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ABSTRACT: Study of structure and optical properties of struvite
magnesium ammonium phosphate hexahydrate crystal known as

T T T

- —Experiment
struvite is presented. Experimentally determined infrared (IR) and MO05-2X
ultraviolet—visible (UV—vis) spectra are compared with the =i ~BILYP-D3™ |
theoretical predictions of density functional methods. Examination 8 ° dangling OH
of the interatomic bond lengths, Mulliken atomic charges, and 8w O(6)-H(16) |
binding energies of water in the magnesium hexahydrate cation, 3 °
together with the analysis of the hydrogen bond pattern have <&
allowed us to explain a special feature of the IR spectrum of o ‘\
struvite, a blueshift of the band corresponding to the O—H 1 Wb 1 { ‘“1 | .
stretching mode. This mode has been assigned to a “dangling” ©77500 1000 1500 2000 2500 3000 3500 4000
hydroxyl group in one of the water molecules in magnesium Wavenumber [cm-1]

hexahydrate. Using experimentally obtained UV—vis spectrum and
performing Tauc plots analysis, optical bandgap of struvite has been narrowed to a range from 5.92 to 6.06 eV.

1. INTRODUCTION properties at atomistic level. The aim of this work is to study
selected properties of struvite by combining theoretical and
experimental tools. In particular, we present experimental
predictions for covalent bond lengths in complexes building
struvite and compare them against the theoretically obtained
ones. For the latter, density functional theory (DFT) methods
are used. We also investigate hydrogen interactions governing
the structure of struvite and strongly affecting its vibrational
spectrum. The experimental infrared (IR) spectrum is shown
and its unusual features, specific for struvite, are explained by
relying on the theoretically predicted vibrational modes. Finally,
the ultraviolet—visible (UV—vis) spectrum of struvite is
presented and used to obtain one of the most accurate,
according to our best knowledge, estimation of its energy
bandgap.

Magnesium ammonium phosphate hexahydrate, MgNH,PO,-
6H,0, known as struvite, has been widely investigated over the
past decade for several reasons. First, struvite can be a problem
in sewage and wastewater treatment as it precipitates easily on
specific locations, which may clog the system pipes.' > On the
other hand, struvite is a potential source of phosphorus,
nitrogen, and magnesium, and therefore it is the main
compound recovered from wastewater and recycled as a useful
P—N—Mg-containing fertilizer.”” The recovery of struvite from
wastewater is especially essential in view of phosphorus, because
nowadays natural sources of heavy metal-free phosphorus are
becoming scarce.” At the same time, phosphorus content in
sewage sludge is a growing environmental concern. However,
the main reason for which physicochemical properties of struvite
are examined results from the fact that it constitutes the main
component of the so-called infectious urinary stones represent- 2. MATERIALS AND METHODS
ing up to 30% of all urinary stones.® Studies show that in highly
developed countries, the incidence of infectious urolithiasis is
steadily increasing, indicating that infectious urinary stones are a
social problem. The infection is the result of the activity of
microorganisms producing urease, mainly from Proteus species.g
Struvite stones may grow rapidly over a period of weeks to
months and, if not adequately treated, can develop into a large
stone that fills the entire intrarenal collecting system. Patients
with infectious stones who receive no treatment have about a
50% chance of losing a kidney."’

The above arguments illustrate that struvite is a crystalline
material of high importance in different fields of human activity
and there is a need for investigating and understanding its

Struvite crystals were synthesized in sodium metasilicate gel by
single diffusion gel growth technique. All used chemicals of
reagent-grade purity were purchased from Sigma-Aldrich. To
prepare a gel the following compounds were used: sodium
metasilicate (Na,SiO,, abbreviation SMS), ammonium dihy-
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drogen phosphate (NH,H,PO,, abbreviation ADP) and
magnesium acetate tetrahydrate ((CH,;COO),Mg-4H,0).
The chemicals were dissolved in distilled water. An aqueous
0.5 M solution of ADP and SMS solution of specific gravity 1.07
were mixed together in appropriate amounts to adjust the pH of
the mixture equal to 7.0. Such prepared mixture was poured into
tubes of 19 cm in length and 3 cm in diameter and left at room
temperature for gelation for 24 h. Next, 25 mL of 1 M
magnesium acetate tetrahydrate aqueous solution was gently
poured on the surface of newly formed gel in respective tubes
and closed with airtight cover. The crystal growth usually lasted
from 3 to 4 weeks. After this time, the struvite crystals reach a
size of about 1 cm along the b-axis, see Figure 1 for a picture
presenting an illustrative example of a crystal grown in our
laboratory, following the above-described procedure.

Figure 1. Struvite crystals grown in gel medium.

Absorption spectra in the near, middle, and far IR regions
were measured for pellets that were prepared as follows. Struvite
crystals were finely ground in an agate mortar, and then KBr
dried under vacuum at 110 °C for 24 h was added. KBr was used
as a carrier for the sample because it is optically transparent for
the light in the infrared range. The weight of struvite accounted
for 30% of the sample weight. The prepared sample was placed
in a pellet die and compressed using 6 ton/cm? force for 10 min
at room temperature. Absorption spectra in the near, middle and

far-infrared regions were collected at room temperature with the
use of a Fourier transform infrared (FTIR) spectrometer
(Nicolet iS50, Thermo Fisher Scientific) in transition mode.
The spectrum of the pristine KBr was measured as blank sample
and then, after normalization, subtracted from the spectrum of
struvite dispersed in KBr. This procedure was applied as the used
FTIR spectrometer is a single-beam instrument. The spectral
resolution was 2 cm™' and 32 scans were averaged.

The UV—vis spectra were measured for struvite single crystals
in the range of 200—800 nm. They were acquired at room
temperature with the use of Cary 5000 UV—vis spectrometer
(Varian/Agilent). The standard double beam, transmission
mode was used. The struvite crystal was placed in the sample
compartment in solid state holder with the diaphragm with
aperture diameter equal S mm. The spectra were recorded in
relation to empty holder as a reference and identical diaphragm
was introduced into the reference beam. The following
experimental conditions were used: integrating time 0.1 s/
point, spectral width 2 nm and scan rate 300 nm/min.

To merge the measured IR and UV—vis spectra into one
curve, the following procedure was applied. A polynomial
baseline was extracted from each spectrum separately. Next, all
spectra were normalized by signal multiplication to overlap the
curves in the common spectral range. Thus, the absorbance is
represented in the relative, not absolute, unites. The final
spectrum is presented in section S in a wavenumber
representation.

3. COMPUTATIONAL DETAILS

The structural properties of the struvite crystal, in particular the
lattice constants (Table 1), bond lengths (Table 2), Mulliken
atomic charges (Table 3), binding energies (Table 4), and the
infrared spectrum (Figure 3), have been obtained using the
CRYSTALL7 code."""” For all atoms we used the triple-( basis
sets given for phosphorus, magnesium, and hydrogen in ref 13
and for oxygen and nitrogen atoms in ref 14.

The full struvite crystal geometry optimization was carried out
through analytical energy gradient calculations with respect to
the atomic positions in the unit cell and using the quasi-Newton
method in combination with the BFGS algorithm for
Hessian.”'” We adapted the default CRYSTAL17 geometry
criteria for structure optimization and in calculation of the IR
spectrum. The energy convergence threshold was set to 107°
and 107!! Hartree for structure optimization and IR vibration
calculations, respectively. The criterion for bielectron integrals
i.e. Coulomb and exchange integrals for an infinite lattice is
controlled by the TOLINTEG keyword with the parameters set
to 1077, 1077, 1077, 10, and 107%°. The reciprocal space was
sampled by the Monkhorst—Pack k-type method'” with a
shrinking factor equal to 7, which corresponds to 64 k points in
the irreducible Brillouin zone. The three-dimensional integra-

Table 1. Comparison of Theoretically Obtained Lattice Constants [A] and Unit Cell Volume [A3] with the Experimental Data
(Exp.) Taken from Ref 43

exp. MO0S-2X B3LYP-D3*™ MO06-L wB97-X HSE06-D3*™

a 6.965 6.950 6.954 6.940 7.002 6.939
b 6.117 6.097 6.058 6.085 6.112 6.042
c 11.206 11.211 11.197 11.153 11.273 11.189
volume 477.37 475.04 471.63 471.02 482.45 469.10

MUE 0.014 0.026 0.036 0.036 0.039

“MUE denotes a mean unsigned error computed for the lattice constants with respect to the experimental values.
8669 https://dx.doi.org/10.1021/acs.jpca.0c04707
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Table 2. Atom—Atom Distances [A] and Experimental (Exp.)
Bond Lengths between Heavy Atoms Taken from Ref 43

struvite crystal isolated species”

bound atoms and

their labels exp.  MO0S-2X B3LYP-D3*™ MO05-2X
Mg (6]
1 2(3) 2051 2.050 2.053 2.075
4(5) 2075 2.074 2078
6 2.107 2.104 2.105
7 2.109 2.117 2.135
o H
2(3)  8(10) 0978 0987 0.991 0.965
9(11) 0992 0997 0.998
4(5)  12(14) 098 0993 0.996
13(15) 1001 0997 1.000
6 16 0.952 0.972 0.978
17 0.991 0.992 0.992
7 18 0.986 0.994 0.997
19
P (@)
20 21 1.551 1.563 1.570 1.600
22(23) 1544 1562 1.567
24 1.547 1.567 1.570
N H
25 26 1.008 1.024 1.026 1.022
27 (28) 0.993 1.028 1.033
29 1.052 1.040 1.046
MUE 0.009 0.012

“For bonds involving hydrogen atoms, data from neutron diffraction
experiment reported in ref 31 is used. Labels assigned to atoms
correspond to Figure 2. Labels in parentheses correspond to atoms
which are symmetry-equivalent to atoms in the same row in the table.
MUE (mean unsigned error) of theoretically predicted bond lengths
computed with respect to experimental values. “Bond lengths
obtained from geometry optimization of the isolated Mg(H,0)¢>",
PO,*", and NH," species with the M05-2X functional.

Table 3. Mulliken Atomic Charges on Atoms in the
Mg(H,0)4** Complex in the Struvite Crystal and the Isolated
Complex”

isolated complex

atom label struvite crystal crystal geom. opt. geom.
Mg 1 1.68 1.63 1.66
o 2(3) ~0.83 ~0.70 ~071
H 8 (10) 0.39 039 0.38
9 (11) 038 038
o) 4(5) —0.83 —0.69 —0.71
H 12 (14) 0.38 037 0.38
13 (15) 0.39 0.38
O 6 —-0.79 —-0.72 -0.71
H 16 0.37 0.37 0.38
17 0.40 0.40
(¢] 7 —0.84 —0.71 —0.71
H 18 0.39 0.38 0.38
19 0.39 0.38

“In the latter case the calculations were performed in the frozen
crystal geometry (“crystal geom.” column) and the geometry
optimized for the isolated complex (“opt. geom.” column). All
calculations have been performed with the M05-2X functional. Labels
in the parentheses correspond to atoms which are symmetry-
equivalent to atoms in the same row in table.
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Table 4. Binding Energies [kcal/mol] of Water Molecules in
Mg(H,0)4** Obtained for the Struvite Crystal (M05-2X
Calculations) and the Isolated Complex (M05-2X and DFT-
SAPT Calculations)“

struvite H-bonds
crystal isolated complex energy
label of oxygen
atom MO0s5-2X MO0S-2X DFT-SAPT MO05-2X
2(3) 454 324 27.8 13.0
4(5) 47.6 31.8 274 15.9
6 42.5 35.1 30.3 74
7 46.6 31.6 26.3 15.0

“The last column presents estimation of the total H-bond energies of
a water molecules (labels of oxygen atoms corresponding to water
molecules are shown in the first column).

tion grid is created by combining one-dimensional grid
generated from the Gauss-Legendre radial quadrature method
and the two-dimensional Lebedev angular point distribution.
The grid parameters used in calculations are presented in the
Supporting Information.

Computations for the isolated complexes (Tables 2—4) have
been performed with the CRYSTAL17 code in the same basis
set as that used for crystal calculations. The energy convergence
criterion in self-consistent field calculations was set to 107°
Hartree. Thresholds in geometry optimization for the gradient
and atomic displacements were set to 3 X 107> and 1.2 X 107*
bohr, respectively. The parameters for the TOLINTEG keyword
were 1072°, 1072, 1072, 1072, and 10™%°. The grid parameters
used in molecular calculations are presented in the Supporting
Information.

Calculations of the vibration frequency of individual modes
are based on the harmonic approximation. Second order
derivative is computed numerically using a two-point central
differential for each coordinate. The calculation of the IR
intensity for basic vibrations was calculated using the Berry
phase method."'®"”

The DFT symmetry adapted perturbation theory (DFT-
SAPT)'®*"** binding energies presented in Table 4 have been
obtained using the MOLPRO2012 package.”> The aug-cc-
pVDZ basis set”"** has been employed. For the gradient-
regulated asymptotic correction (GRAC)*® the PBE0”” HOMO
energy value was used. The ionization energies of Mg(H,0)*"
complex (computed by means of the local densitzf-ﬁtted
UCCSD(T) method*® with aug-cc-PVSZ/jkfit basis set ) was
set to 0.8475 Hartree, while for H,O molecule it was set to
0.4638 Hartree.*

4. INSIGHTS INTO COVALENT AND HYDROGEN
BONDING PATTERN IN STRUVITE FROM
THEORETICAL PREDICTIONS

With the aim of understanding changes in covalent bond lengths
in molecules forming struvite in comparison with isolated
species and to elucidate hydrogen bonds (H-bonds) structure,
density functional calculations have been performed. Since
struvite is composed of closed shell molecules which are either
charged or polar, its crystal structure is determined by
electrostatic interaction and hydrogen bonds.”" Density func-
tional methods used in calculations should provide accurate
description of noncovalent interactions in order to yield reliable
predictions for the structure and properties of struvite. In order
to select suitable density functionals, two groups of preselected

https://dx.doi.org/10.1021/acs.jpca.0c04707
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functionals have been employed to compute unit cell parameters
and compare them with experimental values. One group
includes density functionals the exchange and correlation
components of which were parametrized on, among others,
training set of noncovalent interactions. Three functionals from
this group were considered: MO05-2X,** M06-L,** and wB97-
X.>* The second group includes B3LYP** and HSE06°
functionals with D3 correction. The latter consists of a
pairwise atomic dispersion correction D3*” with Becke-Johnson
damping,**~*° and the Axilrod-Teller-Muto (atm) three-body
interaction term.""** The computed lattice constants presented
in Table 1 are compared with the highly accurate experimental
data obtained from single-crystal X-ray diffraction (XRD)
measurements carried out at a temperature of 90 K.** It should
be mentioned that the crystal structure of struvite has been also
determined by Whitaker et al,** Abbona et al,*® and Tansman
et al.*® by analyzing single-crystal X-ray diffraction data collected
at room temperature. In addition, Ferraris et al.’' reported the
structure of struvite, including position of hydrogen atoms, from
neutron diffraction data.

It can be seen in Table 1 that functionals from both groups
predict lattice constants of struvite in a good agreement with
experimental values. The lowest mean unsigned error (MUE)
for the lattice constants is achieved with the M05-2X and
B3LYP-D3*™ functionals. In particular, in the case of M05-2X
the predicted unit cell parameters stay in a remarkably close
agreement with the experimental values, the deviations not
exceeding 0.02 A.

The MO0S-2X and B3LYP-D3*™ functionals perform accu-
rately also in predicting bond lengths in molecules that struvite is
comprised of, i.e. Mg—O and O—H distances in the hydrated
magnesium cation complex Mg(H,0)4**, P—O distances in the
phosphate anion PO,*”, and N—H bond lengths in NH," cation.
Bond lengths following from full geometry optimization of
struvite crystal by employing either M0S-2X or B3LYP-D3*™
methods shown in Table 2 are confronted with the experimental
values for Mg—O and P—O distances,”> and O—H and N—H
distances.”’ Notice that the numeric labels assigned to atoms
presented in all tables in this work are depicted in Figure 2. Both
MO05-2X and B3LYP-D3*" functionals predict bond lengths in a
good agreement with the experimental values, the mean
unsigned errors of the computed values with respect to the
experimental ones amounting to only 0.01 A for both
functionals. The ordering of the Mg—O bond lengths is
correctly predicted by both functionals. By comparing computa-
tionally obtained Mg—O bond lengths in the struvite crystal and
in the isolated Mg(H,0)4** complex one notices that Mg—O(6)
and Mg—O(7) bonds are longer in the crystal than in the
isolated molecule. A comparison of the O—H bond lengths
predicted by the M0S-2X functional for crystal and the isolated
species reveals that, as expected, most O—H bonds are elongated
comparing to their counterparts in water molecules surrounding
Mg atom in the isolated complex. Bond elongation is a clear
indication that in crystal the hydrogen atoms are H-bond
donors. It is noticeable, however, that one O—H bond length,
connecting O(6) and H(16) atoms, is significantly shorter than
the other ones and it is almost the same as the O—H bond length
obtained from calculations for the isolated Mg(H,0)4>"
complex. The experimental O(6)—H(16) bond length in
struvite amounting to 0.952 A*' is even slightly shorter than
the bond length in vapor water which is 0.958 A.>° This is the
indication that the H(16) atom is not involved in forming
hydrogen bonds. While all four P—O bonds in the phosphate
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Figure 2. Fragment of struvite crystal structure showing labels assigned
to atoms corresponding to the notation used in Tables 2—4. Green, red,
blue, orange, and white balls depict positions of Mg, O, N, P, and H
atoms, respectively. Dotted lines connect atoms forming H-bonds. The
connection pattern has been established based solely on relative
distances between H-bond donors and acceptors. Notice, however, that
H(16) and O(7) atoms are not connected (see a discussion of the lack
of hydrogen bond between these atoms in this work). Picture generated
using VESTA"” software.

anion in struvite are of similar lengths, one notices, by
confronting experimental and theoretical results (see Table 2),
that out of four N—H bonds in the NH," cation the N—H(29)
bond is longer than the other ones. The reason behind it is that
H(29) interacts via H-bonding with the charged oxygen atom
belonging to a phosphate group, while the other hydrogen atoms
in the NH," cation interact with the neighboring water
molecules. Since oxygen in water molecules bears much smaller
negative charge than that of O in the phosphate anion, the
N—H(26), —H(27), and —H(28) bonds are less elongated than
N-—H(29), see Table 2 and ref 31.

Pavlov et al.** have discussed the nature of the Mg—O
interaction in the isolated Mg(H,0)¢*" complex with and
without the second solvation shell. It has been shown that the
Mg—O interaction is dominated by electrostatic and induction
energy components although the charge transfer also plays a
role. The mainly noncovalent character of the Mg—O
interaction, characterized by low oxygen to magnesium charge
transfer, does not change when the Mg(H,0)4>* complex is part
of the struvite crystal. Indirect confirmation is provided by no
significant difference in O—Mg charge transfer when one
compares the isolated Mg(H,0)4*" complex and the struvite
crystal. This can be seen in Table 3 showing Mulliken atomic
charges49 on Mg, O, and H atoms in the crystal and the isolated
complex. Charges for the latter are presented in two variants: for
the complex in the optimized geometry and in geometry
optimized for the crystal. In all three cases charges on
magnesium atom are of similar values. The charges on oxygen
atoms O(2), O(3), O(4), O(S), and O(7) surrounding Mg
obtained from calculations for the crystal structure and equal to
ca. —0.8 are larger than those following from predictions for the
isolated complex. In the latter case the charges amount to ca.
—0.7, see the last two columns in Table 3. This is due to the
polarization effect of the hydrogen bonds formed in the crystal
leading to increasing the charge on the oxygen atoms in water

https://dx.doi.org/10.1021/acs.jpca.0c04707
J. Phys. Chem. A 2020, 124, 8668—8678
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Figure 3. (a) Experimentally obtained spectrum of struvite in broad spectral range: from 200 to 50 000 cm™ (0.2—50 m). Blue line (range up to
12000 cm™") corresponds to the measurements done with use of FTIR instrument, while the green line to data collected with use of UV—vis
spectrometer. (b) Comparison of theoretically and experimentally obtained IR spectra of struvite. Theoretically obtained vibrational frequencies
assume harmonic approximation. Spectral regions with characteristic fundamental absorption bands of Mg—O, PO,*~, NH,", and H,O are indicated.
The blue-shifted stretching mode for the dangling O(6)—H(16) bond is also indicated.

molecules comparing to the isolated complex. Notice that the
charge on the O(6) atom in struvite is slightly smaller than
charges on the other oxygen atoms. This effect is small but
visible and evidently cannot be explained by geometry, cf. Table
2. Rather, this indicates that the polarizing effect of the hydrogen
bonds is weaker in the case of the H,0(6) molecule than in the
case of the other water molecules surrounding Mg (if the
polarization effect is measured by the increase in charge on
oxygen when moving from the isolated complex to a complex in
crystal then for O(6) this increase, amounting to 0.07, is only
half of that for the other oxygen atoms, the charge on which
increases by ca. 0.14). This is another indication that H,0(6)
water molecule is not as strongly H-bound with the surrounding
species as the other water molecules. The polarizing effect of the
hydrogen bonds is responsible not only for increasing the
charges on oxygen atoms but it also alters the Mg—O bond
lengths.*® The main effect is the Mg—O distance shortening if
the respective H,O molecule is H-bond proton donating. The
possible accompanying trans-effect leads to the increase in the
Mg—O distance when the oxygen atom belongs to water
molecule forming a weak or no H-bond.** This may be the
explanation of the relative long Mg—O(6) distance, cf. Table 2,
since as it has been already indicated the H,0(6) is less
H-bound than its counterparts. It is not clear why the Mg—O(7)
bond is also elongated even though the H,O(7) forms strong H-
bond. One of the possible explanations may be a steric effect.

8672

Since the H,0(2) and H,0(3) water molecules are closer to the
magnesium ion when present in the struvite crystal than in the
isolated Mg(H,0)s** complex (cf. Table 2) they may be
pushing the H,0(7) molecule away from the Mg atom.

Based on experimentally determined bond lengths and large
thermal motion of H(16) Ferraris et al.*' concluded that H(16)
forms weak but effective hydrogen bond. Thus, data and its
interpretation provided in ref 31 suggest that the frequency of
the O(6)—H(16) stretching mode will be shifted toward higher
values. Below we show that, contrarily to conclusion of Ferraris
et al. that H(16) forms effective H-bond, H(16) does not form
hydrogen bond with the neighboring oxygen atom and O(6)—
H(16) is a “dangling” group. Strong evidence supporting this
claim results from analysis of water binding energies. The
binding energy analysis presented in Table 4 has been obtained
by assuming pairwise contributions to the interaction energy,
neglecting higher than two-body interactions. Counterpoise
correction procedure® was applied to remove the basis set
superposition error. The binding energies of water molecules in
the struvite crystal have been obtained by carrying out three
computations. First, the energy of a unit cell of struvite crystal
(containing full Mg(H,0)4** complex) was obtained. Then, the
unit cell energy for the crystal with one water molecule replaced
by the corresponding ghost atoms was found. Finally, the energy
of a single water molecule was computed by keeping the water
molecule of interest in the unit cell and replacing all other
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molecules by the pertinent ghost atoms. Geometry was kept
frozen in all calculations. The binding energy followed by
subtracting the energy of water and of the crystal without water
molecules from the energy of the struvite crystal. The binding
energies for water molecules in the crystal are given in the
second column of Table 4. For the isolated complex, the binding
energies have been obtained as the difference between the
energy of the Mg(H,0),>" complex and the sum of the energies
of the Mg(H,0) $** complex and one water molecule. Similarly,
to the calculations for the crystal, a counterpoise correction was
applied and the unrelaxed geometries (corresponding to the
optimized geometry of struvite) were used. All computations
have been performed by using the M05-2X functional, which has
been found to yield most accurate results for struvite crystal
structure, as it has been already discussed. To validate M05-2X
results, binding energies for the isolated complex have been also
computed using the accurate DFT-SAPT'*™>* method, using
the same geometry of the complex and water molecule as in
MO05-2X calculations. The results for binding energies of water
molecules in the isolated complex are presented in the third and
fourth columns of Table 4, respectively. M05-2X values obtained
for the isolated complex qualitatively parallel those predicted by
DFT-SAPT, which allows one to consider the MO0S5-2X
predictions as reliable. Both approaches predict the H,0(6)
water molecule as the most strongly bound in the isolated
complex and the binding energy being ca. 4 kcal/mol greater
than that of the least bound H,0(7) molecule.

According to MO05-2X prediction, the H,0(6) water
molecule, the binding energy of which is the largest for the
isolated complex, appears to be most weakly bound in the
struvite crystal, cf. Table 4. This immediately implies that H-
bonds formed by this molecule are weaker than in the case of the
other water molecules. The estimation of the total hydrogen
bonds energy for each water molecule, shown in the last column
of Table 4, have been obtained by subtracting a binding energy
of a given water molecule in an isolated Mg(H,0)** complex
from the binding energy for the same water molecule in the
crystal. It is striking that the H-bond energy for the H,0(6)
molecule is roughly half of those corresponding to the other
water molecules. This is a strong indication that only one
hydrogen atom in H,0(6) is involved in forming hydrogen
bonds, while in the case of the other water molecules both H
atoms form hydrogen bonds. This finding stays in a perfect
agreement with evidence that the H(16) atom connected with
0O(6) is not involved in the H-bond formation.

The consequence of the fact that the hydrogen atom H(16)
does not form a hydrogen bond with the neighboring H,0(7)
water molecule (see Figure 2, where atoms H(16) and O(7) are
not connected) and, consequently, that the O(6)—H(16) is a
“dangling” bond, is the expected blueshift in the IR spectrum
discussed in the next section. The phenomenon of a blueshift
occurring for the OH dangling groups has been reported in the
literature for water at hydrophobic interfaces.>

5. IR SPECTRUM ANALYSIS

The normalized experimental spectrum of struvite in broad
range of wavelengths is shown in Figure 3a. Figure 3b presents
the IR spectra obtained by using M05-2X and B3LYP-D3*™
functionals. They are superimposed on the experimentally
obtained spectrum for comparison.

Some characteristic regions in the IR spectrum can be
distinguished. The band with the maximum at 298 cm ™" and the
line at 360 cm™" can be assigned to uMg—0O modes.”>* These
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modes engage the whole Mg—OH, system, namely positions of
whole water molecules vary with respect to Mg (see also the
Supporting Information for the CRYSPLOT® visualization of
one of the YMg—O modes). The description of two lines located
at 439 and 460 cm ™" is not unequivocal, due to the fact that both
are insensitive to deuterium-substitution.’® Thus, according to
Stefov et al,, they can be assigned to ¥Mg—O and/or v,(PO,)
(symmetric bending mode).”® However, the spectroscopic
studies done on Mg(OH), strongly suggest that the line at
460 cm™' can be attributed to the Mg—O mode.>** The strong,
narrow line at $70 cm™' can be assigned to 1v,(PO,)
antisymmetric bending mode. This assignment is confirmed
by theoretically predicted spectra, since the M05-2X-predicted
mode corresponding to 562 cm™' is a bending mode of the
phosphate group. Bands visible below 500 cm™ have been
assigned to stretching and bending Mg—O vibrations, and the
assignment has been confirmed by visualizing theoretically
obtained vibrations in the low-frequency range.

The broad band with the maximum at 1003 cm™" with the
low-energy shoulder relates to overlapping v,(PO,) (symmet-
ric) and v5(PO,) (antisymmetric) stretching modes.”® These
modes have been used to analyze the coordination environment
of PO, ions.”” Although, originally the analysis was used to
study amorphous (glassy) materials, it seems to be also adequate
to investigate short-range interactions between PO,>” and
counterions in crystals. In crystal phosphates PO, tetrahedra
form either P—O—P bridges or they are present as isolated
groups. This leads to variation in P—O bond lengths and the
neutron diffraction experiment leads to observing two P—O
peaks in real-space correlation function.”” In struvite crystal,
however, the phosphate groups do not form P—O—P bridges but
they are present only as isolated PO,*~ ions and the P—O bond
lengths shown in Table 2, ranging from 1.544 to 1.551 A, are
close to the P—O distance in sodium phosphate amounting to
1.547 A, where only terminal oxygen atoms are present and there
are no bridging P—O bonds.>® A well-defined IR spectral pattern
with four characteristic fundamental modes v, v,, 15, and v,
confirms that in struvite the isolated ionic PO,>” structure
dominates. The bridged structures showing up in the IR spectra
in the lower-frequency range,”” which could result from
dislocations or defects in the crystal structure of struvite, are
not visible in the IR spectrum in Figure 2a. A broad high-
frequency shoulder accompanying the 1003 cm™' line and
extending until 1350 cm™" arises from the fact that phosphate
tetrahedrons in struvite are surrounded by counterions (NH,*
and Mg(H,0)*") with delocalized positive charge. Phosphate
anion interacts directly only with hydrogens of water or
ammonium by forming hydrogen bonds and electrostatically.

The IR bands related to water vibrations are in three regions
as follows: between 600 and 1000 cm ™" (librations), 1600—1700
cm™' (bending, 6H,0), and 2000—4200 cm™' (stretching,
vH,0). Discrete character of these bands clearly shows that the
water molecules in struvite are not equivalent and experience
different interaction with the neighboring molecules. Stefov et
al,,>® based on comparison of IR and Raman spectra,
temperature dependence of individual bands and deuterium
substitution, distinguished at least 6 bands related to water
librations located at 897, 862, 783, 766, 722, and 710 cm™},
respectively. They overlap each other and overlap also with lines
assigned to PO, tetrahedra making the spectral analysis difficult.
It is necessary to underline that the mentioned lines are not fully
separated at room temperature and in case of presented herein
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Figure 4. Tauc plots for (a) allowed direct, (b) allowed indirect, (c) forbidden direct, and (d) forbidden indirect possible transitions in struvite.

studies the following lines are visible: 697, 759, and 895 with the
shoulder at 850 cm™.

The v, and v,NH," modes in many solid materials give bands
at 1399—1402 and 1630—1625 cm™.°°"%” In struvite the bands
assigned to these vibrations are shifted toward higher
frequencies due to H-bonds between the ammonia cation and
neighborhood water molecules as well as phosphate tetrahe-
dron. In case of v, mode, vibrational band is cleaved into two
lines: 1434 and 1469 cm™". Also, the band(s) related to v, mode
of ammonia is shifted to higher wavenumbers, however, its real
position is difficult to find due to the strong overlapping with
—OH bending modes. The main, well-defined lines at 1604,
1683 cm™" may be attributed to both H-N—H as well as H-O—
H bending modes. Additional broad shoulder at ca. 1790 cm™
may be assigned to H—O—H bending, and its broadness
suggests some orientational disorder of water molecules in
struvite leading to broad distribution of H-bond lengths
(strengths).

The band related to water stretching is extremely broad and its
shoulder ranges far in near IR region up to 5000 cm™". The main
components of this band are placed at 2380, 2920, 3080, 3250,
3460, and 3560 cm ™. Discrete structure of these bands confirms
various water states in struvite. For bulk water the bending and
stretching vibrations are located between 1500—1700 (with
maximum at 1640—1650 cm™') and 2700—3800 cm™?,
respectively. The positions of the water bands in struvite shifted
to lower wavenumbers in relation to bulk water may be easily
explained by strong interactions with neighborhood. In spite of
broad discussion on the water supramolecular structure, it is
commonly accepted that the stronger water interacts with an
environment, the bigger shift of stretching modes toward lower
wavenumbers.”® The analysis of the NH," stretching modes is
practically impossible. The corresponding bands overlap with
—OH stretching modes.
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The IR spectrum of struvite is characterized by a shift of
bending and stretching O—H modes toward higher frequency
the tail of the OH stretching band reaches 4500 cm™. We
attribute this shift to the presence of the dangling O(6)—H(16)
bond in the H,0(6) molecule (cf. section 4 where it is shown
that H(16) is not H-bonded with the environment). The lines at
3666 and 3552 cm™! predicted by the M05-2X and B3LYP-
D3*™ functionals, respectively, have been inspected and they
correspond to the O(6)—H(16) stretching mode (see also the
Supporting Information). We conjecture that the stretching of
the dangling OH group is visible in the measured spectra as a line
positioned at 3560 cm™’, and it is a characteristic line of struvite.

It is instructive to note that employing the fitting function of
Libowitzky®* (which correlates measured OH stretching
frequencies with the oxygen—oxygen distances) with the
adequate O(6)—O(7), cf. Figure 2, distance of 3.141 A taken
from Ferraris et al.>' work, one obtains the O(6)—H(16)
stretching frequency amounting to 3575 cm™". The proximity of
this value to the frequency of 3560 cm™' observed in the
experimental IR spectrum of struvite could be used as a hint that
the observed line might originate from the O(6)—H(16)
stretching but it should be taken with caution. The reasons are
that the correlation function is less reliable in the high-frequency
region, where it is practically flat, due to effects not related to H
bonding.64 Second, the expected O(6)—H(16) stretching mode
could be masked by a broad overlapping NH," stretching and
invisible in the measured IR spectrum. The agreement of the
frequency predicted by the correlation function with the
observed one should be then viewed not as a decisive evidence
but another argument confirming our assignment based on
theoretical analysis.
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6. EXPERIMENTAL DETERMINATION OF STRUVITE
OPTICAL BANDGAP

The bandgap of struvite is studied by analyzing the UV—vis
spectrum shown in Figure 3a. Wavenumber values greater than
10* ecm™' satisfy the following relationship provided by
Tauc:*>*°

n

ah « (hv — E,) (1)
where « is the absorption coefficient, hv is the photon energy (h
is the Planck’s constant and v is the optical frequency), and E, is
the optical bandgap energy. The exponent n depends on the type
of transition and can be equal to 1/2, 2, 3/2, and 3 for the
following transitions: allowed direct, allowed indirect, forbidden
direct, and forbidden indirect, respectively. The plots of (athv)"/"
versus photon energy hv (in eV), called Tauc plot,” may give
information about the character of the observed transition.

In the visible range of light struvite absorbance monotonically
increases going from low to high energy range, cf. Figure 3a,
green line. This effect is probably due to increasing light
scattering on nonhomogeneities present in the studied crystal.
This optical inhomogeneities may result from structural defects
of struvite crystals. This monotonic increase in absorbance can
also indicate that struvite has indirect transitions.

In Figures 4a-d, Tauc plots are shown for four possible
transitions: allowed direct ((ahv)?), allowed indirect ((ahv)'/?),
forbidden direct ((ahv)*?) and forbidden indirect ((ahv)'/?).
These plots were obtained in the following way. Struvite
spectrum in the range of energy above 4 eV (32262 cm™'; 300
nm) was divided into two parts linear in Tauc representation:
between 4.0 and c.a. 5.5 eV (baseline) and above 6.05 eV
corresponding to band edge (the particular ranges were chosen
to reach the best linear fitting), as Figure 4a—d shows. Both parts
of the spectrum were fitted by the linear function in each
representation and next the cross-points were analytically
determined. An extrapolation of appropriate exponentiation to
the baseline (cross point of the exponentiation and the baseline)
gives estimated value of bandgap energy. The obtained data is
collected in Table 5 and shown in Figure 4a—d. The transition
energy values show that struvite is an insulator with high energy

bandgap.

Table S. Values of Bandgap for Struvite for Various
Transitions Determined Experimentally Based on Tauc Plots

Tauc plot transition bandgap energy [eV]
(ahv)? vs hv direct allowed 6.06
(ahv)* vs hy indirect allowed 5.93
(ahv)*? vs hy direct forbidden 5.94
(ahv)' vs hy indirect forbidden 5.92

The plots shown in Figure 4 do not allow for conclusive
determination of the nature of the bandgap. They show that all
four possible transitions should be considered, and the
corresponding transition energies values are closely lying, i.e.,
within 0.2 eV. In particular, the estimated direct allowed
transition occurs at 6.06 eV, while indirect allowed, direct
forbidden and indirect forbidden practically overlaps and they
center at 5.93 eV. The theoretically modeled band structure of
struvite, cf. Figure S presenting the band structure predicted by
the M06-L functional,” does not allow one to discern between
direct and indirect transitions due to relative flatness of the
valence band. The electronic bandgap predicted by the M06-L
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functional amounts to 5.4 eV so it is closer to the experimentally
determined bandgap energies shown in Table S than the other
values reported in the literature.”® One should notice, however,
that M06-L, like other meta-GGA (generalized gradient
approximation) functionals, is in general unreliable in predicting
optical gaps,”” so the observed agreement with the experimental
value for struvite must be coincidental.

The experimental value of bandgap energy for struvite of 5.07
eV was also reported by Bindhu et al.”’ Unfortunately, the
authors did not provide information on the procedure they
employed to obtain such a value, which makes it difficult to
explain a deviation amounting to about 0.9 eV from bandgap
values shown in Table 5.

7. SUMMARY

In this work the results of experimental and theoretical study of
the structure and optical properties of struvite are presented.
Covalent and hydrogen bond patterns and their consequence for
a special feature of the IR spectrum of struvite is reported.
Experimentally determined IR and UV—vis spectra are
compared with the results of theoretical study carried out with
the use of density functional methods. The first step in
computational study assumed selection of a group of density
functionals with a special focus on their reliability in describing
noncovalent interactions. They have been used to obtain lattice
constants. A comparison with the experimental values (Table 1)
has led us to retaining the M05-2X and B3LYP-D3*™ density
functional methods as the most accurate for investigation of
properties and molecular interactions in struvite. Both func-
tionals perform accurately not only in prediction of lattice
constants (the mean unsigned error for the M0S-2X and B3LYP-
D3"™ amounting to 0.014 and 0.026 A, respectively) but also of
covalent bond lengths in complexes that struvite crystal
comprises. The M05-2X functional has led to obtaining bond
lengths differing from the experimental values on average by
only 0.009 A. Further studies have been carried out using this
functional. Examination of the interatomic bond lengths,
Mulliken atomic charges, and binding energies of water in the
Mg(H,0)¢*" complex has allowed us to provide theoretical
evidence that H,0 molecules surrounding magnesium cation in
struvite form hydrogen bonds of diverse strength. More
importantly, it has been revealed that one water molecule has
a dangling OH bond, a consequence of the fact that the related H
atom is not connected via H-bonds with the environment. A
comparison of the O—H bond lengths in water molecules in
struvite and in the isolated Mg(H,0)*" complex has shown that
all but one of the O—H bonds are elongated in struvite
compared to the isolated complex, an indication of hydrogen
bonds formation. The bond of one O—H group, labeled as
0(6)—H(16), cf. Figure 2, is not elongated. Analysis of Mulliken
charges on oxygen atoms (Table 3) leads to a conclusion that the
polarizing effect of H-bonds," leading to greater charges on
oxygen atoms in water molecules acting as proton donors, is
practically not observed in the case of the H,0(6) molecule. It
has strengthened the presumption that the H(16) atom is not H-
bond connected. The final argument is provided by estimation
of H-bond binding energies for each water molecule in the
crystal (Table 4). We have found out that the energy of H-bonds
formed by the H,0(6) molecule is roughly twice as low as found
for the other water molecules bound with the magnesium cation.
We have conjectured that only one H atom in H,0(16) acts as a
H-bond donor, while the other one does not interact with the
environment, forming a “dangling” hydroxyl group.

https://dx.doi.org/10.1021/acs.jpca.0c04707
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Figure S. Band structure of struvite computed with the M06-L density functional.

The experimental IR spectrum has been obtained for the
home-grown struvite crystals. The spectrum has been discussed
and the main bands are identified and described. The expected
consequence of the presence of the dangling OH group is a
blueshift of the band corresponding to the O(6)—H(16)
stretching mode in the IR spectrum. The line positioned at
3560 cm™" has been assigned to this mode (Figure 2b) and
theoretically obtained vibration spectrum has confirmed this
assignment (cf. Supporting Information). This mode is a special
feature of the struvite crystal IR spectrum. The other
characteristic modes are those assigned to the Mg—O stretching
modes appearing below S00 cm ™, and the strong, narrow line at
570 cm™" assigned to the PO, antisymmetric bending mode.

The UV—vis spectrum, presented in Figure 3a, has been used
to obtain Tauc plots. Analysis of the latter has led us to the
conclusion that all four possible transitions should be
considered, and the optical bandgap of struvite lies in the
range from 5.92 to 6.06 eV. To the best of our knowledge this is
the most accurate estimation of the bandgap of struvite
determined thus far.

It should be emphasized that the obtained experimental and
theoretical results complement each other perfectly. Some of the
results presented, for example the occurrence of “dangling” OH,
would not be observable without a combination of experimental
and theoretical studies.
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