Kα2 (1.55439 Å) radiation. NMR spectra
were recorded on a Bruker Advance-500 MHz FT NMR
spectrometer using tetramethylsilane (TMS, δ = 0) as the
internal standard and DMSO-d6 as the solvent, at room
temperature. The mass spectral studies were carried out on a
Bruker Maxis HRMS instrument using ESI techniques.

Synthesis of [(C2H5)3NH]2[(C2H5)4N][NaMo8O26] (1).
Sodium molybdate (3.5 g, 14.46 mmol) was dissolved in 50
mL of water followed by the addition of 10 mL of glacial acetic
acid (100%) with stirring at room temperature. This reaction
mixture was then acidified to pH 2 by the dropwise addition of
concentrated HNO3, which resulted in an almost clear
solution. The resultant mixture was filtered into a 100 mL
beaker. This 100 mL beaker was then kept in a 250 mL beaker
containing triethylamine liquid, and the 250 mL beaker was
covered with aluminum foil. The setup was then kept at room
temperature for 3 days. The crystals of compound 1,
precipitated during this time, were filtered, washed with cold
distilled water, and dried at room temperature. Yield: 1.6 g
(59% based on Mo). Anal . Calcd ( in %) for
C20H52Mo8N3NaO26: C, 15.59; H, 3.40; N, 2.73. Found: C,
14.08; H, 2.95; N, 2.10.

Synthesis of [NH4⊂B15C5]3[PMo12O40]·B15C5 (2). To a
stirred solution of benzo-15-crown-5 (0.03 g, 0.13 mmol) in 50
mL of acetonitrile was added H3[PMo12O40]·xH2O (0.16g,
0.09 mmol). After all reactants were dissolved, 20 mL of the
filtrate of the compound 1 crystals was added, followed by 10
mL of glacial acetic acid (100%). The resulting solution was
stirred at room temperature for 18 h, filtered, and allowed to
evaporate slowly. Brown crystals of compound 2 were obtained
after 1 week. These were filtered from the mother liquor
thereafter and dried at room temperature. Yield: 0.108 g
(67.5% based on Mo). Anal. Calcd (in %) for
C56H92Mo12N3O60P: C, 22.80; H, 3.14; N, 1.42. Found C,
23.05; H, 3.18; N, 1.36.

Crystal Data Collection. X-ray reflections were collected
on a Bruker D8 QUEST CCD diffractometer equipped with a
graphite monochromator and a Mo Kα fine-focus sealed tube
(λ = 0.71073 Å), and the reduction was performed using
APEX-II Software.43 Intensities were corrected for absorption
using SADABS, and the structure was solved and refined using
SHELX-97.44 All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms on non-hydrogen atoms were located
from difference electron-density maps, and all C−H H atoms
were fixed geometrically. Hydrogen-bond geometries were
determined in PLATON.45,46 Crystal parameters are shown in
Table 1. Bond lengths and bond angles of compounds 1 and 2

are summarized in Table S2 and Table S3, respectively
(Supporting Information). Crystallographic cif files (CCDC
numbers 2009243 and 1843016 for compounds 1 and 2,
respectively) are available at www.ccdc.cam.ac.uk/data.

■ RESULTS AND DISCUSSIONS
Synthesis: Emergence of a Rearrangement Reaction.

When we allowed the triethylamine vapors to diffuse slowly
into an acidified aqueous solution of sodium molybdate
(Scheme 1), it led to the formation of single crystals of
[(C2H5)3NH]2[(C2H5)4N][NaMo8O26] (1). Compound 1, as
established from single crystal X-ray crystallography, includes
the triethylammonium cation, [(C2H5)3NH]+, as expected and,
surprisingly, a tetraethylammonium cation [(C2H5)4N]+, even
though we have not used any tetraethylammonium salt in the
concerned synthesis. To learn the source of the [(C2H5)4N]+
cation, in the crystals of compound [(C2H5)3NH]2-
[(C2H5)4N][NaMo8O26] (1), we carefully investigated the
whole experiment and relevant possible chemical reactions; we
found out that if the tetraethylammonium cation [(C2H5)4N]+
is formed from triethylamine, (C2H5)3N, then the ammonium
ion (NH4+) has to be generated under an acidic condition as
shown in eq 1.
The presence of the ammonium ion in the concerned

reaction mixture is confirmed using Nessler’s reagent test (vide
infra) and also by trapping the resulting ammonium ion with

Table 1. Crystal Parameters of Compounds 1 and 2

compound 1 2
formula C20H52Mo8N3NaO26 C56H92Mo12N3O60P
formula weight 1541.14 2949.56
temperature (K) 296 273(2)
wavelength (Å) 0.71073 0.71073
crystal system, space group monoclinic, C2/c triclinic, P1̅
a (Å) 24.9768(13) 13.6148(15)
b (Å) 11.1607(5) 14.8087(17)
c (Å) 18.0093(9) 25.588(3)
α (deg) 90 100.368(2)
β (deg) 120.271(2) 97.571(2)
γ (deg) 90 111.955(2)
volume (Å3) 4335.7(4) 4593.3(9)
Z, ρ (g/cm3) 4, 2.358 1, 2.159
μ (mm−1) 2.332 1.707
F(000) 3900.0 2920.0
goodness-of-fit on F2 1.178 1.046
R1 0.0364 0.0755
wR2 0.1046 0.2033
largest diff. peak/hole
(e Å−3)

3.65 7.29
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crown ether, forming a supramolecular adduct cation, which is
stabilized and isolated with a polyoxometalate (POM) anion
(vide infra).
As mentioned above, the diffusion of triethylamine vapors

into the acidified solution of sodium molybdate gives
compound 1. In the relevant reaction, we have used HNO3
and HCl separately in two different experiments, to acidify the
solution of sodium molybdate and set the pH of the reaction
mixture to 2.0−2.2 (Scheme 1). The presence of the
octamolydate isopolyanion, [Mo8O26]4−, in compound 1 can
be understood by the following reaction (eq 2) of protonation
of molybdate anions followed by their condensation leading to
the formation of the octamolybdate POM anion.

[ ] + = [ ] ++8 MoO 12H Mo O 6H O4
2

8 26
4

2 (2)

The coordination of this POM cluster anion with a sodium
cation (Na+), readily available in the reaction mixture, results
in the formation of the [NaMo8O26]3− anion. This needs three
more cations to be isolated. This POM solution was exposed
to triethylamine vapor, which, upon its diffusion to the

acidified solution, gets protonated at the vapor−liquid
interface, forming the [(C2H5)3NH]+ cation. We would not
be surprised if the isolated compound 1 would have three
[ (C2H5) 3NH]+ ca t i on s and have the fo rmu l a
[(C2H5)3NH]3[NaMo8O26] (hypothetical); instead, com-
pound 1 is practically characterized with two [(C2H5)3NH]+
cations and one “unexpected” tertiary ammonium cation
[(C2H5)4N]+ with the overall formula [(C2H5)3NH]2-
[(C2H5)4N][NaMo8O26] (1). The experiment clearly indicates
that the tetraethylammonium cation, [(C2H5)4N]+, has been
generated from the triethylamine, (C2H5)3N, which is only
possible if we consider the following reaction:

+ = [ ] +4(C H ) N 4HA 3 (C H ) N A NH A

(A is NO or Cl ; HA is HNO or HCl)

2 5 3 2 5 4 4

3 3 (3)

Essentially eq 1 and eq 3 are identical.
Notably, one ammonium ion, NH4+, is generated in this

reaction (eq 3), which is not included in the crystals of
compound [(C2H5)3NH]2[(C2H5)4N][NaMo8O26] (1). To
validate the above-described reaction (eq 1 or 3), thereby, to
authenticate the crystal structure of compound 1 (or to prove
the formation of the tetraethylammonium cation from
triethylamine), we need to prove the existence of the
ammonium cation, NH4+ (which is not picked up by
compound 1 during its crystal formation) in the pertinent
reaction mixture. The most classical and confirmative test for
an ammonium ion (NH4+) in an aqueous solution is Nessler’s
reagent test, as described below for the NH4+ formed in the
rearrangement reaction (eq 1 or 3).
The Nessler’s reagent test was performed on different

solutions to detect the presence of ammonium ions in the
reaction mixture. First, as a reference, the reagent was added to
an ammonium chloride aqueous solution, and as expected, a
brown precipitate of HgO·Hg(NH2)I was observed as shown
in Figure 1a. Then the filtrate, obtained after filtering the
compound [(C2H5)3NH]2[(C2H5)4N][NaMo8O26] (1) crys-
tals from the reaction mixture (when the acid used was nitric
acid), was treated with a few drops of Nessler’s reagent, and a
yellow coloration was observed in the test tube as shown in
Figure 1b; similarly, the test was performed also with the
filtrate, where HCl acid was used in the place of HNO3, and
there was also a yellow coloration observed (Figure 1c), as in
the case of the HNO3 acid−molybdate reaction mixture. This

Scheme 1. Schematic Representation of the Experimental
Setup for the Synthesis of Compound 1 in a Gas−Liquid
Interface Reaction

Figure 1. Nessler’s reagent test: (a) with ammonium chloride solution, (b) with filtrate containing HNO3 acid, (c) with filtrate containing HCl
acid, (d) with filtrate containing HNO3 acid but without sodium molybdate, and (e) with solely water.
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yellow coloration instead of a brown precipitate (found in the
case of Nessler’s reagent test with NH4Cl solution) is a result
of the brown coloration being affected by dilution. This is
because, in the case of diffusion of triethylamine vapor into the
acidified sodium molybdate solution, a tiny amount of
ammonium ions is formed.
The formation of compound 1 and ammonium ion (eq 3),

irrespective of which acid (HNO3 and HCl acids) has been
used, rules out the possibility of the formation of ammonium
ions from nitrate ions, which again is a reaction that occurs in
drastic conditions.47 To check the role of sodium molybdate in
the reaction, a controlled reaction was performed, at similar
conditions with HNO3/HCl, but sodium molybdate was not
added into it; the resulting reaction yielded no crystals as
expected, and also there was no coloration or precipitate
observed upon addition of Nessler’s reagent to the concerned
reaction mixture (Figure 1d). Nessler’s reagent was also added
to pure water, to check the purity of the reagent, and no
change was observed, as can be seen in Figure 1e. Thus,
sodium molybdate plays a major role in the formation of the
tetraethylammonium ion and in turn the ammonium ion (eq 1
and eq 3).
A careful investigation of eq 1 or eq 3, showing the

formation of one equivalent of the ammonium cation (NH4+)
and three equivalents of tetraethylammonium ((C2H5)4N+)
cations from four equivalents of triethylamine ((C2H5)3N)
under acidic conditions, clearly indicates that one molecule of
(C2H5)3N gets into stepwise protonation and subsequent
elimination of (C2H5) cations until all the ethyl moieties are
substituted by protons, yielding the ammonium cation (NH4+),
as shown in eq 4 − eq 10.

+ =+ +(C H ) N: H (C H ) NH2 5 3 2 5 3 (4)

= ++ +(C H ) NH (C H ) NH (C H )2 5 3 2 5 2 2 5 (5)

+ =+ +(C H ) NH H (C H ) NH2 5 2 2 5 2 2 (6)

= ++ +(C H ) NH (C H )NH (C H )2 5 2 2 2 5 2 2 5 (7)

+ =+ +(C H )NH H (C H )NH2 5 2 2 5 3 (8)

= ++ +(C H )NH NH (C H )2 5 3 3 2 5 (9)

+ =+ +NH H NH3 4 (10)

Then the rest three triethylamine molecules {3(C2H5)3N:},
each having a lone pair of electrons on nitrogen, coordinate to
the three ethyl cations (3C2H5+) formed in eq 5, eq 7, and eq
9, resulting in three tetraethylammonium cations, 3-
[(C2H5)4N]+ as shown in eq 11 that shows the formation of
three N−C bonds. This equation simply shows the
stoichiometry and is not meant to imply accumulation of the
indicated species.

= [ ]+ +3(C H ) N: 3C H 3 (C H ) N

(here,  signifies coordinate covalent bond)

2 5 3 2 5 2 5 4

(11)

The overall reaction of formation of one ammonium ion and
three tetraethylammonium cations from four triethylamine
molecules and four protons (eq 1 or eq 3) is the result of the
formation of four N−H bonds (the number of N−C bonds
that break is equal to the number of N−C bonds that form).

This is why eq 1 or eq 3 is probably thermodynamically
feasible.
A very important and interesting question now arises

regarding the breaking of the stable N−C bond. Here, as we
see, the polyoxometalate anion {Mo8O26}4− is first formed in
the reaction medium, into which the trimethylamine vapors are
subjected to diffusion. Here, the polyoxometalate anion plays
the role of a catalyst and catalyzes the breaking of the N−C
bond. There have been reports where polyoxometalates, viz.,
K7NiV13O38·16H2O48 and H6PMo9V3O40,49 have been used as
catalysts for N−C and N�C bond cleavage, respectively.
Although the exact mechanism of the catalytic reactions is not
clear, still the reactions do not yield the desired product in the
absence of the said catalysts. In a very similar way, we could
infer from our reaction discussed here that the polyoxometa-
late anion plays the role of the catalyst for the N−C bond
cleavage shown in eq 5, eq 7, and eq 9.

Serendipitous Observation in Crystal Structure
Analysis. A gas−liquid interface reaction via diffusion of
volatile amine vapors into an acidified molybdate aqueous
solution to generate a polyoxometalate (POM) cluster is a very
simple synthetic approach to obtain a POM cluster containing
compound, and we developed this approach recently.50

Thus, diffusion of pyridine (py) and piperidine (pip) into an
acidified aqueous solution of sodium molybdate results in the
isolation of single crystals of pyridinium and piperidinium salts
of octamolybdate, [pyH]4[Mo8O26], and [pipH]4[Mo8O26]·
4H2O, respectively. This synthetic strategy has been described
as a potential bag filter for volatile organic amines. This has an
important implication in the sense that volatile amine vapors
are serious threats to human health.48 We wanted to rationalize
this concept by studying another volatile amine, and we used
triethylamine vapors, in the present work, to diffuse into an
acidified aqueous solution of Na2MoO4; we obtained the single
crystals of compound [(C2H5)3NH]2[(C2H5)4N][NaMo8O26]
(1). We have made a serendipitous observation while analyzing
the single crystal X-ray structure of compound 1. We found a
tetraethylammonium cation [(C2H5)4N]+ per formula unit of
compound 1 in its crystal structure, even though we have not
used any tetraethylammonium salt in the pertinent synthesis.
The crystal structure analysis of compound 1 is described
below.
Compound 1 crystallizes in a monoclinic C2/c space group.

The asymmetric unit of the compound consists of half of an
octamolybdate cluster, i.e., a {Mo4O13}2− unit, in which the
surface oxygens are coordinated to a Na+ cation with half
occupancy, forming a {Na0.5Mo4O13}1.5− unit, a protonated
triethylamine cation, and half of a tetraethylammonium cation,
as shown in Figure 2a. Accordingly, in the full molecule, two
halves of the two different clusters coordinating to a common
sodium ion, a tetraethylammonium cation, and two protonated
triethylamine cations are present as shown in Figure 2b. Thus,
in the crystal structure of compound 1, an octamolybdate
cluster anion coordinates to two Na+ ions from its opposite
sides (on each side, four surface terminal oxygen atoms of the
cluster coordinate to the sodium ion), resulting in the
formation of a chainlike one-dimensional coordination
polymer. Along the chain, each sodium ion is eight
coordinated, and the sodium ions are arranged in a zigzag
fashion throughout the molecular structure (Figure S2, SI).
The relevant Na+−O bond distances are in the range of
2.545−2.666 Å.
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The tetraethylammonium cation and some of the cluster
oxygen atoms are hydrogen bonded to each other, leading to a
3D supramolecular network in the crystal structure of
compound 1. The serendipitous observation of a tetraethy-
lammonium cation, [(C2H5)4N]+, in the crystals of compound
1 gives rise to the emergence of a new rearrangement reaction
(eq 1), as already mentioned earlier.
It is not surprising that the ammonium ion, produced in the

rearrangement (eq 1 or eq 3), is not included in the crystals of
compound 1, because the cations [(C2H5)3NH]+ and
[(C2H5)4N]+, present in the concerned reaction mixture with
the NH4+ ion, are bulkier than the NH4+ ion. However, the
ammonium ion in the mother liquor of compound 1 crystals
can be associated with the crown ether, benzo-15-crown-5
(B15C5), when the mother liquor of compound 1 crystals is
treated with B15C5 crown ether and a Keggin type
polyoxometalate (POM) anion. More specifically, the
[NH4+⊂B15C5] supramolecular cationic species forms a
cation−anion adduct with the [PMo12O40]3− Keggin anion in
an acidified organic medium leading to the isolation of single
crystals of compound [NH4⊂B15C5]3[PMo12O40]·B15C5 (2).
The asymmetric unit in the crystal structure of compound 2,
which crystallizes in the P1̅ space group (triclinic, Z′ = 1),
consists of two halves of the [PMo12O40]3− Keggin anion, three
ammonium ions associated benzo-15-crown-5 crown ether
supramolecular cations, and one benzo-15-crown-5 without
any ammonium ion. Thus, the asymmetric unit represents the
full molecular formula of compound [NH4⊂B15C5]3[PMo12-
O40]·B15C5 (2) in this case (Figure 3). All three ammonium
ions (N1, N3, and N4 nitrogen atoms in the crystal structure,
shown in Figure 4) are not located in the cavities of the crown
ethers and have different hydrogen bonding environments. The
N4 ammonium ion interacts with the Keggin POM anion
(terminal oxygen atom) in addition to its hydrogen bonding
interactions with the crown ether molecule. On the other hand,
the N1 and N3 ammonium ions, in addition to their
interactions with two different crown ether molecules, are
hydrogen bonded to a common crown ether molecule as
shown in Figure 4. Thus, we could characterize the NH4+ ion,

formed in the rearrangement reaction (eq 1 or eq 3),
crystal lographically in the crystals of compound
[NH4⊂B15C5]3[PMo12O40]·B15C5 (2). It is surprising that
compound 2 crystals include the NH4+ cation instead of
[(C2H5)3NH]+ and [(C2H5)4N]+ cations, which are also
present with the NH4+ ion in the concerned filtrate of
compound 1 crystals. This can be understood by the fact that
the NH4+ cation−crown ether association seems to be much
stronger than the [(C2H5)3NH]+− and [(C2H5)4N]+−crown
ether associations because of the formation of N−H···O
hydrogen bonds (NH4

+ can form four H-bonds,
[(C2H5)3NH]+ can form only one H-bond, and
[(C2H5)4N]+ cannot form any N−H···O bond). The
rearrangement reaction (eq 1 or 3) is characterized not only
by Nessler’s reagent test and single crystal X-ray crystallog-
raphy (vide supra) but also by IR, 1H NMR, and ESI-mass

Figure 2. (a) Thermal ellipsoidal diagram of the asymmetric unit in
the crystal structure of compound 1 at the 50% probability level. (b)
Full molecule of compound 1 showing that two different halves of two
different [Mo8O26]4− clusters are coordinated to a central Na+ ion.
Hydrogen atoms are not shown for clarity. Color code: Mo, purple;
Na, yellow; O, red; N, blue; C, gray.

Figure 3. Thermal ellipsoidal diagram of the asymmetric unit in the
crystal structure of compound 2 at the 50% probability level,
representing the full molecule. Hydrogen atoms are omitted for
clarity. Color code: Mo, cyan; O, red; C, gray; P, orange; N, blue.

Figure 4. Hydrogen bonding interactions around ammonium ions in
the crystal structure of compound [NH4⊂B15C5]3[PMo12O40]·
B15C5 (2). Purple dotted lines represent N−H···O hydrogen
bonding interactions.
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spectral studies including TGA analysis as described in the
following sections.

Spectroscopy. IR Spectroscopy. The Fourier transform
infrared (FTIR) spectrum of compound 1 was recorded and is
shown in Figure S5a,b in the SI. The vibrational features of the
octamolybdate isopolyanion are clearly seen in the IR
spectrum of the compound (Figure S5b). The strong peak at
955 cm−1 can be attributed to the asymmetric stretch of the
Mo−Ot bond. Similarly, the asymmetric stretch of the Mo−
Ob−Mo bond is found at 730 cm−1. The peaks at 730, 780,
838, and 898 cm−1 are the characteristic peaks for the Mo−Ob
asymmetric stretch. All these values almost match the
vibrational features reported for the β-isomer of the
octamolybdate in the literature.51,52 The strong peak at 1214
cm−1 can be attributed to the C−N stretch. The peaks at 1380
and 1470 cm−1 can be attributed to CH2 and CH3 bending of
the ethyl groups, and the peaks at 2872 and 2968 cm−1 can be
attributed to the C−H stretch. In the FTIR spectrum of
compound 2 (Figure S5c,d), the peak at 3182 cm−1 can be
attributed to the stretching frequency of the N−H bonds of the
ammonium ions. Similarly, the bending motions of the N−H
bonds give their signature peaks at 1356 cm−1. The peak at
2916 cm−1 is actually a multiplet centered on this point. These
peaks can be attributed to the alkyl C−H stretch, which is
present in the crown ethers. The various peaks around 778,
892, 978, 1053, and 1077 cm−1 can be attributed to the
stretching frequencies of Mo−Oc−Mo, Mo−Ob−Mo, Mo�
Ot, and the P−O bonds, respectively, of the Keggin cluster
anion (Figure S5d).53

1H NMR Spectroscopy. 1H NMR spectrum of compound
[NH4⊂B15C5]3[PMo12O40]·B15C5 (2) has been recorded in
DMSO-d6 at room temperature and is given in Figure 5.

NH4Cl shows a strong singlet at δ 7.49 in DMSO-d6,
54

although, because of the coupling of 1H to the 14N quadrupolar
nucleus, it should give a triplet of equal intensity.55 But, in
practice, because of the tetrahedral structure of the NH4+
cation, we see only a narrow line for 14NH4+. In the case of
compound [NH4⊂B15C5]3[PMo12O40]·B15C5 (2), because
of the hydrogen bonding interactions of the ammonium
cations with the crown ether as well as with the
polyoxometalate anion, NH4+ does not retain its tetrahedral
structure, and hence, by virtue of quadrupolar coupling, it
shows triplets of equal intensity between δ 6.97 and 7.35 as
shown in Figure 5. The credible cause for this upfield shifting
of the signals might be due to a shielded environment around
the ion interacting with lone pair on O atoms of crown ether.
The full 1H NMR spectra of compound 2, NH4Cl, and B15C5

crown ether in DMSO-d6 are provided with the SI as Figures
S6, S7, and S8, respectively.

ESI-MS. The ESI-MS spectra of the compound
[NH4⊂B15C5]3[PMo12O40]·B15C5 (2) were also studied to
confirm the presence of the ammonium cations in compound
2. Among various other peaks, the base peak having the m/z
value of 554.2880 can be attributed to the molecular fragment
having two {benzo-15-crown-5} moieties and one ammonium
cation (Figure S9, SI), thus confirming the presence of the
ammonium cations in the compound.

Thermogravimetric Analysis. The thermal stabilities of
both compound 1 and compound 2 were evaluated using
thermogravimetric analysis, and the relevant plots are shown in
Figure S10 (SI). In compound 1, the organic cations, viz., the
two protonated triethylamine and the tetraethylamine are
decomposed in the temperature range of 100 °C to around 370
°C, followed by the breaking up of the Na+−octamolybdate 1-
D chain, hence, leaving the metal oxides (sodium oxide and
molybdenum oxide) in the higher temperature range. The
thermal stability of compound 2 was also checked and is
represented in Figure S10b (SI). The ammonium ions that are
arrested by the crown ether moieties are liberated first upon
heating up to almost 150 °C, followed by the crown ether
molecules in the temperature range of 280−580 °C. Then the
Keggin polyoxometalate anion remains in the crucible and is
stable up to 700 °C. After this temperature, the Keggin cluster
starts decomposing.
The major finding of this work is that we have established a

unique rearrangement reaction (eq 1 or eq 3) producing
ammonium ions at room temperature from triethylamine in an
acidic aqueous polyoxometalate solution. Thus, the present
system, where no ammonia has been used but triethylamine is
diffused, shows the formation of the ammonium ion, which has
been established not only by elemental analyses (Figure S13,
SI), Nessler’s regent test, thermal analysis, and EDAX analysis
(Figure S14, Table S1, SI) but also by NMR spectroscopy and
single crystal X-ray crystallography, including ESI−mass
spectroscopy.

■ CONCLUSION
With this work on a polyoxometalate system to yield the NH4+
ion at room temperature, we have made an attempt to establish
a hitherto unknown rearrangement reaction, 4(C2H5)3N + 4H+
→ 3[(C2H5)4N]+ + [NH4]+ (eq 1), which generates an
ammonium ion at room temperature from triethylamine
simply by diffusion of the latter into an acidified aqueous
solution of sodium molybdate. The in situ formed poly-
oxometalate plays a vital role in the generation of ammonium
ions, which is serendipitous in nature. Although we could not
establish yet the quantity of ammonia generated in this
reaction because of the uncontrolled vapor−liquid interface
reaction, still it provides a unique rearrangement reaction for
the generation of ammonia from triethylamine at ambient
conditions.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c04015.

Figures S1−S14 (crystal structures, FT-IR and 1H NMR
spectra, ESI-MS, TGA, and PXRD plots); Tables S1, S2,

F i g u r e 5 . 1H NMR sp e c t r um o f t h e c ompound
[NH4⊂B15C5]3[PMo12O40] ·B15C5 (2), showing shifts and splitting
of the NH4+ signals.
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S3, and S4 (crystal parameters, EDAX table, and bond
lengths and bond angles of compounds 1 and 2) (PDF)
X-ray crystallographic data for compound 1 (CIF)
X-ray crystallographic data for compound 2 (CIF)
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