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Zagreb

Croatia

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Crystals (ISSN 2073-4352),

freely accessible at: https://www.mdpi.com/journal/crystals/special_issues/C0Q608C87Z.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2725-1 (Hbk)

ISBN 978-3-7258-2726-8 (PDF)

https://doi.org/10.3390/books978-3-7258-2726-8

Cover image courtesy of Sanja Burazer and Lidija Androš Dubraja

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Vassilis Psycharis, Manolis Chatzigeorgiou, Dimitra Koumpouri, Margarita Beazi-Katsioti

and Marios Katsiotis

Structure–Superstructure Inter-Relations in Ca2SiO4 Belite Phase
Reprinted from: Crystals 2022, 12, 1692, https://doi.org/10.3390/cryst12121692 . . . . . . . . . . 1

Alberto Ubaldini, Flavio Cicconi, Sara Calistri, Stefano Salvi, Chiara Telloli, Giuseppe

Marghella, et al.

Removal of Organic Materials from Mytilus Shells and Their Morphological and
Chemical-Physical Characterisation
Reprinted from: Crystals 2024, 14, 464, https://doi.org/10.3390/cryst14050464 . . . . . . . . . . 16

Peishen Ni, Yongxuan Chen, Wenxin Yang, Zijian Hu and Xin Deng

Research on Microstructure, Synthesis Mechanisms, and Residual Stress Evolution of
Polycrystalline Diamond Compacts
Reprinted from: Crystals 2023, 13, 1286, https://doi.org/10.3390/cryst13081286 . . . . . . . . . . 34

Glorija Medak, Andreas Puškarić and Josip Bronić
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the Rud̄er Bošković Institute in Zagreb, Croatia. She holds a PhD in Chemistry from the Faculty of

Science, University of Zagreb. She has worked as a postdoctoral researcher at the Karlsruhe Institute

of Technology, Germany. In 2019, she received the installation research grant from the Croatian

Science Foundation to study molecular ferroelectrics. Her research focuses on coordination chemistry,

crystallography, and the electrical properties of materials in various forms (crystal, bulk, thin film).

vii





Preface

This Special Issue focuses on the use of powder X-ray diffraction data and complementary

analytical techniques in the study of various polycrystalline materials. It highlights the performance

and potential applications of polycrystalline materials and provides insights into structure–property

correlation and the evaluation of various properties. This Reprint covers a range of structure–

property relationships and contains 10 papers. One of these is a review paper by Psycharis et al. that

discusses the structure–superstructure relationships in the belite phase, an important component of

Portland cement. Ubaldini et al. discussed the removal of organic materials from Mytilus shells and

their morphological and physico-chemical characterization. Microstructure, synthesis mechanisms

and residual stress development of polycrystalline diamond compacts were published in a research

paper by Ni et al. The influence of inserted metal ions on the acid strength of hydroxyl groups in

faujasite zeolite is described in the work of Medak et al., while Landripet et al. reported on the

fine-tuning of the acid strength of hierarchical beta zeolites. The work of Poienar et al. presents

electrochemical studies of the oxygen evolution reaction for nickel phosphite materials and their

morphology-dependent fluorescence properties. Chrappová et al. reported on the study of various

decavanadates crystallizing as different crystal hydrates. Ali et al. investigated intermolecular

interactions in triphenyltetrazolium cobalt thiocyanate complexes, and Očić and Androš Dubraja in

a molecular ferroelectric zinc complexes with natural alkaloids. Hou et al. published a study on

the CO2-promoted polymorphic transformation of clarithromycin, including the characterization of

polymorphs, development of reaction pathways and investigation of the mechanism.

Sanja Burazer and Lidija Androš Dubraja

Guest Editors
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Review

Structure–Superstructure Inter-Relations in Ca2SiO4
Belite Phase

Vassilis Psycharis 1,*, Manolis Chatzigeorgiou 1,2, Dimitra Koumpouri 3, Margarita Beazi-Katsioti 2

and Marios Katsiotis 4

1 Institute of Nanoscience and Nanotechnology, National Center for Scientific Research “Demokritos”,
15310 Athens, Greece

2 School of Chemical Engineering, National Technical University of Athens, 15772 Athens, Greece
3 Independent Researcher, 15451 Athens, Greece
4 Group Innovation & Technology, TITAN Cement S.A., 11143 Athens, Greece
* Correspondence: v.psycharis@inn.demokritos.gr; Tel.: +30-210-6503346

Abstract: Belite, the second most abundant mineralogical phase in Portland cement, presents five
polymorphs which are formed at different temperatures. The increased interest in belite cement-based
products is due to the lower environmental impact associated with the lower energy consumption.
The importance of belite polymorphs formed at higher temperatures for cement industry applications
is high, because they present better hydraulic properties. Thus, any study that helps to explore
the structure relations of all belite polymorphs is of interest for both scientific and practical points
of view. In the present work, a systematic structure–superstructure relation study is presented for
all polymorphs, and it is based on the work of O’Keefe and Hyde (1985). In this pioneering work,
generally, the structures of oxides are considered as having common characteristics with prototype
structures of alloys. The basic result of the present work is the fact that all the polymorphs adopt
a common architecture which is based on capped trigonal prisms of Ca cations, which host the Si
one, and the oxygen anions occupy interstitial sites, i.e., an architecture in conformity with the model
which considers the oxide structures as stuffed alloys. This result supports the displacive character of
the transformation structural mechanism that links the five polymorphs based on the cation sites in
their structures. However, based on the sites of oxygen anions, it could be considered as of diffusion
character. The study of belite polymorphs is also of interest to products obtained by doping dicalcium
silicate compounds, which present interesting luminescent properties.

Keywords: belite; structure superstructure; stuffed alloys

1. Introduction

Alite (~50–70%) and belite (~20–30%) are the main mineralogical phases of Portland
cement (OPC), accompanied by the presence of tricalcium aluminate and ferrite phases.
Using the compact mineralogical code names, these four phases are represented by C3S
for Ca3SiO5 (alite), C2S for Ca2SiO4 (belite), C3A for Ca3Al2O6 or (CaO)3(Al2O3) (trical-
cium aluminate), and C4AF for Ca4Al2Fe2O10 or (CaO)4(Al2O3)(Fe2O3), where C = CaO,
S = SiO2, A = Al2O3 and F = Fe2O3 [1]. All the mineral phases of OPC cement are avail-
able in different polymorphic forms. The polymorphism of the mineral phases of cement
depends on several parameters, such as the temperature and duration of heat treatment,
cooling rate, the composition of the raw mixture and the presence of “stabilizer oxides”
in the raw mixture. The formation of different polymorphic mineral phases in cement
products is critical for their performance (hydraulic properties), as their presence directly
affects the physical (fineness, setting time and volume stability) and mechanical (strength
development) properties of cement.

For belite, tricalcium aluminate and ferrite phases, the structures of their different
polymorphs are well studied and known, i.e., C2S [2–4], C3A [5,6] and C4AF [7,8]. Alite
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and belite present many polymorphs. Their structure–superstructure relations are used
to explore the structural connection among them and also to understand the mechanism
governing the transformation from one polymorph to the other [9,10]. In a series of
papers [9,11–14], a thorough analysis of the structure–superstructure relations for alite is
given. In the framework of this analysis [13], new structural models for alite polymorphs
have been proposed and are used in the analysis of powder diffraction diagrams with the
Rietveld method of industrial cement products.

The increased interest in the use of belite-based cement products is due to the need
for lower energy consumption and their positive environmental impact compared to
OPC [15]. The recent increased research interest and study of luminescent belite-based
doped compounds [16] make the understanding of belite polymorph formation and sta-
bilization very attractive and the need for accurate belite polymorphism identification
essential. The belite phase presents five polymorphs, and these are listed below based
on the decreasing formation temperature, i.e., α-Ca2SiO4 (α-C2S, 1545 ◦C), α’H-Ca2SiO4
(α’H-C2S, 1250 ◦C), α’L-Ca2SiO4 (α’L-C2S, 1060 ◦C), β-Ca2SiO4 (β-C2S, <500 ◦C) and
γ-Ca2SiO4 (γ-C2S, stable at room temperature). The “activity” (better hydraulic prop-
erties) of the belite polymorphs is higher at high formation temperatures (belite polymorph
activity: α > α’H > α’L> β) [1,17], while γ-C2S does not exhibit hydraulic properties. β-C2S
is the high-temperature monoclinic polymorph of the Calcio-Olivine γ-C2S polymorph
but does not belong to the olivine group. The structure relations of the family of belite
polymorphs are discussed in detail in [10]. It is well known that the first four of them,
α-, α’H-, α’L- and β-C2S, are inter-related with reversible phase transitions [4,18–20]. The
structural basis for these transformations is explained by their similarity to the struc-
ture of K, Na-glaserite sulfate, K3Na[SO4]2 and its derivative β-K2[SO4] Arcanite (α’H-,
α’L- and β-C2S) [10]. The main result of these studies is the coordination polyhedra formed
by oxygen atoms around the cations, and the framework build by the polyhedra arrange-
ment within the structures of these polymorphic phases. The relation of the framework
formed by the coordination polyhedra in the structure of glaserite and that of β-C2S is also
discussed in [21].

The description of structures based on polyhedra of anions is the traditional point of
view introduced by Pauling [22] and is based on the idea that the “small” cations occupy
positions in the voids left in their crystal structure by the larger atoms of anions such
as oxygens [23,24]. A new approach has been introduced by O’Keefe and Hyde [23],
where the role of ions is reversed, i.e., the structure description is based on the packing
of cations and the anions are inserted at interstitial sites among them. In the beginning,
this new approach was considered purely geometric, and no bonding type considerations
were implied for the atoms involved in the packing within a crystal structure. However,
recently, in addition to the achieved simplifications in the presentation of many structures,
the role of cations was reconsidered as the packing of cations observed within the ionic
structures resamples those observed in their parent metal structures [25]. The geometric
characteristics, arrangement and distances in the parent alloy structures are retained in
the ionic one [24]. More interestingly, based on the pioneering work in this field by
O’Keeffe and Hyde [23], it is found that in ternary oxides with two different metals the
packing of cations corresponds to the packing of the binary alloys of the metals. Therefore,
in the case of β-C2S, the cations’ packing resembles that of Ni2In prototype structure
(B8b, Strukturbericht designations). These observations have made the authors O’Keefe
and Hyde characterize the oxides as “stuffed alloys”. With a lack of data from the other
b elite polymorphs, the discussion by Barbier and Hyde (1985) [26] using the cation-staffed
model of oxides is restricted on the structure inter-relations of β- and γ-Ca2SiO4 dicalcium
silicates. In addition, they extended their study to α’- and β-Sr2SiO4 polymorphs which
resemble the structures of the corresponding polymorphs of belite. The ideas developed in
the works of Barbier and Hyde [26] and O’Keeffe and Hyde [23] are applied systematically
in the present work for the study of all polymorphs of belite. This analysis of all the belite
polymorphic structures, which is based on the observation of common building blocks of
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prototype alloy structures, revealed first the geometric basis of the structure–superstructure
inter-relations and second possible transformation mechanisms.

2. Methodology

In this section, the methodology of the present study is developed, which essentially
consists at a first step of the description of the arrangement of cations in prototype alloy
structures and their relation to the structures of β-C2S and γ-C2S belite polymorphs, as
have been discussed in previous studies [23,26]. Then, in the next section this discussion
is extended to the other polymorphs as well. According to Mumme [4], the Ca2SiO4
compound presents five polymorphs (Scheme 1):

Scheme 1. Belite polymorphs formed at different temperatures.

The decreasing order of formation/stabilization temperature of the belite polymorphs
is α-, α’H-, α’L-, β- and γ-C2S. β-C2S is metastable and can be formed during cooling but
cannot be produced from γ-C2S on heating. Unless β-C2S is stabilized during cooling, the
α- and α’-C2S polymorphs revert to the stable form of γ-C2S. The subscript H stands for the
high- and L for the low-temperature form of α’ polymorphs. Stabilization of the “active”
belite polymorphs and also prevention of the transition from β to γ-C2S can be achieved by
rapid cooling and/or by incorporation of a “stabilizer” (substitution of Ca and Si cations
by cations of Ti, B, S, K, etc.) in the belite structure [19,20,27–29].

In their original articles, Barbier and Hyde [26] and O’ Keefe and Hyde [23] use
two prototype metal alloy structures to describe β-C2S and γ-C2S belite polymorphs.
These are the prototype structure of PbCl2 (Strukturbericht designations C23) and Ni2In
(B8b type), respectively. The β-C2S polymorph is also compared to the Ca2Si alloy, which is sim-
ilarly characterized by the C23 Strukturbericht structure type. The β- and γ-C2S polymorphs are
also discussed in comparison to the structures of low- and high-temperature K2S04 compounds,
which belong to the Strukturbericht C23 and B8b types of compounds, respectively.

In Table 1, we provide general information and ICSD codes for all the compounds that
are discussed in the present work. Detailed crystallographic data for the structures of all
the polymorphs and prototype phases are provided in Table S2, together will all references
from where all the data were obtained. In the present work, a systematic structural study
of all the polymorphs of belite and their inter-relations is attempted using the approach
of O’Keefe and Hyde. To ensure that the structural models were obtained by analyzing
data from materials synthesized in similar ways, we decided to use the models given
in reference Mumme (1995) [3] for β-C2S and Mumme (1996) [4] for the rest of belite
polymorphs. Details for the structures of all polymorphs are given in Table S2. Plots of the
structures were drawn using the Diamond-3.1 program package [30].

The prototype structure of Ni2In (B8b) crystallizes in the P63/mmc Space Group
(S.G.) [31]. Atoms in the unit cell are arranged as in Figure 1A. Following the original
description [23], Ni atoms are packed in trigonal Ni6 prisms that host the In atoms and,
by sharing their trigonal faces, form columns parallel to the direction [110]. The trigonal
prisms, as they are the basic polyhedra that characterize the structures studied in this
work, are demarcated by orange lines in all the pictures. These columns are arranged in a
zig-zag fashion above and below (1–100) planes, and by edge-sharing they form “walls”
parallel to these planes. In Figure 1B, the arrangement of atoms is shown in projection
on the (11–20) planes, and in Figure 1C the same view is shown tilted to make clear the
relative arrangement of crystallographic planes. It is mentioned that the atoms on the
“wall” in the middle of Figure 1B,C, those indicated with the yellow arrows, are shifted
along the direction normal to the (11–20) planes by a distance half the height of the trigonal
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prisms, which is equal to the d11–20 plane distance. For the description of all the structures
discussed in the present work on a common basis, it is useful to use in addition to the
hexagonal cell the ortho-hexagonal one [32]. The relative orientation of ortho-hexagonal
cell axes is shown in Figure 1B and their relation with the hexagonal axes in Figure 2D.

Table 1. Structural information and parameters for the prototype 8B2 and C23 prototype structures
and the five polymorphs of belite (Ca2SiO4).

Phase Code Name ICSD # Space Group V/Z

8Bb (InNi2) 640098 [31] P63/mmc -

C23 (Ca2Si) 158275 [32] Pnma -

αH-C2S 82998 [4] P63/mmc 97.10 Å3

αTr-C2S 82999 [4] P-3m1 97.10 Å3

α’H-C2S 82997 [4] Pnma 91.94 Å3

α’L-C2S 82996 [4] Pna21 90.79 Å3

β-C2S 81096 [3] P21/n 86.45 Å3

γ-C2S 82994 [4] Pbnm 96.18 Å3

Figure 1. (A) Arrangement of atoms in the cell of the Ni2In structure. (B) “Walls” of trigonal prisms
parallel to the (1–100) planes projected on the (11–20) planes. The relative orientation of the ortho-
hexagonal reference system is also indicated. The former plane is normal, and the second one is
parallel to the plane of the figure and (C) tilted view. The planes (11–20) and (1–100) are shown in
cyan and light green color, respectively. The orange lines are delimitating the trigonal prisms. The
yellow arrows indicate the middle “wall” arrangement of trigonal prisms and the reference system,
with axes drawn in blue indicating the orientation of the ortho-hexagonal axes system.
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Figure 2. (A) Arrangement of atoms in the cell of the Ca2Si structure cell. Light grey lines joining Ca
cations indicate the orientation of the hexagonal part of the structure within the prototype structure
C23. With dark grey vectors the orientation of the reference hexagonal cell is also shown. (B) “Walls”
of trigonal prisms parallel to the planes (001) projected on the (010) planes. The former planes are
normal, and the latter ones are parallel to the plane of the figure. The relative orientation of the
ortho-hexagonal reference system is also indicated. (C) Presents a tilted view of (B). (D) Schematic
presentation of the unit cell axes relations for the hexagonal and ortho-hexagonal cells. The corre-
spondences of the cell axes of the orthorhombic C23 type structure with those of ortho-hexagonal cell
are also indicated.

The arrangement of atoms In the Ca2Si alloy, which crystallizes in the Pnma S.G. [32],
with the C23 Strukturbericht structure type, is shown in Figure 2. The atoms in the structure
of the Ca2Si alloy are packed again in trigonal Ca6 prisms which host the Si atoms and
by sharing their trigonal faces form columns parallel to the b crystallographic axis. These
columns are arranged in a zig-zag fashion above and below the (001) planes, and by
edge-sharing they form “walls” parallel to these planes. In Figure 2B, the arrangement of
atoms is shown in projection on (010) planes, and in Figure 2C the same view is shown
tilted. It is mentioned that also in the present case, the atoms on the “wall” in the middle
of Figure 2B,C are shifted along the a-axis direction by a distance half the high of the
trigonal prisms, which is equal to the d100 plane distance. The main difference in the
present arrangement from the one presented in Figure 1A,C is that in the second case the
“walls” are puckered. In Figure 2A, in addition to atom arrangement within the unit cell
the relative position of the hexagonal axes system is shown, which helps to derive the
relationship which joins the hexagonal with the orthorhombic cell. The relative orientation
of the cell axes of the two systems is shown in Figure 2D. The relative orientation of the
ortho-hexagonal cell axes with those of the orthogonal ones is also indicated (Figure 2B,D),
and they are identical. Thus, there is a one-to-one correspondence among aC23, bC23 and
cC23 and aOH, bOH and cOH axes, respectively, which is expressed with the relations aC23
→ aOH = cH, bC23 → bOH = aH + bH and cC23 → cOH = −aH + bH, where the C23, OH and
H subscripts stand for orthorhombic, ortho-hexagonal and hexagonal cells, respectively.
The prototype structures of Ni2In and Ca2Si, which are discussed in the present section, are
used as a basis to describe the structure inter-relation for all belite polymorphs. It worth to
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notice that the cOH-axis is normal to the planes of the “walls” and the aOH and bOH axes lie
within these planes.

The transformation of β-C2S to γ-C2S has been discussed as a transformation of the C23
to B8b prototype arrangement of the Ca and Si cations [23,26]. The relative arrangements
of Ca+2 cations and SiO4

−4 anions in the structures of these two polymorphs of belite are
shown in Figures 3 and 4, respectively. Ca and Si atoms in the β-C2S polymorph of belite
occupy the corresponding Ca and Si sites of the Ca2Si (C23) prototype structure. In the
γ-C2S polymorph, Ca and Si atoms occupy the sites of Ni and In atoms in the Ni2In B8b
prototype structure, respectively. The oxygen atoms in both cases are inserted at interstitial
sites (Figures 3 and 4). In reference [23], the β-C2S to γ-C2S transformation is discussed
in relation to the observed 11.2% of unit cell volume increase when the transformation
takes place. This is also mentioned in reference [33], where ternary alloys undergo a C23
to B8b type structural transformation. The same transformation is also discussed on the
basis of unit cell axes changes in both works. In Table 2, the unit cell axes relations for all
studied structures with those of the ortho-hexagonal system are given, and through these
relations all the structure inter-relations and changes are discussed. For ternary alloys,
the transformation of 8Bb to C23 results in changes within the a, b planes, i.e., within the
(001) “wall” planes of the ortho-hexagonal cell [33]. In references [26,34], the emphasis is
given to the presentation of changes that take place at a local level and more specifically to
the atomic displacements of the atoms that contribute to the formation of trigonal prisms
and their surroundings. An attempt has been made in the past to extend the description
based on the cation-staffed model of oxides to other belite polymorphs, using standard
alloy structures, but so far, the discussion has been limited either to data from analogous
structures [26] or to the interpretation of results from TEM studies [35]. The availability of
structural data for all belite polymorphs [3,4] is exploited in the next section of the present
work for the examination of all the structures of the corresponding polymorphs with the
O’Keefe and Hyde model.

Figure 3. (A) The unit cell content of β-Ca2SiO4 polymorph viewed along the b-axis. Light grey lines
joining Ca cations indicate the orientation of the hexagonal part of the structure and (B) side view
of unit cell content along the a-axis is shown. (C) View along a-axis and the packing arrangement
of trigonal prisms is demarcated with orange lines. The relative orientation of the ortho-hexagonal
reference system is also indicated. (D) A tilted view of (C). The Si-O bonds are indicated by cyan lines.
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Figure 4. (A) The unit cell content of γ-Ca2SiO4 polymorph viewed along c-axis. Light grey lines
joining Ca cations indicate the orientation of the hexagonal part of the structure. (B) View along the
a-axis and the packing arrangement of trigonal prisms is demarcated with orange lines. The relative
orientation of the ortho-hexagonal reference system is also indicated. (C) Tilted view of (B). The Si-O
bonds are indicated by cyan lines.

Table 2. Unit cell relation of the C23 prototype structure and the unit cells of the five polymorphs of
belite with the basic hexagonal unit cell of the 8B2 structure.

Phase Code Name Unit Cell Axes Cell Volume Relations

8Bb(InNi2) aH, bH and cH VH

C23(Ca2Si) ac23 = cH, bc23 = aH + bH and cc23 = −aH + bH 2xVH

αH-C2S aαH → aH, bαH → bH and cαH → cH
aαH = 5.532 Å, bαH = 5.532 and cαH = 7.327 VαH→VH

αTr-C2S aαTr = aαH, bαTr = bαH and cαTr = cαH VαTr = VαH

α’H-C2S
aα’H = cαH (→aoH), bα’H = aαH + bαH (→boH) and cα’H = −aαH + bαH (→coH)

aα’H = 6.871 Å → aoH = 7.327 Å, bα’H = 5.601Å → boH = 5.532 Å and
cα’H = 9.556 Å → coH = 9.581 Å

2x VαH

α’L-C2S
aα’L = 3cαH (→3aoH), bα’L = −aαH + bαH (→coH), cα’L = −aαH − bαH (→−boH),

aα’L = 20.527 Å → 3aoH = 21.981 Å, bα’L = 9.496 Å → coH = 9.581 Å and
cα’L = 5.590 Å → boH = 5.532 Å

6x VαH

β-C2S
aβ = −aαH−bαH (→−boH), bβ = cαH (→aoH), cβ = −aαH + bαH (→coH),

aβ = 5.512 Å → (boH) = 5.532 Å, bβ = 6.758Å → aoH = 7.327 Å,
cβsinβ = 9.284 Å → coH = 9.581 Å and (ββ = 94.581◦ → αoH = 90.0◦)

2x VαH

γ-C2S
aγ = aαH + bαH (→boH), bγ = −aαH + bαH (→coH) and cγ = cH (→aoH)

aγ = 5.076 Å → boH = 5.532 Å, bγ = 11.214Å → coH = 9.581 Å and
cγ = 6.758 Å → aoH = 7.327 Å

2x VαH

3. Structure Inter-Relations for Belite Polymorphs

In this section, the structure inter-relation of all belite polymorphs are studied based
on common patterns of the arrangement of cations using ideas which have been introduced
previously. In Figure 5, the two models for α-C2S, the high-temperature polymorph of
belite, are presented, which have been proposed by Mumme [4]. The difference between
the proposed models, a trigonal and a hexagonal one, concerns the arrangements of oxygen
atoms of the SiO4 tetrahedra, but in both models, the arrangement of Ca and Si cations
resembles that of the B8b prototype structure, and these are shown in Figures 5B and 5D,
respectively. The Rietveld refinement has promoted the hexagonal model for the α-C2S
polymorph [4], and this is the reason why the hexagonal cell axes are used to express these
relations. As has been already mentioned above, the best way to track the changes which
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are observed in this family of compounds is by using the ortho-hexagonal reference system
which is derived from the hexagonal cell of the α-C2S polymorph. The relative orientation
of the ortho-hexagonal cell axes with respect to those of the reference hexagonal cell is
shown in Figure 5B,D for the α-C2S polymorph. In the first model, where the structure
is described in a trigonal S.G. (Table 1), deviation of one oxygen atom from the c-axis is
observed (Figure 5A). In the second model, where the structure is described in a hexagonal
S.G. (Table 1), the oxygen atoms show severe disorder, and half of the SiO4 tetrahedra
point in one direction and half of them in the opposite one (Figure 5C). In Figure 6A,C,
the unit cell content for the α’H- and α’L-C2S polymorphs are shown. In the same figure,
their projection along the b-axis for the former (Figure 6B) and also along the c-axis for
the latter (Figure 6D) are shown, revealing the resemblance to the C23 prototype structure
for both polymorphs. The relative orientation of the ortho-hexagonal reference system
with the crystal systems of α’H-Ca2SiO4 and α’L-Ca2SiO4 polymorphs is also indicated in
Figure 6B,C, respectively. Concerning the SiO4 tetrahedra, in the case of the α’H polymorph,
all oxygen atoms are disordered, in contrast to the α’L where all the oxygens are ordered
(Figure 6). In Figure 6A,B, the gray lines that join calcium atoms outline the part of the
structure that corresponds to the basic hexagonal cell. A direct comparison of Figure 5A,B
(or Figure 5C,D) with Figure 1A (or Figure 1B) makes clear that the arrangement of cations
in the α-C2S polymorph of belite resembles that in the Ni2In B8b prototype, irrespective of
the S.G. used for the structure description of this polymorph. Thus, for the study of the
structure inter-relations of belite polymorphs, the structure of the α-C2S polymorph is used
for the rest of the text, as a prototype structure. The inter-relation of all the polymorphs
of belite is concluded from the relation of the unit cell axes of each polymorph with the
hexagonal cell axes of the α-C2S polymorph and more specifically through their relation
with the ortho-hexagonal ones. In Table 2, the inter-relation of the cells for the C23 and
8Bb prototype structures are also listed, and their relation is presented schematically in
Figure 2D. The relation among the structures of these two prototype structures is concluded
on the fact that there is a one-to-one correspondence of the structures at an atomic level.
This relation extends also to the reference systems of both structures, as there is also a one-
to-one correspondence of the axes of the C23 structure with those of the ortho-hexagonal
cell axes deduced from the hexagonal cell of the 8Bb structure (Figure 2D). These relations
are deduced concerning Figures 1A and 2A for the prototype C23 and 8Bb structures. From
the previous discussion and the presentations given so far for all the structures, and more
specifically for those of belite polymorphs, it is clear that the arrangements of Ca and
Si cations resemble that of the prototype structures, and the ortho-hexagonal reference
system of the axes of the α-C2S polymorph could be used for the expression of the structure
inter-relations. The relations given in Table 2 for the unit cell axes of the polymorphs α-C2S,
α’H-C2S, α’L-C2S, β-C2S and γ-C2S with those of ortho-hexagonal ones were derived based
on Figure 5D (or Figure 5B), Figure 6B,D, Figures 3C and 4B, respectively. In Table 2, in
addition to the vector relations of the cell axes the values of the corresponding axes are
given in order to facilitate their comparisons. In Figure 7A, the vector relations for all
belite polymorphs with the ortho-hexagonal cell derived from the hexagonal cell of the
α-C2S polymorph are schematically presented. In Figure 7B, a diagram for the variation
in the unit cell values is given for all the polymorphs as compared to the values of the
ortho-hexagonal cell. Based on the variation in the cell values given in Figure 7B and
Table 2, during the transformation of α-C2S (8Bb) → α’H-C2S (C23) the variation in the
cell axes concerns the aα’H, bα’H axes (a,b ortho-hexagonal plane) with cα’H remaining
almost constant in agreement with the corresponding variation observed for 8Bb → C23
transformation for ternary alloys [33]. For the rest of the polymorphs which have the
C23 prototype structures (α’L-C2S and β-C2S), a slight decrease is observed for all axes.
The highest one is related to the equivalent to the coH, cβ-axis of the beta polymorph.
With the transformation β-C2S (C23) → γ-C2S (8Bb), the cγ (equivalent to aαH-axis) value
remains constant (bβ = 6.758Å → cγ = 6.758 Å) and the aγ value (equivalent to bαH-axis) is
reduced (aβ = 5.512 Å → aγ = 5.076 Å) but the bγ value (equivalent to cαH-axis) increases
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significantly (cβsinβ = 9.284 Å → bγ= 11.214Å). It is worth noticing that this axis is normal
in the planes of “walls” of trigonal prisms. In all the studies of β-C2S (C23) → γ-C2S
(8Bb) transformation [23,26,33,35], the high increase in the volume of the cells of the
corresponding cells is mentioned. In the study [35], which concerns ternary alloys, this
variation is expressed by reference to the Vcell/Z (cell volume per formula unit) parameter.
By using this value (last column of Table 1), this parameter starts from the value 97.10 Å3

for the αH-C2S polymorph then decreases to the value of 86.45 Å3 for the β-C2S polymorph
and then increases again to the value of 96.18 Å3 for the γ-C2S polymorph.

Figure 5. (A) The unit cell content and (B) the packing arrangement of trigonal prisms for the
αTr-Ca2SiO4 polymorph structural model is shown. (C) The unit cell content and (D) the packing
arrangement of the trigonal prisms for the αH-Ca2SiO4 polymorph structural model are shown. Si-O
bonds are indicated with cyan lines. In (B,D), the structures are projected on the (11–20) planes, the
trigonal prisms are demarcated with orange lines and the relative orientation of the ortho-hexagonal
reference system is also indicated.

Figure 6. (A) The unit cell content and (B) the packing arrangement of trigonal prisms for α’H-
Ca2SiO4 polymorph is shown. (C) The unit cell content and (D) the packing arrangement of trigonal
prisms for α’L-Ca2SiO4 polymorph structural model are shown. Si-O bonds are indicated with cyan
lines. In (B,D), the structures are projected on the (010) planes, the trigonal prisms are demarcated
with orange lines and the relative orientation of the ortho-hexagonal reference system is also indicated.
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Figure 7. (A) The unit cell vector relations for the ortho-hexagonal axes (aoH, boH, coH = −aαH + bαH)
with those of the hexagonal axes of αH-C2S polymorph (aαH, bαH and cαH) are shown: aoH= cαH,
boH = aαH + bαH and coH = −aαH + bαH. The correspondence of the unit cell axes for the different
polymorphs are also indicated. (B) Variation in unit cell values for all polymorphs of belite. The
correspondences of the values for the axes of all the polymorphs with those of ortho-hexagonal cell
of αH-C2S polymorph are given in Table 2.

Based on the original description in Barbier and Hyde [26], the basic building blocks
for β- and γ-C2S polymorphs are the trigonal prisms of the Ca6Si type, shown in Figure 8.
According to the previous discussion of the present work, these are also the building units
of all the other belite polymorphs, resulting in the formation of “walls” consisting of edge-
sharing columns of trigonal prisms. Adjacent walls are shifted along the stacking axis of the
trigonal prisms, and this shift results in the capping of the slightly distorted orthorhombic
faces of trigonal prisms belonging to one “wall” with Ca atoms belonging to neighboring
“walls”. The number of cupping Ca+2 cations that lie at the equator plane is five. Figures
S1–S6 give the detailed arrangement of calcium and silicon cations and also those of oxygen
anions in the structure of all the polymorphs. In Figure 7, the arrangements of Ca+2

cations around the Si+4 one is presented with a coding name presentation but with direct
correspondence with the detailed presentations of all the polymorphs in Figures S1–S6.
Table S1 lists the different geometric parameters of all the trigonal prisms for all polymorphs.
The average plane of the capped positions (B1, . . . , B5 sites in Figure 7) are shifted by
half of the high of the trigonal prism in the α-C2S trigonal/hexagonal (2.766/2.766 Å) and
α’H-C2S (2.801/2.801Å) cases of the α-C2S trigonal/hexagonal (2.766/2.766) and α’H-C2S
(2.801/2.801) and are approximately equal in the case of γ-C2S (2.548/2.534 Å). For α’L-C2S
and for the prisms which host Si1 and Si2*** anions (Figure S4), the distances from the
bases at the top (2.846 and 2.850 Å, respectively) are longer than those from the bottom
of the prisms (2.737 and 2.738), and the opposite holds for the corresponding distances
for the equator plane for the prism that hosts the Si3 anion (2.960/2.615). The average
distances of Si from Ca cations which lie at both bases are equal, as is the distance from
the corresponding planes of both trigonal bases in α-C2S trigonal/hexagonal polymorphs
(3.522/3.522 Å and 2.766/2.766 Å for trigonal 3.429/3.429 Å and 2.766/2.766 Å for the
hexagonal model). Pairs of values with longer distances correspond to average distances of
Si from Ca anions at the bases of trigonal prisms and the pairs of shorter ones correspond
to distances to the base planes of the prisms. Both types of distances are equal in the case
of α’H-C2S (3.533/3.533 Å and 2.801/2.801) and are approximately equal in the case of
the β-C2S polymorph (3.472/3.485 and 2.756/2.736 Å). For α’L-C2S and for the prisms
which host Si1 and S2*** anions (Figure S4), the distances of Si cations from the Ca ones
that lie at the bottom are longer than those from the top, and the opposite holds for the
corresponding distances for the Si3 anion in the respective prism. The same trend is
observed for the corresponding distances of Si anions from the planes at the bottom and the
top of the prisms (3.595/3.537 Å and 2.828/2.762 Å for S1; 3.649/3.407 Å and 2.985/2.576Å
for S2***; 3.535/3.640 Å and 2.537/3.006 Å for S3, i.e., longer distances correspond to

10



Crystals 2022, 12, 1692

average distances of Si from Ca anions at the bases of trigonal prisms). Although in the
description given in [25] the number of anions on the equator plane is five, only the case of
the α-C2S trigonal/hexagonal polymorph seems to be satisfied based on the distances of Si
cation from the Ca cations which occupy the B1, . . . , B5 sites. For trigonal polymorphs,
the Si-B1, . . . , Si-B5 distances fall in the range of the values 3.198–3.782 Å, and those for
hexagonal polymorphs in the range of 3.195–3.756 Å. In all the other cases, there are always
two Ca cations that occupy sites at longer distances from the other three (Table S1). These
are B3 and B5 (Si-B3: 4.226 Å and Si-B5: 3.778 Å) for α’H-C2S; B2 and B4 for Si1 (Si1-B2:
3.728 and Si1-B4: 3.898 Å); B2 and B5 for Si2*** (Si2***-B3: 4.167 and Si2***-B5: 3.999 Å);
B2 and B4 for Si3 (Si3-B3: 3.889 and Si3-B4: 4.340 Å) for α’L-C2S; B2 and B4 (Si-B2: 3.812
and Si-B4: 4.009 Å) for β-C2S; and B3 and B4 (Si-B3: 4.834 and Si-B4: 4.834 Å) for γ-C2S.
This result indicates that the nearest neighbors on the equator plane are five only for the
high-temperature polymorphs (trigonal or hexagonal α-C2S phase), and for the rest of
the polymorphs the nearest neighbors are three, and thus the coordination polyhedron
is a tricapped trigonal prism. Another factor that is important for the description of the
structures of belite polymorphs is the sites that are occupied by the oxygen atoms. These are
marked as T1, T2 and T3 and D2 and D3 in Figure 7. The T1, T2 and T3 sites are occupied in
all polymorphs except γ-C2S (Figures S1–S6). The D1 sites are occupied in the case of α-C2S
trigonal polymorphs (Figure S1) and α’H-C2S polymorphs (Figure S3) and D1 and D2 are
occupied in the case of α-C2S hexagonal polymorphs (Figure S2) and α’H-C2S polymorphs
(Figure S4). The oxygen atoms in the γ-C2S polymorph occupy unique sites that do not
have a relationship with those occupied in the C2S polymorphs. In the same polymorph,
the silicon polyhedron is a tricapped trigonal prism and the O1, O2, O3 and O3ii atoms
occupy interstitial sites within the SiCa3 tetrahedral type polyhedral, as presented in Figure
S6 (Si1-Ca1*-Ca1”-Ca2 for O1, S1-Ca2**-Ca1-Ca1’ for O2i, Si1-Ca2#-Ca1-Ca2’ for O3 and Si1-
Ca2***-Ca1’-Ca2” for O3ii; for symmetry codes, see Figure S6 caption). Another geometric
parameter that has been discussed [26,36] as characterizing the relationship between the
number of cupped positions and the dimensions of the trigonal prism is the ratio of the
height (h of the prism) divided by the average length (<l>) of the triangular base edges.
This parameter is h/<l> = 1.507, 1.555, 1.554, 1.561, 1582, 1.572 and 1.444 for the α-C2S
trigonal/hexagonal, α’H-C2S, α’L-C2S(Si1), α’L-C2S(Si2***), α’L-C2S(Si3), β-C2S and γ-C2S
polymorphs, respectively, i.e., it increases upon transforming to a polymorph stabilized
at lower temperature and takes the lowest value for the RT stabilized gamma polymorph.
The similarities and characteristics of the different polymorphs of belite presented in this
paragraph could support the general statement of Vegas in work [24], that cations in a
structure could be considered as big molecules, and the anions act as an external factor such
as pressure or temperature and thus could change their bonding patterns, which finally
results in phase transformations. In addition, the present study supports the suggestion
that the transformation mechanism, based on the relative disposition of cations for the
different polymorphs, is of displacive character [26], but if we consider the sites occupied
by oxygens at different polymorphs it could be considered as diffusion.

The present study could be of interest for the recent application of belite rare-earth
doped compounds with the general formula Ca 2−xSrxSiO4:Ce3+ [16], which present inter-
esting luminescent properties. Depending on the Sr content, the compound crystallizes
in the β- or α’H-C2S polymorph. This result is consistent with the observation that the
larger cations conform with an elongation of the height of trigonal prisms and thus to
higher h/<l> values [36]. According to the values given in Table S1, the highest values
for the h/<l> parameter are observed for the polymorphs α’H-C2S, α’L-C2S and β-C2S.
The samples with composition Ca1.65Sr0.25SiO4: 0.10Eu2+ and Ca1.45Sr0.35SiO4: 0.10Ce 3+,
0.10Li+ crystallize in the α’L-C2S polymorph [37]. Further study is needed in order to
explore the factors that stabilize the different polymorphs of belite upon doping for lumi-
nescent applications, as systematic studies have revealed the formation of all five belite
polymorphs [38]. The formation of all five polymorphs of belite at room temperature
upon doping with different cations results in the synthesis of materials in two very active
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research areas, i.e., belite-based cement products and photoluminescent ones. As these
compounds are studied mostly in the form of polycrystalline materials, there is a need to
have reliable powder diffraction diagrams in order to easily identify the most probable
polymorph phases from the recorded diffraction pattern. Figure 9 presents all the simulated
powder patterns of all five belite polymorphs which are discussed in the present work. For
the calculations, the models obtained from the ICSD database which correspond to the
entries listed in the Table 1 (or data from Table S2) were used, and they have been published
in references [3,4]. Detailed structural models for all polymorphs are listed in Table S2. In
Figure 9, the (hkl) indices for the main relaxions are also given. The indices of the hexagonal
α-C2S polymorph are given in gray color in the top pattern of Figure 9. In each pattern, the
corresponding indices of the hexagonal system expressed with their values in the reference
system of each polymorph are also given in gray color. The values for these indices are
obtained by applying the relation (h’k’l’) = (hkl)P, where P is the transformation matrix of
the basis vectors for the related systems: (a’,b’,c’) = (a,b,c)P. [39] The matrices used for all
the transformations are listed in Table S3. No characteristic trend is observed concerning
the presence of these reflections in the patterns of different polymorphs. In the patterns
of all the polymorphs, additional peaks with low intensity are observed due to change in
symmetry. The most characteristic observation concerns the peaks at around 32.5◦, where
splitting of intense peaks is observed in conformity with the experimental observations [38].

Figure 8. Arrangement of Ca cations around the Si+4 cations in all belite polymorphs. A1, A2 and A3
indicate the Ca+2 cations on the bottom trigonal face of the prism; A4, A5 and A6 indicate those at
the top face of the prism; B1, . . . , B5 indicate those at the equator plane. T1, T2 and T3 and D1 and
D2 indicate the sites of oxygen anions in different belite polymorphs.
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Figure 9. Simulated powder diffraction patterns for all the belite polymorphs (Cukα radiation) based
on the ICSD data of the corresponding code numbers (Table 1 and Table S2).

4. Conclusions

In the present study, the structure–superstructure relations of the five polymorphs
of belite were derived based on unit cell axes relations. The common polyhedron of all
polymorphs is a trigonal prism of calcium cations that hosts the silicon one, which is
surrounded by five calcium cations at an equator plane for the α-C2S trigonal/hexagonal
polymorphs, thus forming a five-capped trigonal prism. For the rest of the polymorphs,
the trigonal prisms are tri-capped ones, as three nearest neighbor calcium cations exist
at the equator planes. In the α-C2S to γ-C2S a significant increase is observed, normal
in planes of the “walls” of trigonal prisms in addition to the usually mentioned volume
increase. Based on the common characteristics of the arrangement of cations for all of the
polymorphs, the transformation mechanism could be considered as displacive and, on the
sites occupied by oxygen anions, could be considered of diffusion type. The systematic
study of silicon dicalcium silicates could be not only for the cement industry but for the
field of photoluminescent compounds.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst12121692/s1, Figure S1: Presentation of the trigonal prism and the atoms
at the equator plane for the α-C2S trigonal polymorph; Figure S2: Presentation of the trigonal prism
and the atoms at the equator plane for the α-C2S hexagonal polymorph; Figure S3: Presentation of the
trigonal prism and the atoms at the equator plane for the α’H-C2S polymorph; Figure S4: Presentation of
the trigonal prism and the atoms at the equator plane for the α’L-C2S polymorph; Figure S5: Presentation
of the trigonal prism and the atoms at the equator plane for the β-C2S trigonal polymorph; Figure S6:
Presentation of the plane for the γ-C2S polymorph; Table S1: Geometric parameters of trigonal prisms;
Table S2: trigonal prism and the atoms at the equator Crystallographic parameters for all studied
structures.; Table S3: Transformation matrices of the unit cell axes which relate the cell axes of each belite
polymorph with the hexagonal axes of the α-C2S polymorph.
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Abstract: A simple and effective method to eliminate the organic component from mussel shells is
presented. It is based on the use of hot hydrogen peroxide. Mollusc shells are composite materials
made of a calcium carbonate matrix with different polymorphs and numerous biomacromolecules.
The described method was used on mussel shells, but it is generalisable and allows the complete
removal of these organic components, without altering the inorganic part. Specimens were kept in
a H2O2 40% bath for few hours at 70 ◦C. The organic layers found on the faces of the shells were
peeled away in this way, and biomacromolecules were degraded and removed. Their fragments
are soluble in aqueous solution. This easily permits the chemical-physical characterisation and the
study of the microstructure. The quality of calcite and aragonite microcrystals of biogenic origin is
very high, superior to that of materials of geological or synthetic origin. This may suggest various
industrial applications for them. Calcium carbonate is a useful precursor for cements and other
building materials, and the one obtained in this way is of excellent quality and high purity.

Keywords: chemical treatment; hydrogen peroxide; polymorphs; Raman spectroscopy; microstructure

1. Introduction

Inorganic materials are used by living organisms in an innumerable number of cases
and for the most diverse purposes, including uses such as protection, defence, attack,
and structures for resistance to loads and mechanical stresses. The mineralised compo-
nent of vertebrate bones consists mainly of calcium phosphates in the form of apatite
and hydroxyapatite [1]. Many marine invertebrates especially, but not only, including
molluscs [2], brachiopods [3], and corals [4], use carbonates to build the hard parts of
their body, including shells and corallites. Diatoms create their shells, called frustules,
using silica (SiO2) [5]. Similar structures are observed in Radiolaria [6], with the significant
exception of the Acantharea group, whose shell is made up of strontium sulphate (SrSO4,
celestine) [7]. Sponge spicules (the rigid, structural elements in their endoskeleton) are
made by calcium carbonate or silica, depending on the species [8]. Crystals based on
magnetite are found in the beaks and heads of migratory birds [9], and a high concentration
of zinc and manganese are found in scorpions’ stings [10] and in the mouthparts of some
insects [11]. To achieve the intended purpose of their function, these inorganic materials
are organised and structured at the microscopic and sometimes even sub–microscopic level
with absolute precision, due to the driving force of evolution rules. Evolution, in fact, selects
organisms over time that are more efficiently able to exploit the materials available in their

Crystals 2024, 14, 464. https://doi.org/10.3390/cryst14050464 https://www.mdpi.com/journal/crystals16



Crystals 2024, 14, 464

environment and that can create the best structures for their survival. These examples show
how inorganic materials are exploited by living organisms, and in turn they can become
useful starting materials for human purposes and industrial activities. Among others, the
materials produced by molluscs appear to be the most potentially useful, and they are
also produced in large quantities and therefore are easy to use. Many molluscs, as they
are soft-bodied animals, have evolved a complex strategy for maintaining and protecting
their soft tissues, which relies on the elaboration of an external calcified rigid structure,
the so-called shells. The fabrication of the shells by these animals is a very complex set of
processes [12]. They require extremely specialised cells, the biomineralised materials can
be often very far from the thermodynamical equilibrium, and their shape and morphology
are complex and hierarchically organised.

Although the methods of shell biosynthesis among the many different classes of
molluscs can be even very different, they have also some general and common features. In
practically all cases, the shells are made of calcium carbonate (the gasteropod Chrysomallon
squamiferum, a species of snail living on deep-sea hydrothermal vent, has a complex shell
wherein most of the external layer is made by iron sulphides, especially pyrite (FeS2) and
greigite (Fe3S4) [13]).

Sometimes, these biomineralised inorganic materials have different physical and
chemical properties compared to their counterparts of geological origin or that have been
synthesised in the laboratory using traditional chemical methods.

For instance, aragonite, one of the calcium carbonate polymorphs, is metastable at
room conditions, but it does not transform into the more stable calcite for kinetic reasons;
however a phase transition occurs when it is heated. It is interesting to note that in some
cases for samples of biological origin, it has been reported [14,15] that this transition
temperature can be even 80–100 ◦C lower (i.e., in the range between 250–380 ◦C) than
the same transition temperature for the mineral that is 480–500 ◦C [16], also because of a
different water content.

The nacre is the iridescent inner shell layer of some molluscs [17]. It is composed
of 95 wt% aragonite and 5 wt% organic materials. Because of the presence of this small
quantity of organic molecules and polymers and its microstructure, the nacre has strength
and toughness 20–30 times higher that of normal aragonite [18]. Indeed, calcium carbonate
of biological origin can also often be found in an amorphous state, something that is
very rare in geological or synthetic samples [19]. This may be due to small differences
between the same geological or synthetic materials and those of biological origin, such as
the presence of specific secondary elements, different contents of crystallisation water, or
different degrees of crystallinity or amorphous components, or it possibly can be due to
the micro/nanostructure. It should also be kept in mind that inorganic components are
often part of very complex composite materials, where organic components also play an
important role. In the case of shells, there are proteins, carotenoids, polysaccharides, and
other complex organic components that are used by the living animal for growth and to
precisely hold together the present microcrystals.

Shells, moreover, are important not only from a biological point of view and for their
inherent beauty and charm, but also due to many other characteristics. They are useful
bioindicators to monitor the state of natural environments; recently, shells produced as
waste from the food industry have been indicated as a valuable material for the production
of building materials, possibly even replacing traditional cements. In fact, these consume
a large amount of limestone, but the carbonates derived from the shells of molluscs have
properties very comparable to it and a much lower environmental impact in terms of carbon
dioxide released.

This means, incidentally, that it is of great importance to know in depth all the me-
chanical, (micro) structural, and thermodynamic properties of their organic and inorganic
components. Deepening the knowledge of intrinsic features and morphological aspects of
the inorganic part of shells would be important for these characterisations.
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However, although it is the prevalent one in terms of mass and volume, the organic
components are always present, and they would play a role in any measurement and in the
control of properties. It is therefore interesting to identify chemical or physical methods to
separate the two components. While it is relatively easy to eliminate the inorganic part,
for example by means of an acid bath, it is more complicated to do the opposite. This
can be achieved by, for example, immersing the shells in concentred sodium hypochlorite
or ammonium thioglycolate solutions for sufficiently long times [20]. Diluted sodium
hypochlorite is useful for removing deposits of algae or bacteria or possibly encrustations;
when it is more concentrated, it can attack organic parts and layers of cellular origin, and a
partial whitening is achieved. However, the colour of the most external layer on a shell,
called periostracum, which is very rich in organic molecules, can be often preserved in this
way, indicating that the removal of organic components is partial. Sodium hypochlorite
is also used for achieving a fast chitin extraction from the shells of crab, crayfish, and
shrimp [21], but, in this case, the extraction of the organic component is more important
than the preservation of the starting sample.

Another possibility to whiten shells is to use hydrogen peroxide. It has been reported
to be very efficient for this purpose [22–25]. Furthermore, hydrogen peroxide solution
has the great advantage of being much less harmful to the environment than the agents
mentioned previously, being the by-products essentially only oxygen and water vapour.
Whitening was achieved by attacks with peroxide solutions at different concentrations for
long periods of time of 24 h or more.

In this work, the action of removing organic components was achieved using solutions
at rather high concentrations (40% m/v) at higher temperatures. The result was achieved
within a few hours, which in itself is interesting for possible applications, because it makes
the process attractive from an industrial point of view. It is interesting to observe that by
using these conditions, it is also possible to remove the organic molecules that are present
inside the shells and not just those present on the surfaces, which is more difficult not
always achieved using milder conditions.

At the end of the process, only the inorganic part remains.
This work also aims to present a chemical-physical characterisation of the samples

before and after treatment and the evolution as a function of time.
Some Mytilus shells have been studied, as this genus is among those with the greatest

nutritional importance and one of the greatest geographic distributions, being cosmopoli-
tan. Therefore, it can be considered emblematic for the study of the inorganic components.
The properties depend on the structure; the different parts of the shells can have different
ratios between calcite and aragonite, and their crystals can have different morphologies.
Investigations on some specimens were carried out using characterisation techniques,
such as Raman spectroscopy with an optical Raman microscope, X-ray diffraction, scan-
ning electron microscopy (SEM-EDX), and ICP mass spectrometry, which have also been
used to determine the presence and nature of trace secondary elements, which can be
useful markers.

2. Experimental Section

2.1. Materials and Methods

Mytilus is a cosmopolitan genus of marine bivalve mollusc in the family Mytilidae.
They have a shell about 5–10 centimetres long, depending on the species, with an elongated
oval shape consisting of a right and left half of the shell (valves), which are held together
with an elastic lock strap (ligament).

The specimens studied belong to the species M. Chilensis (Hupè, 1859) [26], a species
widespread on the coasts of South America, being a subject of intensive aquaculture production.

In order to separate the organic part from the inorganic component, the fresh shells
were immersed in a 40% (m/v) aqueous solution of hydrogen peroxide (Sigma Aldrich,
St. Louis, MO, USA) for times ranging from 5 min to 5 h, in order to study the kinetics
of the process. The treatments were performed at different temperatures, but the results
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described here were carried out at 70 ◦C. At the end of this process, the colour of the shells
changes, and there is an average weight variation of 3–5%. This variation was determined
measuring the weight of at least five specimens, at fixed intervals, in order to minimise
random effects that could occur on a single sample. Before weight measurement, the
samples were carefully dried in an oven.

Highly concentrated hydrogen peroxide is not so stable and tends to decompose over
time. For this reason, fresh batches were used as often as possible and were kept in freezer
at −18 ◦C. Under these conditions, it is considered stable, at least for weeks or more.

2.2. Instrumental Analysis

Raman spectra of the compounds and mixtures were acquired, at room temperature,
by a BWTEK i-Raman plus spectrometer (B&W Tek, Plainsboro, NJ, USA) equipped with
a 785 nm laser in the range of 100–3500 cm−1 with a spectral resolution of 2 cm−1. The
measurement parameters, such as acquisition time, number of repetitions, and laser power,
were selected for each sample in order to maximise the signal-to-noise ratio. The standard
acquisition, however, was 20 repetitions of 10 s each. This instrument has a maximal
power of 350 mW, but in most cases, only 10% of it was used. For each spectrum, a
reference acquisition was previously carried out with the same parameters to subtract the
instrumental background.

X-ray powder diffraction (XRPD) investigations were performed to determine the
crystalline phases, using a Philips X’Pert PRO 3040/60 diffractometer (Philips, Amsterdam,
The Netherlands) operating at 40 kV, 40 mA, with Bragg–Brentano geometry, equipped
with a Cu Kα source (1.54178 Å), Ni filtered, and with a curved graphite monochromator.
PANalytical High Score software (version 4.1) was used for data elaboration. The XRD
acquisitions were performed using these parametes: start position: 10.0125◦ [2θ]; end
position: 99.9875◦ [2θ]; step size: 0.0250◦; scan step time: 6.0000 s, scan type: continuous.

The characterisation, morphology, and composition of the samples were performed
by scanning electron microscopy (SEM-FEI Inspect-S, FEI Company Hillsboro, OR, USA),
coupled with energy dispersive X-ray spectroscopy (EDX, Oxford Xplore, Oxford Instru-
ments plc, Abingdon, UK). Observations were carried out at different magnifications using
both secondary electrons and backscattered electrons detectors at 10 mm working distance,
with energy ranging from 10 to 20 KV. The elemental analysis was carried out in the most
significant areas of the samples. Data were processed by the software Oxford AZtec One
(AZTecLive 6.1 platform).

A triple quadrupole inductively coupled plasma mass spectrometer (ICP-MS-QQQ,
8800 model, Agilent Technologies, Santa Clara, CA, USA) equipped with two quadrupoles,
one (Q1) before and one (Q2) after the octupole reaction system (ORS3), installed in a
dedicated Clean Room ISO Class 6 (ISO 14644-1 Clean room [27]) with controlled pressure,
temperature, and humidity was used for trace analysis of the secondary elements. Quality
control standards (QCs) were added in the batch of analysis in order to control the accuracy
of the analytical method. The collision cell in Helium Mode (MS/MS) configuration ensures
the removal of any spectroscopic interferences caused by atomic or molecular ions that
have the same mass-to-charge as analytes of interest.

The shells samples were finely grounded with a laboratory blender, and 0.50 g of
grounded shells were mixed in a solution with HNO3 and H2O2. TraceSELECT® grade 69%
HNO3 was used. High-purity de-ionised water (resistivity 18.2 MΩ cm−1) was obtained
from a Milli-Q Advantage A10 water purification system (Millipore, Bedford, MA, USA) for
the dilutions. The samples were digested with a microwave digestion system, Speedwave
Four model (Berghof, Germany), equipped with temperature and pressure control in PTFE
vessels using 4 mL of nitric acid, 3 mL of hydrogen peroxide, and 13 mL of high purity de-
ionised water. Complete dissolution was achieved keeping the pressure constant at 30 bar,
while the temperature was linearly increased in 5 min from room condition to 200 ◦C and
then maintained for 10 min. After the digestion, the acid mixture was left to cool at room
temperature, and after that, it was quantitatively transferred into plastic vials (Falcon®
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50 mL Polypropylene Conical Tubes, BD Biosciences, Cowley, UK), previously cleaned with
nitric solution, and made up to a final volume of 50 mL with high purity de-ionised water.

The multi-element standard solution IV-ICPMS-71 A (10 μg/mL) and the Rare Earth
Elements standard solution CCS-1 (100 μg/mL) supplied by Inorganic Ventures (Chris-
tiansburg, VA, USA) were used for calibration. The calibration curve was obtained with
seven concentration points in the ppb range: 0, 1, 5, 10, 50, 100, and 200 ppb.

Limit of detection (LOD) and limit of quantification (LOQ) were estimated, respect,
ively, as three and ten times the standard deviation (σ) of 10 consecutive measurements of
the reagent blanks according to EURACHEM recommendation.

3. Results and Discussion

A bivalve shell is composed of two hinged parts called valves; they are, when the
animal is alive, joined by a ligament, a kind of fibrous connective tissue.

A mollusc shell is formed, repaired, and maintained by a part of the anatomy called
the mantle. The shells are made up of three layers [28]: the top layer of organic material
(periostracum); the middle thick layer of lime (ostracum); and the innermost, silver-white,
shiny mother-of-pearl layer (hypostracum). During the animal’s life, the shells grow from
one side, called the beak, while the raised area around it is known as the umbo. This region
is therefore the oldest and the thickest of the valve, while the opposite end is younger
and thinner.

Despite the fact that each species of bivalve has its own peculiarities and the compo-
sitions of both the organic and inorganic parts can vary from one case to another, many
characteristics of the shells of the genus Mytilus could be seen as representative of the
entire class of bivalves. In particular, the response to the very oxidising conditions used
in this work seems to be general, even shells of molluscs belonging to other classes of this
phylum behave in similar way suggesting a much wider field of application of the method.

Figure 1 shows the evolution (in time t) of a shell kept in the peroxide bath for a few
hours, starting from its initial state: t = 0 (Figure 1A,B). During the process, many small
bubbles, of oxygen and water vapour, form on the surfaces of shells.

The temperature has a role in the rate of transformation, as the higher it is, the faster
the process. However, to avoid any other possible secondary process, the reaction was
carried out at 70 ◦C. It is worth noting that concentrated solutions of hydrogen peroxide
are weakly acid [29]. Thus, it may be possible that too much aggressive conditions lead to
partial dissolution of the inorganic components too. Very thin sheets, mostly from the inner
face, i.e., from the nacreous layer, can detach, very likely because of the mechanical action
of bubbles Valves kept only in hot distilled water do not change in appearance, colour, or
weight. Depending on the specimen, some dark lines are still evident in on the valves, even
if in some cases white colour is more uniform.

Figure 1K shows an untreated clam shell, while Figure 1L shows the same specimen
treated with the same procedure for 5 h. Whitening is also evident in this case, indicating
that the method is completely generalisable to other samples, except for a possible different
duration of treatment.

At the end of the process, morphology of the shells does not change, while their colour
undergoes to a systematic evolution and a small weight loss is observed. After few hours
of treatment, shells are white in area of beak and bluish with an almost metallic lustre on
the opposite side. Figure 2 shows the trend of the weight variation, averaged over five
different samples, and expressed as ΔP = (P0 − Pt)/P0 × 100, where P0 is the initial weight
and Pt is the weight at time t. Before each measurement, the shells were carefully dried in
an oven to eliminate absorbed water.
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Figure 1. Evolution in time (t) of the appearance of Mytilus valves kept in hydrogen peroxide
for different times ((A,C,E,G,I) external face; (B,D,F,H,J) inner face), and a clam valve before the
treatment (K) and after 5 h (L).
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Figure 2. Weight variation ΔP (%) for shells kept in hydrogen peroxide bath as a function of time
expressed in minutes (min).

It is interesting to note that the weight increased in the early stages of the process (i.e.,
ΔP is negative), suggesting that initially an absorption of water and, possibly, peroxide
inside and on the surface of the shells occurred. After about an hour, the weight decreased
monotonically. After about 2 h of treatment, the periostracum and the layer on the inner
face began to peel away from the shells in small shreds, revealing the underlying structure
and growth lines. This detachment did not occur uniformly across the entire surface of
the valve, but preferentially from the edges and from the beak area, i.e., where the layer
rich in organic compounds is thinner. Eventually, periostracum completely detached in the
form of a thin yellow/brown veil. Eventually the valves were whiter, even if some dark
lines were still present. These features could depend on the specific specimen. It should
be kept in mind that the composition of valves depends on many factors, starting on the
environment where the animal lived. Secondary elements can be absorbed from the marine
waters. Parameters, such as temperature, salinity, and water hardness, can play a role in
the formation of the shells. Both the living body of a bivalve and its shell are bioindicators
of quality of the environment, the presence of any pollution, and the presence of various
substances [30].

SEM-EDX analysis showed that the shells were composed of practically pure calcium
carbonate, without the evident presence of other elements, at least with concentrations
above the sensitivity of this type of measurement, i.e., about 1% or less. Figure 3 shows a
typical EDX spectrum of a mussel specimen, and only the peaks due to calcium, carbon,
and oxygen were evident, highlighting its remarkable chemical purity.

Figure 3. EDX spectrum of a Mytilus specimen.
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Some specimens were also analysed with ICP-MS-QQQ. Table 1 shows the results
obtained. RSD (relative standard deviation) for all measurements were below 5%.

Table 1. Mean secondary element concentration in the shells, expressed in ppm.

Element Concentration (ppm)

Sr 83.392
Mg 75.761
K 2.494
Al 1.479
Fe 1.030
Cr 0.125
Mn 0.333
Co 0.996
Ni 0.873
Cu 0.545
Zn 0.423
Ba 0.186
Pb 0.172
U 1.86 × 10−3

Despite the fact that the concentrations of a given element could be different, depend-
ing on the environmental conditions in which the animal lived, all these elements, with
the only exception of strontium and magnesium, and in particular the heavy metals, were
present in rather low concentrations, and this is very important for a possible use of these
shells for industrial applications. Heavy metals incorporated into the shell can provide a
record of environmental contamination or pollution. Strontium and magnesium, due to
their characteristics and chemical similarity, can replace calcium in calcium carbonate, so it
should not be surprising that these elements have a higher concentration than the others.
It is worth remembering that natural mineral dolomite is a solid solution of calcium and
magnesium carbonates, with an ideal ratio between them equal to 1:1 [31].

Chemically, calcium carbonate can be found in different polymorphs: calcite, which is
most stable at room temperature and pressure, which crystalises in the hexagonal system;
aragonite, which is the densest form; and the hexagonal vaterite, which is less common
both in samples of geological origin and in samples of biological nature. Figure 4 shows
their crystalline structures.

In a sample of biological origin, all these polymorphs can be found, even if calcite and
aragonite are by far the most common, whereas vaterite is rare. Oyster shells are made
almost completely by calcite, but in those of other species, both calcite and aragonite are
present in different ratios in different points.

These polymorphs have different properties, including mechanical ones, and animals
preferentially grow microcrystals of one or the other polymorph based on the functional
needs of their shell. For example, where mechanical stresses are concentrated, aragonite is
more often found, because it is harder, while in other parts of the shells, a prevalence of
calcite is found. These microcrystals are normally organised into complex and ordered struc-
tures to better serve the purposes of the shells. In the case of Mytilus species, shells grow
simultaneously in two directions: the shell grows longer with layers of calcite being added
on at the growing edge, and it also thickens, adding layers of aragonite internally [12].

Micro-Raman spectroscopy is a powerful tool for carrying out point-by-point compo-
sitional analyses and identifying the present phases. Raman spectra of some points of a
valve of an untreated specimen, sampled on both the external and internal surfaces and
on the section as well, are shown in Figures 5A and 4B,C, respectively. The points, chosen
randomly in such a way as to fully present the characteristics of the shell, represent areas
where Raman spectra have been acquired which are then reported in the following figures.
The external face appears bluish-dark grey with not very noticeable growth lines; on the
contrary, the inner face is mother-of-pearl almost everywhere because of the presence of
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the so called nacre, even if on the extremity it is darker, and a rather dark area where the
posterior adductor muscle of the animal was attached is easily recognisable (zone number
10); the section, not constant in thickness in all its parts, is instead whitish-yellowish.

Figure 4. Crystal structure of three calcium carbonate polymorphs: calcite (A), aragonite (B), and
vaterite (C). Polyhedra represent the oxygen coordination around calcium atoms, that is, octahedral
in the case of calcite and more complex for the other two polymorphs: calcium is surrounded by eight
oxygen atoms in total, distributed in two non-equivalent positions in vaterite and by nine oxygen
atoms in total, distributed in five non-equivalent positions in aragonite. Cell parameters and space
group were taken from [32] for calcite, from [33] for aragonite, and from [34] for vaterite. Diamond
version 3.2k software was used to draw the crystal structures.

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) 

 

 

Figure 5. Cont.
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(C) 

Figure 5. Raman spectra of different points on the external face (A), internal face (B), and section
(C) of an untreated shell, as it is possible to see in the insets.
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Due to the different nature and chemical-physical characteristics of the two faces, the
acquisitions of the spectra were optimised in terms of laser power, duration of a single
acquisition, and number of repetitions, specifically for each of them.

Raman spectra of the external face are characterised by predominant fluorescence,
and different bands were present, as it can be seen in the inset showing the spectra in the
characteristic zone between 500 and 1600 cm−1. It is difficult to attribute these bands to
specific chemical components, and even the inorganic part cannot be recognised imme-
diately in any point because the characteristic peaks of calcite and aragonite fall in areas
of the spectrum where many signals of different origin are present. In general, the same
signals, regardless with their relative intensity and the fluorescence intensity, were present
in all the spectra. This means that the same components were present, even if possibly
in relative quantities that change as a function of the position. No evident or just quite
weak signals could be observed in the high wavenumber part of the spectrum, that is, the
characteristic region of hydrogen–heteroelements bonds (-OH, -NH2, -NH -Csp

3H, -Csp
2H,

-CspH); however, signals were observable around the 1500–1670 cm−1 region, which is
normally associated with the vibrations of the double bond C=C and C=O, particularly
the amide group C=O-N-, which normally characterise proteins [35]. Signals between
about 1100 and 1000 cm−1 can be generally attributed to weak asymmetric stretching
of C–O–C [36]. Some additional signals, originating from CH groups, were observed in
two spectral regions (1350–1050 cm−1 and 880–680 cm−1) [35].

The internal face (Figure 5B) was less uniform, and there were differences among the
areas taken into consideration. The fluorescence was still present, but except for the edges
where it was on the contrary very strong (spectrum of zone 15, which has been multiplied
by 0.2 to be shown together with the others); this spectral feature was weaker than on the
external face (Figure 4A). In this case, it is generally possible to recognise the inorganic
mineral present, that is, aragonite or calcite, depending on the position.

As can be expected, the mother-of-pearl area (nacre) was mainly made up of aragonite;
however, moving from the edge towards the centre, i.e., from zone 7 towards zone 9, the
fluorescence became more intense, and bands that cannot be attributed to calcium carbonate
appeared. In particular, in spectrum 9, there was a peak around 1500 cm−1, which can
be associated with organic functional groups, and in addition to other signals with lower
wavenumbers also detectable. Bands in this position can be assigned to C=O or to C=C
bond vibrations, in agreement with the presence of biomolecules. This trend may have
been due to the structure of the nacre and the way in which the animal synthesises it. Nacre
is composed of thin hexagonal platelets of aragonite arranged in a continuous parallel
manner. Depending on the species, the shape of these tablets changes, but these layers are
separated by sheets of organic matrix. Because the way the mollusc grows, near position 7,
the nacre was thicker and more continuous so that the platelets formed a compact layer,
whereas around position 9, it was thinner, and the new secreted platelets were partially
separated. Therefore, the organic matter can be stimulated by the laser. This is particularly
evident in position 10, and in subsequent ones, where the shell was macroscopically thinner
and the carbonate components more separated. In position 10, traces of organic molecules
may also have been due to the adductor muscle attached in that position. The band at
about 1500 cm−1 was still present and became stronger and stronger.

All calcium carbonate polymorphs had a sharp peak at about 1080 cm−1 (1085 cm−1

for calcite, 1080 cm−1 for aragonite, 1090 cm−1 for vaterite that also has a secondary weaker
peak at 1075 cm−1), but in spectra of these positions, they were hidden by a much larger
band that also had an evident shoulder at about 1095 cm−1. A second very intense band
was evident at about 1020 cm−1. In general, it seems that the thinner the shell, the more
intense these bands, also because the thickest parts of the shell are those formed first, while
the thin ones were secreted by the animal at the end of its growth and can contain many
biopolymers. In points close to other extremities, calcite also begins to be present.

Raman spectra were acquired in the shell section (Figure 5C). They were rather similar
to each other. In the selected areas, fluorescence was observable, meaning that organic
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molecules were present, but generally it was less strong than on the faces, suggesting that
the organic components were less abundant inside the shell, and decreased moving from
the extremities toward the centre. As one of the main features of these spectra, the band
around 1480 cm−1 was present; its relative intensity, however, decreased following the
same trend of the fluorescence, being stronger on the extremities.

Inorganic components were more recognisable than on the inner face, and it was
possible to discriminate areas where calcite was more abundant (external face and thin
end), where aragonite was predominant (internal face thick end), or they coexisted (some
central areas). After the complete treatment, the organic part was almost completely gone,
as it is possible to observe in Figure 6, which shows Raman spectra collected in several
points of the external and inner faces. Raman spectra collected on samples treated for a
short period of time show the bands due the organic components. The longer the treatment,
the weaker they become.

Figure 6. Raman spectra of some randomly chosen points on the external and internal face of a shell.

Despite traces of organic components in some places being still present, in general,
only peaks of calcium carbonate were recognisable. Table 2 shows the theoretical peak
positions of Raman spectra of calcite and aragonite (from [37] and [38], respectively).

In practically all the points where the spectra were acquired, they did not exhibit
fluorescence signals, and this finding is in perfect agreement with the complete removal of
organic components.

It is very important to note that all the carbonate Raman bands, which were possible
to see in the treated specimens, were extremely narrow: for both calcite and aragonite,
the most intense peak corresponded to the symmetric stretching of the CO3 group, at
approximately 1080 cm−1, and they had a very small FWHM, much narrower than 5 cm−1.
Commercial or synthetic calcium carbonates have values much higher than this. This result
indicates the high crystalline grade and confirms the high purity of the carbonate of biogenic
origin, in good agreement with the ICP-MS results described previously. Impurities and
crystalline defects can indeed induce a broadening and a certain degree of asymmetry in
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Raman bands. Large size distribution of crystallites can also have a similar effect. The slow
growth of crystals in the shells, mediated by proteins and biopolymers, minimise these
effects, and the individual crystals also have a very constant and uniform size.

Table 2. Calcite and aragonite Raman peaks.

Raman Shift (cm−1)

Calcite [33] Aragonite [34]

1 155 145
2 282 155
3 713 182
4 1087 192
5 1437 208
6 1749 705
7 716
8 1085
9 1463
10 1576

In the shell section, the spectra were very similar to those observed on the two faces,
meaning that the small quantity of organic components, which were found in the untreated
specimens, were completely removed. This is an interesting observation, because it suggests
that weight loss is not only due to the detachment of periostracum and hypostracum, but
also to a real chemical process, and that, thanks to the action of peroxide, water-soluble
molecules are released from the shells. It can be imagined, however, that the mechanism of
this release is a rather complex path.

The complex proteins secreted by the external epithelial tissue of molluscs, i.e., by the
mantle, form the so-called conchiolin. These proteins form a matrix that constitutes the
environment in which calcium carbonate crystals nucleate and grow.

There are some methods for extracting the organic component from the shells as these
biopolymers are intrinsically attractive, have excellent chemical-physical and mechanical
properties, and can have some interesting applications: for example in the biomedical field
or even as antibacterials. However, these methods require the mechanical destruction of the
shells and the removal of the inorganic part by acid treatments, which are obviously not the
aim of the present work, which is instead to keep the shells as little modified as possible.

It is not easy to indicate what the chemical mechanism underlying the process de-
scribed here is, and further investigations would be required for highlighting this point.
Nevertheless, hydrogen peroxide can perturb hydrogen bonds among the macromolecules,
causing them to move away from each other [39,40]. Furthermore, it is well known that pro-
teins themselves can degrade under the effect of high concentrations of hydrogen peroxide
by action of free radicals, eventually leading to their hydrolysis [41,42].

Polysaccharides behave in a similar manner in respect to H2O2 [43]. Therefore, it
can be imagined that hydrogen peroxide can cut biopolymers into smaller units that are
more soluble in aqueous environments. In contrast, peroxide has limited or no effect on
the inorganic part of the shells. It can therefore be suggested that the main action of the
peroxide is to cut away the bonds between the organic layers and the crystalline matrix
and possibly to break the large macromolecules into smaller and soluble residues. In part,
this also justifies the detachment of the very small sheets of nacre, because the biopolymer
chains that are located among them and which help to keep them bound are broken.

Once the organic part has been removed, it is possible to evaluate the ratio between the
different polymorphs present overall. For doing this and to evaluate the possible presence
of amorphous phases, a sample, after being treated by peroxide, was carefully ground
in an agate mortar. The diffraction pattern (XRD) of the obtained powder was acquired
(Figure 7); according to these results, it turned out that the valve was made mainly by
calcite, about 75%, and the rest was aragonite.
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Figure 7. XRD analysis of a ground Mytilus shell.

Again, the quality of the material was very high and only calcite, and aragonite
were present, without spurious phases, with just some very weak peaks due to Na2O,
that can form during the treatment. All peaks were extremely narrow, indicating the
high degree of crystallinity and suggesting that valves are promising raw materials for
many possible applications.

The quality of the calcium carbonate resulting from these shells was very high, in
terms of purity and crystallinity, especially when compared with commercial materials.
This may suggest useful applications as a raw material for industry. It is an absolutely
non-toxic product and without any risk for humans and the environment. It should in
fact be kept in mind that calcium carbonate is used as a starting material for cements and
other construction compounds, being used as an additive in numerous sectors, for example
in tires. It is used as a filler in the production of paints, varnishes, paper, rubbers, and
glues. Also, it is used in the production of glass and crystals. All these sectors could have
many advantages using a better raw starting material. Even the organic layers that detach
from the shells could have applications, being rich in interesting biomolecules. They could,
for example, have biotechnological applications or be used to produce biocompatible and
environmentally friendly polymers and hydrogels.

This treatment also allows us to better analyse the microstructure of the valves, as it
can also be easily seen in SEM images shown in Figure 8A–H.

The structure of the shells of bivalves and molluscs in general has been thoroughly investi-
gated, and there are numerous scientific articles and reviews on the subject [12,44–46].

The external face (Figure 8A,B) but also for a certain degree the internal one of an
untreated sample do not show characteristic details, because they are covered by very
homogeneous layers. The section, however, is much more organised and the different mi-
crostructures are clearly evident. But, also for it, the treatment with hydrogen peroxide has
a positive effect, and the characteristics are well highlighted. Sometimes, the microstructure
was highlighted by more vigorous attacks than the milder treatment described in this work.
Therefore, it may be imagined that it is less altered for observations.
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Figure 8. SEM micrographs of different areas of a Mytilus shell before and after the treatment with
hydrogen peroxide. (A,B): external face of an untreated specimen; (C,D): images of the section of
a shell specimen; (E): boundary between prismatic part and nacreous layer; (F–H): nacreous layer
showing the hexagonal crystals.

The inner part of a shell is formed by prismatic crystal, as can be seen in Figure 8C,D,
which shows the section of a treated shell. A very clear separation from the nacreous layer
exists (Figure 8E).
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Nacre, in itself, is composed of hexagonal platelets, arranged in a parallel manner,
as can be easily seen in Figure 8F–H. These platelets have a very uniform size, just a few
microns large. Depending on the position in the valve, they are more or less compact. This
is due to the moment in which they were formed. In the most recent part of growing shell,
these crystallites are separated and isolated. Furthermore, it can be observed that they grow
preferentially at the joints between the grain boundaries of the underlying layer, which is
much more compact. The size of these isolated crystallites is also roughly constant, and
this strongly suggests that they begin forming at the same time. Indeed, even if the growth
of the shell occurs in successive layers, each layer is formed when the one below is not
completely compact.

4. Conclusions

This work presents a discussion about the use of concentrated hydrogen peroxide
solution for removing and separating the organic components from the inorganic part in
mollusc shells. Shells are an intriguing example of a composite material. In life, the animal
produces calcium carbonate microcrystals in the form of various polymorphs, such calcite
and aragonite, thanks to the action of specialised proteins and biopolymers, based on its
functional needs.

The process of removal of the inorganic part and recover of organic molecules, which
can successively have various applications, is relatively easy to perform using acid baths.
The opposite process is more difficult.

A bath of a few hours in concentrated hot hydrogen peroxide completely removes the
organic component from the valves without altering the inorganic structure.

The method discussed here is very effective, has a low cost, and is environmentally
friendly because no pollutant and expansive reagents are required. Raman, XRD, and
morphological analyses showed the excellent crystallographic quality of the calcium car-
bonate crystals that make up the shells, and ICP-MS instead showed their very high
chemical purity.

This makes the shells extremely interesting starting raw materials for applications in
the building field, especially with a view of limiting greenhouse gas emissions and CO2, as
well as being more environmentally sustainable.

A possible future development could be represented by the optimisation of the hy-
drogen peroxide concentration, the process temperature, and the time necessary to obtain
the removal of the organic components. Furthermore, it could be systematically applied to
other mollusc species.
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Abstract: The microstructure and residual stress of polycrystalline diamond compact (PDC) play
crucial roles in the performance of PDCs. Currently, in-depth research is still to be desired on the
evolution mechanisms of microstructure and residual stress during high pressure high temperature
(HPHT) synthesis process of PDCs. This study systematically investigated the influencing mecha-
nisms of polycrystalline diamond (PCD) layer material design, especially the Co content of the PCD
layer, on microstructure and residual stress evolution in PDCs via Raman spectroscopy and finite
element micromechanical simulation. The research shows that when the original Co content of the
PCD layer is higher than 15 wt.%, the extra Co in the PCD layer will migrate backwards towards the
carbide substrate and form Co-enrichment regions at the PCD–carbide substrate interface. As the
original Co content of the PCD layer increases from 13 to 20 wt.%, the residual compressive stress of
diamond phase at the upper surface center of the PCD layer gradually decreases and transforms into
tensile stress. When the original Co content of the PCD layer is as high as 30 wt.%, the residual stress
transforms back into significant compressive stress again. The microstructure-based micromechanical
simulation at the PCD–carbide substrate interface shows that the Co-enrichment region is the key
for the transformation of the residual stress of the diamond phase from tensile stress into significant
compressive stress.

Keywords: polycrystalline diamond compact; HPHT process; residual stress; finite element analysis;
micromechanical simulation

1. Introduction

Polycrystalline diamond compact (PDC) is a kind of superhard composite composed
of a polycrystalline diamond (PCD) layer and carbide substrate [1–4]. During high pres-
sure and high temperature (HPHT) synthesis processes, a significant diamond–diamond
(D-D) bond forms between diamond particles by a dissolution and re-precipitation pro-
cess, leading to the formation of the PCD layer, which is firmly bonded with the carbide
substrate [1,5,6]. PDCs have been widely used in oil and gas drilling, ore mining, and the
machining of non-ferrous metals and hard materials due to their high wear resistance and
hardness, good impact resistance, and excellent brazing performance [2,7–9].

The thermal stability has always been a critical property for the application of PDCs.
Due to the significant difference of the coefficient of thermal expansion between the PCD
layer and the carbide substrate, residual stress will inevitably come into being during the
cooling stage of the HPHT process, which can potentially result in cracks and complete
failure of PDCs in various applications [10,11]. The magnitude and distribution of the
residual stress of PDCs are closely related to the diamond grain size and thermal treatment
of the PCD layer [12–14], the geometry design of the PCD-cemented carbide substrate [10],
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and the feedstock diamond powder morphology [15]. The existence of residual stress will
have a significant impact on the thermal stability of PDCs. During the application of PDCs,
as the number of impact and thermal cycles increase, the combination of residual stress
and external stress may lead to micro-cracks, edge collapse, and even spalling of the PCD
layer, resulting in the abnormal failure of PDCs [16–20]. Therefore, it is of great significance
to study the mechanism of residual stress evolution in PDCs in order to better understand
and reduce the negative effect.

Non-destructive testing methods such as laser Raman spectroscopy [21], X-ray diffrac-
tion [22] and Neutron diffraction [23] are generally used to measure the residual stress of
PDCs. In order to evaluate the residual stress more accurately, especially to analyze the
internal stress distribution of PDCs, finite element modeling (FEM) can be used to simulate
the stress distribution inside PDCs [10].

McNamara et al. [12] investigated the effect of diamond grain size and the oil quench-
ing process on the residual stress of PDCs. They found that a finer diamond grain size
resulted in higher residual stress and oil quenching can lead to tensile residual stress in the
PCD layer. Lin et al. [18] conducted a comprehensive FEM investigation on the effect of
carbide substrate thickness on the residual stress of the PCD layer. They found that with
the increase in carbide substrate thickness, the radial compressive stress of the PCD layer
increased, which was favorite for the performance of PDCs. Krawitz et al. [23] evaluated
the residual stress of PDCs using neutron diffraction. In view of the great penetration
depth, the residual stress for both PCD layer and carbide substrate can be measured. It was
found that the in-plane stress of the PCD layer increased with the thickness ratio of carbide
substrate/PCD layer and there existed a significant stress gradient in the thickness direction
for both the PCD layer and the carbide substrate. Debkumar [24] found that the leaching of
Co from a PCD layer resulted in the decrease in residual compressive stress of the PCD
layer. Yue et al. [14] found that vacuum annealing can effectively reduce the residual stress
of a PCD layer. Chen et al. [25] added graphene to feedstock diamond powder and found
that the residual stress of a PCD layer was significantly reduced. Peishen et al. [15] showed
that feedstock diamond powder morphology had a significant effect on the residual stress
of PDCs, and the higher specific surface area of diamond powder led to higher compressive
stress of a PCD layer.

Over the current residual stress investigations on PDCs, the effect of the Co content
of PCD layers on the residual stress of PDCs has rarely been reported yet. Moreover, in
spite of the fact that FEM has been widely employed for residual stress investigation on
PDCs, the current FEM method based on the macro-structure of PDCs simplifies the PCD
layer and cemented carbide substrate into homogeneous material units. The influence of
the characteristic microstructure of PDCs on the residual stress evolution, especially the
residual stress of a diamond phase, has not been fully considered yet.

In this study, the feedstock diamond powder (average particle size 11 μm) was mixed
with different contents of Co powder (average particle size 1 μm) to prepare the PDCs
via the HPHT process. The effect of Co content of a PCD layer on the evolution of the
microstructure and residual stress of a diamond phase was systematically investigated
via both Raman spectrum and FEM. In particular, micromechanical FEM was made based
on the microstructure of PCD-cemented carbide substrate interface to reveal the unique
micromechanism of residual stress evolution from a new perspective.

2. Experimental Materials and Methods

2.1. Experimental Materials

The morphology, particle size distribution and Raman spectrum test results of the
feedstock diamond powder employed in this study (Zhecheng Huifeng Diamond Technol-
ogy Co., Ltd., Shangqiu, China) are shown in Figure 1. The median particle size D50 of the
diamond powder is 11μm. The feedstock diamond powder used in this study is the same
batch of the regular diamond powder used in [15]. The average particle size of Co powder
in this study (Shanghai ST-Nano Material Technology Co., Ltd., Shanghai, China) is 1μm,
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and the purity is 99.9%. The dimension of the WC-13 wt.% Co cemented carbide substrate
(Zhuzhou Cemented Carbide Group Co., Ltd., Zhuzhou, China) is 16.5 mm diameter and
12 mm height, and the microstructure of the carbide substrate is shown in Figure 2. A
flat PCD layer–carbide substrate interface was adopted in this study to remove any extra
residual stress possibly caused by interface structure design.

Figure 1. Characterization of feedstock diamond powder, (a) diamond powder morphology, (b) par-
ticle size distribution, and (c) Raman spectrum.

 
Figure 2. Microstructure of WC-13 wt.% Co carbide substrate.
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2.2. Experimental Methods
2.2.1. Preparation of Initial Powder of PDCs

As shown in Table 1, the composition design of PCD layer in this study includes four
different Co contents ranging from 13 to 30 wt.%. During the diamond–Co powder milling
process, anhydrous ethanol was used as the dispersing medium. A horizontal ball mill
(LHK-1.5-I, Haoqiang Machinery Factory, Yixing, China) was used for powder milling. A
4 mm diameter YG6 (WC-6 wt.% Co) milling ball was used and the ball/powder ratio
was 1:1. The milling speed was 120 rpm and the milling time was 4 h. Then, the mixed
diamond–Co powders were dried in a rotary evaporation instrument (RE-52C, Shanghai
Leighton Industrial Co., Ltd., Shanghai, China), and purified in vacuum (5 × 10−3 Pa) at
500 ◦C for 1.5 h in a tube furnace (GSL-1500X-OTF, Hefei Kejing Material Technology Co.,
Ltd., Hefei, China).

Table 1. Composition design of PCD layer for PDCs synthesized in this study.

PDC Designation Diamond Powder Content, wt.% Co powder Content, wt.%

PCD-13 87 13
PCD-15 85 15
PCD-20 80 20
PCD-30 70 30

2.2.2. HPHT Process

In this study, cubic press (CS-6X29500KN, Guilin Guiye Machinery Co., Ltd., Guilin,
China) was used for the HPHT synthesis process. The above purified diamond–Co powder
mixture and cemented carbide substrate were encapsulated in niobium and molybdenum
cups, and then assembled into a pyrophyllite composite block, which was then put into a
cubic press for HPHT process. The sintering temperature was 1580°C and pressure was
5.5 GPa. The encapsulation and HPHT processes used in this study are similar to those
adopted in [15,23]. The selection of sintering temperature and pressure is to ensure the
melting of Co and the thermal stability of diamond during the HPHT process. The HPHT
process can have an apparent effect on the residual stress of PDCs, while in this study, the
research focus is the Co content of PCD layer, so only a set of commonly used HPHT process
has been employed according to the general synthesis routine in PDC manufacturing
industry. After HPHT process, the PDCs were removed from the pyrophyllite composite
block, the metal cups on the surface of the PDCs were removed by sand blasting, and then
the PDCs were finally cleaned and dried for further testing.

2.2.3. Residual Stress Evaluation

In this study, the residual stress of PDCs was determined via the position shift of
the characteristic diamond peak from its stress-free position in Raman spectrum per the
following equation [12,13]:

σ =
v0 − v

α
(1)

where σ is the residual stress at the test point (positive value means tensile residual stress
and negative value means compressive residual stress), v0 is the wave number of char-
acteristic diamond peak without any residual stress, v is the measured wave number
of characteristic diamond peak at the testing point, and α is the stress deviation coeffi-
cient, which is taken as 1.92 cm−1/GPa according to [26]. In this study, v0 was taken
as 1332.54 cm−1, corresponding to the wave number of stress free diamond powder in
Figure 1c.

2.2.4. Property Characterization of Diamond Powder and Microstructure Analysis of PDCs

In this study, the particle size of the feedstock diamond powder was measured by laser
particle size analyzer (Malvern, Mastersizer 3000). For HPHT-processed PDCs, metallo-
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graphic samples were made by first EDM cutting the PDCs into half and then mounting the
sectioned sample with bakelite. The mounted samples were then ground with 50 micron
diamond slurry. The ground samples were then, respectively, polished with the 20, 10, 6, 3,
and 1 micron diamond pastes in sequence. Field emission scanning electron microscopy
(Hitach, SU8220) was used to analyze the morphology of the diamond powder and the
microstructure of PDCs. Raman spectra of both diamond powder and PDCs were made
by HORIBA Jobin Yvon (LabRAM HR Evolution) confocal Raman spectrometer. The met-
allographic samples of PDCs were prepared by a single-sided lapping machine (SS-15H,
Lemat Walters (Shenyang) Precision Machinery Co., Ltd., Shenyang, China) and polishing
equipment (Buehler, MetaServ 250).

2.3. FEM Simulation of Residual Stress

In this study, the residual stress was investigated based on the real-time simulation
of the temperature field evolution of PDCs and the shrinkage behavior of PCD layer
and cemented carbide substrate during the cooling stage. It is generally believed that
the uneven distribution of temperature and the difference of physical parameters such
as thermal expansion coefficient and elastic modulus between PCD layer and carbide
substrate result in the residual stress of PDCs. According to Fourier heat transfer law and
energy conservation law, the thermal conduction equation of the object can be described
as [27]

∂
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(kx

∂T
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) +
∂

∂y
(ky

∂T
∂y

) +
∂

∂z
(kz

∂T
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) + ρQ = ρCp
∂T
∂t

(2)

where ρ is the density, Cp the specific heat, k is the thermal conductivity, T is temperature, t
is time, x–z are 3 directions, and Q is the thermal intensity inside the object.

The thermal strain caused by differences in material properties can be expressed as [27]

εth = αT·ΔT(x, y, z) (3)

where is εth thermal strain, αT is coefficient of thermal expansion, and ΔT(x, y, z) is ther-
mal gradient.

Based on the thermal strain information per Equation (3), the residual stress of PDCs
was calculated by generalized Hooke’s law.

As shown in Figure 3, an axisymmetrical PDC model was established in this study to
simulate the residual stress evaluation during the cooling stage. The simulation details will
be given in the experimental results and discussion section.

Figure 3. Schematic of the axisymmetric structure of PDCs for FEM simulation.

The physical properties of diamond, cobalt and carbide substrate used in the FEM
simulation in this study are shown in Table 2.
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Table 2. Physical properties of the constituents of PDCs for FEM simulation [10,12,28].

Property Diamond Cobalt Carbide Substrate

Elastic modulus (GPa), E 900 200 579
Density (kg/m3), ρ 3500 8500 15000
Poisson’s ratio, υ 0.07 0.33 0.22

Thermal conductivity
(W/(m·K)), k 2000 69.2 100

Specific Heat (J/(kg·K)), Cp 471 440 230
Coefficient of thermal

expansion (10−6·K−1), α 3.2 14.4 5.2

Since the PCD layer itself is a diamond–cobalt composite, the physical properties of
the PCD layer for FEM simulation were calculated by the equivalent principle formula [29].
The equivalent physical properties of PCD layers with different cobalt contents and the
dimensions of PDCs (Figure 3) are shown in Table 3. It should be mentioned that for
experimental testing, only four kinds of PDCs have been synthesized, i.e., PDC-13, 15, 20,
and 30, while for FEM simulation, many more PDCs with different Co contents (0–50 wt.%)
have been utilized in order to make a more systematic investigation of the effect of Co
content of PCD layers.

Table 3. Physical properties of PCD layer and the dimension of PDCs (Figure 3) for FEM simulation.

Designation of PDCs
(Number Corresponds to
wt.% of Co in PCD Layer)

Dimension of PDCs in
Figure 3 ρ

(kg/m3)
E

(GPa) υ
α

(10−6·K−1)
C

(J/(kg·K))
k

(W/(m·K))r
(mm)

h1

(mm)
h2

(mm)

PCD-0 8.25 1.645 12 3500.000 900.000 0.070 3.200 471.000 2000.000
PCD-5 8.25 1.597 12 3606.061 877.762 0.076 3.362 470.342 1921.703
PCD-10 8.25 1.548 12 3718.750 854.677 0.082 3.536 469.644 1841.776
PCD-15 8.25 1.500 12 3838.710 830.693 0.089 3.724 468.900 1760.166
PCD-20 8.25 1.452 12 3966.667 805.757 0.096 3.928 468.107 1676.821
PCD-25 8.25 1.403 12 4103.448 779.808 0.103 4.150 467.259 1591.684
PCD-30 8.25 1.355 12 4250.000 752.781 0.110 4.393 466.350 1504.697
PCD-35 8.25 1.306 12 4407.407 724.606 0.119 4.659 465.374 1415.799
PCD-40 8.25 1.258 12 4576.923 695.204 0.127 4.952 464.323 1324.926
PCD-45 8.25 1.210 12 4760.000 664.488 0.137 5.276 463.188 1232.012
PCD-50 8.25 1.161 12 4958.333 632.363 0.147 5.637 461.958 1136.986

3. Experimental Results and Discussion

3.1. Microstructure of the PDCs

The microstructure of the PCD layer of the PDCs is shown in Figure 4, in which the
gray region is a diamond phase, and the bright region and the concave pore-like region are
actually a Co phase, which was almost totally removed during the polishing process and
looks like pores. The pore-like Co phase was quite commonly observed in polished PDC
samples [30] due to the extremely significant hardness difference between the diamond and
Co phases. It can be observed that after the HPHT process, the original diamond particles
have formed an interconnected diamond skeleton structure in all four PDCs, and the Co
phase is distributed in between the diamond skeleton structure.

The formation of a diamond skeleton in Figure 4 is mainly attributed to the diamond
dissolution and re-precipitation process during the HPHT sintering process [1,5,6]. During
the HPHT process, when the sintering temperature is over the melting point of Co, liquid
Co will flow between diamond particles. Due to the thermal stability difference between
finer and coarser diamond particles or between the sharp corner and flat surface (or concave
surface, especially the diamond-diamond contact region) of diamond particles, the finer
diamond particles and the sharp corner of diamond particles will dissolve into liquid Co
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first and then re-precipitate onto the coarser diamond particles or a flat or concave surface
of diamond particles, resulting in the diamond grain growth as well as the flattening and
connecting of diamond particles. Eventually, the interconnection of diamond particles (D-D
bond) will happen between diamond particles to form the diamond skeleton in Figure
6 via Ostwald ripening [31]. Such a dissolution and re-precipitation process of diamond
particles will happen only in liquid Co, Ni, or Fe due to their significant catalytic effect for
carbon–diamond transformation processes.

 
Figure 4. Microstructure of PCD layers for PDCs, (a) PCD-13, (b) PCD-15, (c) PCD-20, and (d) PCD-30.

The microstructure of the PCD–carbide substrate interface is shown in Figure 5. It
can be observed that for PCD-13 and -15, there are clear interfaces between the PCD layer
and carbide substrate, while for PCD-20 and -30, significant Co-enrichment regions exist at
the PCD–carbide substrate interface. The formation of Co enrichment regions can also be
explained by the dissolution and re-precipitation process of diamond particles during the
HPHT process.

Figure 5. Microstructure of PCD-carbide interface of PDCs, (a) PCD-13, (b) PCD-15, (c) PCD-20 and
(d) PCD-30.
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As shown in Figure 6, during the HPHT process, liquid Co will penetrate into the
PCD layer from the carbide substrate under high pressure. Both the liquid Co penetrating
into the PCD layer and the Co in the initial PCD layer will interact with the diamond
powder to complete the above mentioned dissolution and re-precipitation process of
diamond particles, resulting in a D-D bond and the growth of diamond particles into a
skeleton structure [1,4,32]. With the growth of diamond particles becoming more and more
significant and the gaps between the diamond skeleton structure becoming smaller, the
extra Co between diamond particles will be expelled back to the carbide substrate, resulting
in the reverse migration of Co. As compared with PCD-13 and 15, more Co in PCD-20
and 30 were involved in the dissolution-re-precipitation process of diamond particles and
more significant reverse migration of Co will happen. Due to the fact that the carbide
substrate cannot absorb the extra Co involved in reverse migration in a short sintering time,
the Co-enrichment regions will form at the PCD–carbide substrate interface as shown in
Figure 5. Compared with PCD-13 and 15, PCD-20 and 30 have noticeable Co-enrichment
regions at the PCD–carbide substrate interface. The Co-enrichment region may enhance
the bonding between the PCD layer and the carbide substrate. In addition, due to the
significant CTE difference between diamond and Co, a Co-enrichment region can possibly
alter the residual stress of a PCD layer, while up until now, related research has rarely
been reported.

Figure 6. Schematic of PDC sintering process, (a) initial stage, (b) infiltration of Co from carbide
substrate, and (c) reverse migration of Co.

3.2. Raman Spectrum Analysis

As shown in Figure 7, Raman spectroscopy was used to evaluate the characteristic
diamond peaks at the center of the upper surface of the PCD layer of all the PDCs. The
diamond peak around 1332.54 cm−1 has been observed and no graphite peaks appear for
all the PDCs. The residual stress results calculated per Equation 1, based on the accurate
diamond peak position in Figure 7, are shown in Figure 8. The residual stress at the center
of the upper surface of the PCD layer of PCD-13 is compressive stress, and with the increase
in Co content in the PCD layer, the compressive stress gradually decreases and turns into
tensile stress when the Co content in the PCD layer is as high as 20 wt.% (PCD-20). A further
increase in Co content results in significant compressive stress (PCD-30). Comprehensive
FEM simulation has to be made in order to investigate the main reason for the abrupt
transition of residual stress from tensile (PCD-20) to significant compressive (PCD-30).
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Figure 7. Raman spectra of the center of upper surface of PCD layer for PDCs, (a) PCD-13, (b) PCD-15,
(c) PCD-20, and (d) PCD-30.

Figure 8. Residual stress of diamond phase at the center of upper surface of PCD layer for PDCs as
the function of Co content of PCD layer.

3.3. FEM Simulation of Residual Stress for PDCs

It is generally believed that the residual stress of PDCs is mainly caused by the
difference of the thermal expansion coefficient and Young’s modulus between the PCD
layer and carbide substrate [10,12]. Based on the two-dimensional planar structure model
commonly used in residual stress simulation, this study carried out FEM simulation of
the residual stress. According to the actual synthesis process, the initial temperature for
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FEM was set to 1580 °C, the ambient temperature was 25 ◦C, and the length of the analysis
step was set to 480. The transient temperature-displacement coupling method was used for
simulation calculation. The factors of the axisymmetric interface wedge condition were
set to XSYMM, structured grid partitioning was used for meshing process, and the mesh
cell type was set to CAX4T, which shows good mesh quality and high mesh sensitivity. In
addition, the surface heat transfer coefficient of the upper and lower surfaces and sides of
the PDCs was set to 0.042.

Figure 9 shows the mesh elements and residual stress (mises, S11 and S22) nephograms
for PCD-15. Figure 10 shows the residual stress on the top surface of the PCD layer as
the function of radial distance from the top center of the PCD layer (Figure 10a,b) as well
as the residual stress at the center of the top surface of the PCD layer as the function of
the Co content of the PCD layer (Figure 10c,d) for all the PDCs (PDC-0-50). The FEM
results in this study shows the similar trends to the research results of CHEN et al. [10].
Figure 9 shows that the maximum stress is concentrated at the PCD–carbide substrate
interface, and the stress is smaller at the positions away from the interface. Figure 10a,b
shows that the horizontal radial residual stress (S11) is much more significant compared
with the vertical axial stress in the PCD layer thickness direction (S22). Figure 10c,d
shows that with the increase in Co content, both the radial stress S11 and axial stress S22
monotonically increases and changes from compressive stress to tensile stress, which is
inconsistent with the experimental residual stress profile shown in Figure 8, where the
residual stress transforms back into compressive stress from tensile stress when Co content
is more than 20%.

Figure 9. FEM for PCD-15, (a) mesh elements, and distribution of residual stresses including (b) Mises,
(c) S11, and (d) S22.
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Figure 10. FEM residual stress (a) S11 and (b) S22 of the upper surface of PCD layers as the function
of radial distance from the center of PCD surface, and FEM residual stress (c) S11 and (d) S22 of the
center of upper surface of PCD layer as the function of Co content of PCD layer.

From both experimental residual stress measurement and FEM simulation results,
it can be seen that when the cobalt content in the PCD layer is low (0–15%), the residual
compressive stress will form in the PCD layer after the HPHT process mainly due to the
more significant shrinkage of the carbide substrate as compared with that of the PCD layer.
With a further increase in Co content, the thermal expansion coefficient of the PCD layer
continues to increase, and the Young’s modulus continues to decrease, so the thermal and
elastic property difference between the PCD layer and carbide substrate decreases, leading
to the decrease in residual compressive stress of the PCD layer and the transformation
of compressive stress into tensile stress. However, when the Co content is greater than
20 wt.%, Figure 8 shows that the experimental residual stress of the PCD layer transforms
abruptly from tensile stress back into compressive stress again, while the FEM simulation
in Figure 10 shows that the residual compressive stress monotonically decreases with
the increase in Co content of the PCD layer and gradually develops into tensile stress
when the Co content of the PCD layer is high enough, but there is no transformation of
tensile stress back into compressive stress. From the inconsistency trends between the
experimental residual stress and the FEM simulation results, it can be inferred that the
difference of physical properties between the PCD layer and carbide substrate is not the
only factor affecting the residual stress evolution behavior of PDCs. In addition, it should
be noticed that the traditional FEM method (Figures 9 and 10) takes the whole PCD layer
(diamond + Co) as a unit and cannot reveal the residual stress of the diamond phase, which
can be another reason for the inconsistency trends between the experimental residual stress
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and the FEM simulation results. In order to investigate the actual residual stress of the
diamond phase, a micromechanical simulation based on the microstructure of PDCs was
employed in this study.

3.4. Micromechanical Simulation Based on Microstructure of PCD–Carbide Substrate Interface

As shown in Figure 5, when the Co content is more than 20 wt.%, there is a noticeable
reverse migration of Co from the PCD layer to carbide substrate, resulting in a Co enrich-
ment region at the PCD–carbide interface. The Co enrichment region may contribute to
the transformation of residual stress of the diamond phase from tensile into compressive
stress for PDC-30. In order to reveal the micromechanism of residual stress evolution,
micromechanical simulation was carried out based on the actual microstructure of the
PCD–carbide substrate interface.

As shown in Figure 11, the specific micromechanical simulation process was based on
the PCD–carbide substrate interface microstructure of PDCs. The microstructure was first
binarized by MATLAB software, and then vectorized by RasterVect software. Finally, the
vectorized file was imported into ABAQUS finite element simulation software to establish
a simulation model.

 
Figure 11. Micromechanical simulation procedure based on microstructure of PCD–carbide interface.

Figure 12 is the SEM micrograph of the PCD–carbide substrate interface of PCD-15,
PCD-20 and PCD-30. According to the procedure in Figure 11, the SEM micrographs
of PCD-15, PCD-20 and PCD-30 were binarized and vectorized, and the finite element
simulation models were shown in Figure 13, where the unique role of the Co-enrichment
region was emphasized. The static general method was used for simulation calculation.
Free meshing was adopted to address the complicated microstructure feature, and the mesh
cell type was set to CPS4R. Mesh analysis shows that both the error rate and warning rate
of all the meshes are 0%.
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Figure 12. Microstructure of PCD–carbide substrate interface, (a) PCD-15, (b) PCD-20, and (c) PCD-30.

 

Figure 13. Simulation models and meshing of PDCs based on the actual microstructure in Figure 12,
(a) PCD-15, (b) PCD-20, and (c) PCD-30, and meshing of (d) PCD-15, (e) PCD-20, and (f) PCD-30.

Figure 14 is the residual stress nephogram in X (S11) and Y-axis (S22) based on the
actual microstructure in Figure 12. The positive means tensile stress, while the negative
means compressive stress. It can be observed that the Co-enrichment region is subjected to
clearly tensile stress. Compared with PCD-15, there is more evident compressive stress of
the diamond phase in PCD-20 and 30.

Figure 15 shows the statistically average stress of the diamond phase based on the
residual stress results in Figure 14. It can be observed that the average stress of the diamond
phase is compressive and the compressive stress increases with the Co content in the PCD
layer, which is completely opposite to the trend in Figure 10c,d. It can be inferred from
Figure 15 that when the actual microstructure of the PCD–cemented carbide interface,
especially the Co enrichment region, is included in FEM simulation, the evolution trend
of residual stress is significantly different from the traditional FEM (without consider-
ing the effect of the Co enrichment region) in Figures 9 and 10. The results show that
the Co-enrichment region at the PCD–cemented carbide interface introduces significant
compressive residual stress to the diamond phase.
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Figure 14. S11 (a–c) and S22 (d–f) distributions at PCD–carbide interface based on the actual mi-
crostructure of PDCs, (a,d) PCD-15, (b,e) PCD-20, and (c,f) PCD-30.

Figure 15. The average (a) S11 and (b) S22 of diamond phase in Figure 14 as the function of Co
content of PCD layer.

Per a comprehensive comparison of the traditional axisymmetric simulation model
(Figure 9) and the micromechanical simulation model based on interfacial microstructure
(Figure 14), it can be found that the residual stress of the diamond phase in PDCs is the
combination result of both the macro-scale stress caused by physical property differences
between the PCD layer and the carbide substrate and the micro-scale stress caused by
physical property differences between the diamond phase and the Co-enrichment region.
When the Co content of the PCD layer is lower than 20 wt.%, the residual stress of diamond
is mainly affected by the physical property difference between the PCD layer and carbide
substrate, demonstrating clearly a compression state. When Co content of the PCD layer is
increased to 20 wt.%, the thermal expansion coefficient of the PCD layer gradually increases
from a level significantly below the carbide substrate to a level slightly higher than the
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carbide substrate, and the compressive residual stress of diamond becomes slightly tensile
stress. When the Co content of the PCD layer is more than 20 wt.%, the Co enrichment
region at the PCD–carbide substrate interface exerts a significant compressive stress on
the diamond phase (Figure 15), resulting in the transformation of tensile stress back into
compressive stress of the diamond phase shown in Figure 8.

In spite of the fact that micro-mechanical simulation is only based on a very small
region due to the limitation of the calculation resource, Figures 14 and 15 demonstrate
the critical role of the Co-enrichment region on the residual stress evolution of the dia-
mond phase, especially for PDCs with high Co content of PCD layers. Moreover, both
Figures 8 and 15 show that the Co content of the PCD layer is critical to the residual stress
of the diamond phase, which has rarely been reported before.

4. Conclusions

Based on the above study, it can be found that the Co content of PCD layers, as well
as the Co-enrichment region at PCD–carbide interfaces are critical to the residual stress
evolution of diamond phases following the HPHT process. This study shows that, by
optimizing the PCD layer material design and tailoring the microstructure of the PCD–
carbide interface, it can be highly possible to precisely manipulate the residual stress of
PDCs in order to improve the lifetime and stability of PDCs in various applications. The
conclusions in this study include:

(1) For HPHT-processed PDCs, the Co content of the PCD layer is found to have a
significant effect on the microstructure evolution of PDCs. When the Co content of the
PCD layer is lower than 20 wt.%, the microstructure of both the PCD layer and carbide
substrate are homogeneous without any noticeable phase segregation. When the Co content
of the PCD layer is more than 20 wt.%, there is noticeable reverse migration of Co from the
PCD layer to the carbide substrate, resulting in the prevalent Co-enrichment regions at the
PCD–carbide substrate interface.

(2) The Co content of the PCD layer is critical to the residual stress evolution of the
diamond phase in PDCs. When the Co content of the PCD layer is lower than 20 wt.%, the
residual stress of the diamond phase at the center of the upper surface of the PCD layer is
compressive. With the increase in Co content, the residual compressive stress gradually
decreases and even develops into tensile stress. When the Co content is more than 20 wt.%,
the tensile residual stress transforms back into a significant compressive stress.

(3) The wide spread Co-enrichment region at the PCD–carbide substrate of PDC with
30 wt.% Co of the PCD layer is the main reason for the transformation of residual stress of
the diamond phase from tensile back into compressive.
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Abstract: The number and the strength of acid sites in catalysts have paramount importance on their
efficiency. In zeolites chemistry, increased content of framework Al in zeolites gives a higher number
of strong acid sites. Their strength can be a disadvantage in catalytic reactions (e.g., methanol to
olefins conversion) due to undesired secondary reactions of coke formation. Here, the Faujasite type
of zeolite with higher content of Al has been used for investigating the role of defects in structure and
inserted (wet impregnation and thermal treatment) metal cations (Mg, Co, Ni, Zn) on the strength of
OH acid sites. Desorption of deuterated acetonitrile, as a probe molecule, was used for OH groups
acid strength measurements at different temperatures (150, 200, and 300 ◦C).

Keywords: porous materials; zeolite X; wet impregnation; Brønsted and Lewis acid site; solvothermal
synthesis

1. Introduction

Modified zeolite Y (ZY) is the most important catalyst used in chemistry for fuel
production via hydrocracking of crude oil (Fluid Catalytic Cracking—FCC). On the other
hand, “green” synthesis of hydrocarbons from CO2 using solid-state acid catalysts, can be
made in several steps, including conversion to CH4 or CH3OH, then to higher alkanes.

ZY is a high-silica zeolite of the Faujasite (FAU) topology. If the content of Al in the
framework increases, it becomes ZX, but there is no widely accepted exact value for the
Si/Al ratio when zeolite Y becomes ZX (the Si/Al ratio range for association to ZX name
varies from 1 to 5, due to different authors).

A large number of articles are dedicated to modifications of ZY with rare-earth cations,
and to understanding its structural characteristics and their correlation to catalytic activity [1].
An increase in efficiency, product selectivity, and longevity are just some of the properties
that we are constantly trying to improve in existing commercially available catalysts. One
of the most popular methods for catalyst modification is increasing the active surface of the
zeolite either by reducing crystal size to nanoscale [2] or creating mesopores in larger crystals
through the usage of mesoporosity templates such as cetrimonium bromide (CTAB) [3,4]
and/or etching solutions [5]. Many of these materials have been further functionalized by the
introduction of cations inside the zeolite framework, but this type of treatment can also lead
to the formation of metal oxide/hydroxide nanoparticles on the zeolite’s internal or external
surface that are also catalytically active [6–8].

Special attention is dedicated to the understanding of the location, number, type,
and accessibility of acid sites in zeolite structures [9], which are needed to fine-tune the
catalytic properties of zeolites. The acid strength of OH groups can be measured using
various probe molecules such as carbon monoxide [10], pyridine, or deuterated acetonitrile
at low-pressure conditions. Even though many papers have reported a detailed analysis
of Brønsted (BAS) and Lewis acid sites (LAS) after various post-synthesis treatments and
modifications [11,12], only a few of them mentioned the effect of position and the cation
species in the framework on the ratio between acid sites (AS).
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Recent papers in the research of zeolites put a lot of emphasis on understanding the
acidity [13] of metal cations in the zeolite framework and how they affect the mechanisms
of chemical reactions. The amount of metal cations in the framework directly influences
the occupancies of specific binding sites [14,15]. Changes in the coordination number and
connectivity of donor atoms directly influence the binding affinity of probe molecules to
the acid sites in the vicinity of the metal center. To further explore this concept and find out
how much it affects specific metal cations, we have chosen three low-silica FAU zeolites of
different crystal morphologies (size as well), with different Si/Al ratios (1.5, 2.0, and 2.3)
and inserted (insert = wet impregnation + consecutive thermal treatment) several cations
into the structure under the same conditions, while keeping the molar ratio of loaded metal
to aluminum (M/Al) around 0.3 (about 60% of acid sites of ZX). To see the difference in acid
strength of OH groups near the positions of exchangeable cations, relatively high loading of
Mg2+, Co2+, Ni2+, and Zn2+ in ZX were investigated by desorption of D3-acetonitrile. These
cations were chosen due to their similar ionic radii (from 69 to 74.5 pm) [16] and the stability
of their II+ oxidation state with a low expectation of forming large amounts of metal oxide,
unlike Fe2+ or Cu2+. Additionally, all of the chosen metals have shown potential for various
applications such as gas storage and catalytic reactions. It is of paramount importance to
better understand chemical and structural factors that affect catalyst acidity and activity in
reactions such as CO2 methanation, isopropilation of phenolic compounds from biomass,
and hydro-dechlorination of chlorinated compounds [17–20].

2. Materials and Methods

2.1. Sample Preparation and Cation Introduction

Here, zeolites were prepared using three different procedures. Nano-crystallites
labeled ZX-n (Si/Al = 1.44) were prepared from the gel of oxide composition 8.0 Na2O:
0.7 Al2O3: 10.0 SiO2: 160.0 H2O [21] while the preparation of crystals with higher Si/Al
ratio, the composition of 4 Na2O:Al2O3:10 SiO2:158 H2O was used [22]. The preparation of
the sample with Si/Al ratio of 2.3 was made using the procedure described by Bosnar et al.
The post-synthesis desilication was performed using 0.2 mol dm−3 basic solution (mixture
of NaOH and TPAOH) [12]. The treatment was carried out at 60 ◦C for 60 min, in a slurry
with a ratio of zeolite to etching mixture 1:33 and the sample was labeled ZX-6060. To get
the crystals with Si/Al ratio of 2.0, after 24 h of synthesis, the gelatinous solution of CTAB
in alkaline water was added to the reaction gel and stirred vigorously until homogenized.
The ratio of CTAB to solvent was 1:1, while the ratio of Si:CTAB was 1:0.4. The rest of the
synthesis was carried out as already written. This sample was labeled ZX-Ct. All types of
synthesized samples were washed, dried at 60 ◦C, and calcined at 550 ◦C for 8 h.

All prepared samples were impregnated using nitrate salts of magnesium(II), cobalt(II),
nickel(II), and zinc(II) dissolved in redistilled water. The ratio of zeolite to a salt solution
was 1:10. Concentration of 1 mol dm−3 was chosen for magnesium and zinc nitrate, while
for the cobalt(II) and nickel nitrate, it was diluted to 0.5 mol dm−3 due to the solution’s
lower pH. The exchange procedure was repeated twice, after which all samples were
thoroughly washed with redistilled water, dried at 60 ◦C, and calcined at 550 ◦C for 6 h.

2.2. Methods of Sample Characterization (PXRD, SEM, FAAS, FTIR, UVVis-DRS)

Powder X-ray diffraction was used for the phase analysis of the synthesized sam-
ples after each modification step. Diffraction patterns were collected using copper Kα

radiation on an Empyrean (Malvern Panalytical, Malvern, UK) diffractometer with the
Bragg–Brentano optics at 2θ angles from 5◦ to 50◦.

High-resolution field emission scanning electron microscope (SEM) images of the
samples were made using a JSM-7000F (JEOL) microscope.

The elemental composition of the samples was measured using Flame Atomic Ab-
sorption Spectroscopy (FAAS) on Aanalyst 200 (Perkin Elmer, Waltham, MA, USA). All
solutions for the analysis were prepared in the accordance with prescribed procedures.
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Qualitative and quantitative analysis of acid sites was determined using Fourier-
transformed infrared spectroscopy (FTIR) on a Frontier (Perkin-Elmer) instrument, in the
transmission mode under the pressure of 5 × 10−5 mBar and resolution of 4 cm−1. Self-
supported pellets (d = 13 mm) for the analysis were prepared from around 10 mg of sample
and activated at 400 ◦C for 3 h. To determine acid site strength, desorption of deuterated
acetonitrile was measured at 25, 150, 200, and 300 ◦C.

The concentration of the specific acid site (Brønsted and Lewis) was calculated from
the integral intensity of the corresponding bands in the IR spectra after adsorption of
CD3CN, using the formula

C
(
μmol g−1

cat

)
=

IA (X)

ε (X)∗ σ
(1)

where IA(X) is the integrated absorbance of the peak of the acid species X (Lewis or
Brønsted), σ is the “density” of the wafer normalized to the value of 10 mg cm−2 (actually
it is wafer thickness after making at predefined pressure of 2 T/cm2), while ε is the molar
extinction coefficient (2.05 ± 0.1 cm/μmol and 3.6 ± 0.2 cm/μmol, for Brønsted and Lewis
acid sites, respectively) as described by Wichterlova et al. [23].

UV–Vis diffuse reflectance spectroscopy (DRS) measurements were made using the
instrument model UV 3600 (Shimadzu, Kyoto, Japan), equipped with Integrating Sphere,
using BaSO4 as standard.

3. Results and Discussion

Comparing the XRD patterns of all three samples (ZX-n, ZX-Ct, and ZX-6060), one
can observe lower intensity but wider peaks of nanocrystals, and there is no significant
difference in the crystallinity of the ZX-6060 and ZX-Ct samples (Figure 1A). According
to SEM photos, the size of nanocrystals is 60–100 nm and can be better seen at higher
magnification (33,000×, insert in Figure 1B). The twin ZX crystals, made with the addition
of CTAB during the synthesis, consist of several smaller fragments (size around 0.5 μm)
and large voids between them (Figure 1C). Changes on the surface of the ZX-6060 sample
after treatment with etching solution are the creation of voids, which are visually similar
to those of ZX-Ct. The difference in surface defects compared to the parent sample can be
seen in the insert of the SEM image in Figure 1D.

All PXRD patterns of samples after cation introduction (except for Mg in ZX-n) display
a decrease in crystallinity compared to the starting material (Figure 2). Despite using a lower
concentration of Co and Ni salts (0.5 M) during wet impregnation, the highest degradation
of ZX structure (amorphization) was observed on systems with Co, due to lower pH caused
by hydrolysis. So, the influence of cation type on ZX structure amorphization is in the
following order Mg < Ni < Zn < Co. The decrease is more pronounced for the samples of
the ZX-n series, which have larger outside crystal surfaces and lower crystallinity to begin
with (lower intensity but wider peaks are a result of much smaller—nanosized—zeolite
crystals). After sample calcination at 550 ◦C, an increase in the peak intensity was observed.
This can be explained by partial reintegration of the silanol nest to framework inducing
the “healing effect” on the structural defects, which were introduced by acid solution
light amorphization of the external crystal surface during wet impregnation. In the case
of insertion of Mg2+ to ZX nanocrystals, crystallinity is even better than that of starting
material, indicating lower amorphization during wet impregnation and a more pronounced
healing effect of (reintegrated) silanol nests. There are no additional peaks between 35◦
and 50◦, which indicates that there is no detectable amount (at least by PXRD technique) of
metal oxide formed on the zeolite internal or external crystal surface [24–27].

The effect of change in Si/Al ratio on OH groups in zeolite is best visible in FTIR
spectra (Figure 3). A comparison of parent samples shows that all of them have a broadband
at ca. 3400 cm−1 which belongs to silanol nests [28], and the intensity of that band increases
with the decrease of the Si/Al ratio (also with a decrease of crystal size). It is surprising for
sample ZX-6060, which was modified by desilication of “solid” micrometer-sized crystals.
It is also an indication that most of silanol nests are close to the external crystal surfaces,
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including mesopores. After the insertion of metal cation into the structure, the intensity of
the band decreases for all samples compared to the parent sample, which indicates more
interactions between inserted cation and silanol nests.

 

Figure 1. XRD patterns of parent samples before cation insertion (A). SEM images of nanocrystals,
ZX-n. Insert—magnification of 33,000× (B). The sample prepared with the addition of CTAB during
synthesis, ZX-Ct (C), and sample exposed to a mixture of NaOH + TPAOH solution and consecutive
thermal treatment (insert—ZX crystals before etching), ZX-6060 (D).

   

Figure 2. XRD patterns for the series of ZX-n (A), ZX-Ct (B), and ZX-6060 (C) samples before and
after wet impregnation (Zn, Ni, Co, Mg) and consecutive thermal treatment. The scale for ZX-n
samples is expanded for better visibility.

Besides the external surface of ZX crystals (determined by the size of crystals and
macro-voids of twin crystals), the intensity of the band at 3745 cm−1 assigned to ν(SiOH),
largely depends on the structural defects of the ZX framework introduced by amorphization
during wet impregnation. The band intensity rises proportionally to the decrease in
crystallinity, as can be confirmed from PXRD patterns in Figure 2.
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Figure 3. FTIR spectra of OH groups in the region from 3800 to 3100 cm−1 of prepared samples
before and after insertion of Mg2+, Co2+, Ni2+, and Zn2+ cations of samples: ZX-n (A), ZX-Ct (B),
ZX-6060 (C), OH groups of used parent samples (D), OH groups of H-form of ZX-(E), an example of
deconvolution of adsorbed acetonitrile FTIR spectra for ZX-Ct-Co sample at 150 ◦C (F).

Traces of metal M-OH stretching can also be observed in other samples. Both ZX-Ct-Co
and ZX-6060-Co have a band at 3675 cm−1 assigned to Co-OH, ZX-Ct-Ni and ZX-6060-Ni
have a Ni-OH shoulder at 3672 cm−1, [29] while ZX-Ct-Zn and ZX-6060-Zn have a shoulder
at 3672 cm−1, as well as another two at 3656 and 3639 cm−1, but one of highest intensities
is at 3646 cm−1, as observed here [30]. Comparing the rest of the acquired spectra to that of
zeolite’s H-form, one can observe that position of bands at 3645 cm−1 matches that of H
positioned in the super cage (Figure 4 position II) and is not present in the samples before
impregnation. Aside from that, samples ZX-Ct-Zn, ZX-6060-Zn, and ZX-6060-Ni also have
the prominent band at 3546 cm−1 matching the protonated bridging oxygen atom in the
sodalite cage (Figure 3 position I’) [31]. Other samples from the ZX-Ct and ZX-6060 series
have the mentioned band, but it is of much lower intensity. It is difficult to differentiate any
peaks in that area from the background noise for the samples of the ZX-n series. The reason
for the presence of protonated bridging atoms is H3O+ generated from hydrolysis of the
used salts (pHs of Zn, Ni, and Co nitrate solutions were between 4 and 5, while Mg(NO3)2
solution has a pH value 5.7) [32,33]. This process is further enhanced by the interaction of
the metal cation with the zeolite framework.

Detailed analysis of the atomic composition of the samples also indicates that there is
a slight deficiency in the positive charge needed to fully compensate negative charge of
the framework (Table 1), as well as slight dealumination caused by an acidic environment
during cation insertion [34–36]. The presence of those acid sites is further confirmed by the
adsorption of D3-acetonitrile.
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Figure 4. FAU structure with marked positions of exchangeable cations.

Table 1. Molar quantity of elements determined by flame atomic absorption spectroscopy (FAAS)
and Si/Al ratio.

Sample O Na Al Si Metal Si/Al

ZX-n-Na 4.64 0.69 0.69 1.00 1.44
ZX-n-Mg 4.99 0.32 0.67 1.00 0.19 1.50
ZX-n-Co 4.15 0.26 0.68 1.00 0.20 1.47
ZX-n-Ni 4.77 0.29 0.67 1.00 0.21 1.50
ZX-n-Zn 4.48 0.18 0.70 1.00 0.23 1.48

ZX-Ct-Na 4.21 0.50 0.50 1.00 1.99
ZX-Ct-Mg 4.44 0.16 0.48 1.00 0.15 2.09
ZX-Ct-Co 4.30 0.18 0.48 1.00 0.15 2.09
ZX-Ct-Ni 4.04 0.15 0.45 1.00 0.14 2.21
ZX-Ct-Zn 4.15 0.15 0.48 1.00 0.14 2.10

ZX-6060-Na 3.94 0.44 0.44 1.00 2.27
ZX-6060-Mg 4.16 0.16 0.43 1.00 0.12 2.27
ZX-6060-Co 3.99 0.17 0.43 1.00 0.14 2.30
ZX-6060-Ni 4.03 0.15 0.44 1.00 0.14 2.28
ZX-6060-Zn 4.09 0.14 0.44 1.00 0.13 2.28

All samples after cation insertion have a band in the range of 2295 to 2298 cm−1 from
D3-acetonitrile adsorbed on type A or B of Brønsted acid sites as described by Pelmen-
schikov et al. [37]. At room temperature, the amount of adsorbed D3-acetonitrile varies
greatly from sample to sample due to surface adsorption. After desorption at 150 ◦C, it
can be observed that samples ZX-Ct-Mg and ZX-Ct-Zn have the highest amount of D3-
acetonitrile still adsorbed on Brønsted acid sites (BAS) out of all samples (Figure 5), but the
strength of those sites differs. ZX-Ct-Zn has by far the largest amount of probe molecules
adsorbed on BAS, but only around 15% of them are strong enough to bind D3-acetonitrile
after desorption at 300 ◦C; while in the ZX-Ct-Mg sample, strong acid sites make almost
50% of all detected Brønsted acid sites. Even though samples with Co and Ni have a
similar amounts of probe molecules adsorbed on BAS compared to Mg and Zn at room
temperature, most of those sites are weak and most of D3-acetonitrile was desorbed at
150 ◦C. The possible reason for that is the tendency of Mg2+ and Zn2+ to occupy site II’ in
the sodalite cage (Figure 4) [38], which leads to the increase in the acidity of the proton
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present near that binding site. A similar effect was already described in the presence of the
Al3+ Lewis acid site (LAS) in the sodalite cage by Li et al. [39].

   

Figure 5. Number of Brønsted acid sites per gram of zeolite for samples after cation insertion,
determined from the amount of desorbed D3-acetonitrile molecules at BAS at 150 ◦C (A), BAS at
200 ◦C (B), BAS at 300 ◦C (C). The legend on graph (C) is valid for all graphs (A–C).

Unlike Brønsted acid sites, all samples have multiple bands of adsorbed probe molecule
that match Lewis acid sites (Figure 5). Those sites can be roughly divided into three dif-
ferent regions: type 1 (from 2303 to 2317 cm−1), type 2 (from 2321 to 2324 cm−1), and
type 3 (around 2327 cm−1). Their ratios vary from sample to sample and they are prone
to shifts and disappearance at higher temperatures due to cation migrations and probe
molecule protonation.

Type 1 sites are caused by the presence of the metal cations in the zeolite framework
and usually consist of one or two bands depending on the number of different sites in
zeolite that accommodate the cation. The number of those LAS does not always increase
with the increase in a number of metal atoms in the framework. For samples exchanged
with Co2+, the number of adsorbed probe molecules on Lewis acid sites at 150 ◦C slightly
decreases with the increase of the Si/Al ratio but the amount of D3-acetonitrile bound to
stronger acid sites stays unchanged for the samples with a Si/Al ratio over 2 (Figure 6).

Comparing the spectra of samples to those of D3-acetonitrile absorbed on H-FAU
we were able to conclude that type 2 sites are related to the presence of H3O+ in the
framework and are the result of protonation of the probe molecule, which is in accordance
with Hadjiivanov [40]. Type 3 sites indicate the presence of extra framework aluminum
(EF-Al) which is further confirmed by the weak band around 3600 cm−1 (Figure 3) [41–43].
The presence of the EF-Al in the framework can propagate the formation of Brønsted acid
sites [44]. If we compare the number of D3–acetonitrile molecules adsorbed on EF-Al Lewis
acid sites between the samples of the ZX–Ct series (Figure 7) it can be seen that even though
samples with Mg, Ni, and Zn have a fairly similar numbers of EF–Al, ZX-Ct-Ni has far
fewer BAS than the other two. That further solidifies the assumption that the increase of
acid site strength is caused by the presence of the exchanged cation in the sodalite cage
rather than the EF–Al.

Changes in the Lewis acidity for these cations indicate that the number of those acid
sites mainly depends on the number of metal cations in the binding sites I’ and II’. Since
the preferred binding site of Co2+ and Ni2+ is site I, it is coordinatively saturated (mostly
by Ox, which means oxygen directly binds to the zeolite framework) and does not allow
binding of D3–acetonitrile to a metal center.

On the other hand, the preferred positions for Mg2+ and Zn2+ are II’ and I’. Therefore,
they occupy the position more accessible (within the alpha cage) for D3-acetonitrile probe
molecules adsorbed to the Lewis site, and the result is a higher number of determined acid
sites (Figure 6).
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Figure 6. Number of specific acid sites per gram of zeolite determined from the amount of adsorbed
D3–acetonitrile molecules at different temperatures: LAS at 150 ◦C (A), LAS at 200 ◦C (B), LAS at
300 ◦C (C). Unspecified acid sites: AS at 150 ◦C (D), AS at 200 ◦C (E), AS at 300 ◦C (F). The legend on
graph C is valid for all graphs (A–F).

   

Figure 7. Dependence of ratio of Brønsted to Lewis acid sites (BAS/LAS) on the Si/Al ratio at 150 ◦C
(A) and 200 ◦C (B). The number of extra framework aluminum (EF-Al) Lewis acid sites (C), obtained
from deconvolution of the band at 2327 cm−1. Si/Al ratio was also calculated from the number of
adsorbed D3-acetonitrile molecules.

If we look at the ratio between probe molecules bound to Brønsted and Lewis acid
sites, it can be seen that all cations create a larger number of BAS than LAS, except Ni2+

which preferably creates more Lewis sites (Figure 7). Approximately linear growth of the
BAS/LAS ratio with the Si/Al ratio at 150 ◦C shows usual behavior at higher temperature:
faster elimination of D3-acetonitrile from LAS than from BAS with increased temperature
of desorption. Additionally, it shows that the most thermally stable systems are the ZX-Ct
series at all temperatures, and systems ZX-n are the most unstable. The availability of BAS
and LAS in ZX-n can be explained by a more open structure (also positions for exchangeable
cations) due to the much larger outer crystal surface.
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The DRS spectra of samples after wet impregnation with Co, Ni, Mg, and Zn are
shown in Figure 8. It is evident that the strongest bands are associated with Co2+ species
in all three ZX samples. Absorption spectra of ZX-Ct-Co and ZX-6060-Co have a band in
the visible region at 520 nm assigned to the 4T1(P) ← 4A2, near 600 nm from 4A2g ← 4T1g

and a broadband from 1000 to 1400 nm from 4T2g ← 4T1g. All of these transitions in-
dicate the presence of octahedrally coordinated [Co(H2O)6]2+ in the binding site III’ in
hydrated samples [45,46]. The shoulder at 620 nm can be attributed to the small amount
of tetrahedrally coordinated Co3+ [47], but the exact amount is hard to determine due
to overlapping with the band at 720 nm from octahedrally coordinated Co2+ at binding
site I [48]. On the other hand, ZX-n-Co has typical tetrahedral triplet bands which did
not disappear, even after being exposed to air moisture for a week [49]. This indicates the
formation of very stable pseudo tetrahedral Co(Ox)3H2O species within the framework
(Ox stands for oxygen directly bound to the zeolite framework). This is in accordance with
the work published by Egerton et al. [50], which mentions the tendency of cobalt(II) to have
tetrahedral coordination at high loadings. All samples have weak bands from 250–400 nm.
The band at 370 nm can be assigned to the presence of Co(OH)2 while the shoulder at
400 nm in ZX–6060–Co and ZX–n–Co samples can be assigned to the mixed cobalt oxide,
Co3O4 [51].

Figure 8. UV–Vis DRS spectra of samples after insertion of Co2+, Ni2+, Mg2+, and Zn2+ cations and
consecutive thermal treatment.

The situation is similar for the samples impregnated with nickel. Sample ZX-Ct-Ni
has a band in the visible region at 400 nm assigned to the 3T1g(P) ← 3A2g and two bands
between 600 and 800 nm from 1Eg ← 3A2g and 3T1g ← 3A2g. All of these transitions
indicate presence of octahedral coordinated [Ni(Ox)6]2+ [52–54] in the binding site I. In
the ZX-6060-Ni and ZX-n-Ni samples, another band at 430 nm can be seen. This is from
Ni(OH)2, which also has an additional band at 384 nm [55,56] that overlaps with those of
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octahedral nickel(II). Weak bands around 300 nm indicate the presence of small amounts
of NiO. Samples containing Mg and Zn have no visible bands in the region from 200 to
1500 nm, so we can only assume that those samples would follow the same trend in metal
coordination. The weak bands at 970, 1180, and 1430 nm come from the zeolite network
and are shown as inserts in Figure 8. This implies that samples with low Si/Al ratio, and
larger accessible surface have a tendency to form a small amount of metal oxide particles,
not detectable by PXRD [57], that have very weak Lewis acid sites. The formation of these
particles also leads to a decrease in the overall number of acid sites.

4. Conclusions

Samples with different Si/Al ratios treated with M2+ salts under the same conditions
were analyzed to determine the strength and number of acid sites. In spite of similar M2+

relatively high loadings, the total amount and ratio between Brønsted and Lewis acid sites
varied greatly. The amount and strength of acid sites were primarily influenced by the
location of the metal cation in the framework (positions II’ and I’ within the sodalite cage),
the amount of structural defects generated by wet impregnation, and the amount of metal
oxide formed during cation insertion.

The structural healing effect is observed for silanol nests after insertion (wet impreg-
nation + thermal treatment) of any of the used Me cations (Mg, Zn, Co, Ni) in all three ZX
samples. The most pronounced example (from PXRD and FTIR data) is the insertion of
Mg2+ cations into nanosized ZX crystals (sample ZX-n-Mg).

Samples ZX-Ct-Mg and ZX-Ct-Zn had the highest amount of strong Brønsted acid
sites, which is explained by an increase of the number of cations in the binding site II’ that
stabilize H+ in the sodalite cage mostly with stable octahedral coordination. Insertion of
Ni2+ in the structure preferably formed more Lewis than Brønsted acid sites, while other
cations had the opposite effect. Furthermore, with the decrease in the Si/Al ratio, the
proportion of BAS/LAS slightly increases, due to the formation of metal oxide particles that
have weak Lewis acidity and whose formation leads to the mitigation of stronger acid sites.
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Abstract: Two different synthesis methods to obtain hierarchical Beta zeolite are investigated: direct
synthesis using cetyltrimethylammonium bromide (CTAB) as a mesoporous template and post-
synthesis desilication by etching with NaOH and TPAOH. The main focus of this study is to show the
possibility of fine tuning of the acid site (OH) strength (Brønsted and Lewis acid sites) through wet
impregnation of these hierarchical Beta zeolites with divalent metal cations (Mg2+, Co2+, Ni2+, Cu2+,
and Zn2+), which are important for various applications. Fourier transform infrared spectroscopy
(FTIR) and deuterated acetonitrile as the probe molecule were used as a powerful technique to
analyze the quantity and number of Brønsted/Lewis acid sites in the modified zeolite Beta structure.
Investigating the influence of different divalent metal cations with a comparable ionic radius on
the acidity of the hierarchical Beta zeolites, the present research aims to shed light on the structure–
activity relationship that determines their catalytic behavior, for the development of efficient and
environmentally friendly catalysts for various industrial applications.

Keywords: hierarchical zeolite Beta; Brønsted acid site; Lewis acid site; FTIR spectroscopy

1. Introduction

In recent years, the design and synthesis of advanced materials with tailored properties
have become imperative. The unique physicochemical properties of the zeolites, such as
their controlled acidity, adsorption capacity, ion-exchange properties, and thermal stability,
as well as uniform channels and cavities crystallographically ordered in size and position,
determine their effectiveness in catalytic processes. As a solid acid catalyst, zeolite plays
an irreplaceable role and is currently the most widely used solid acid catalyst in the
petrochemical and fine chemical fields [1–3]. The H+ from the OH group connected to the
framework aluminum atom in zeolite can act as a proton donor, thus playing the role of
a Brønsted acid site (BAS). The weaker acid sites dominantly come from non-framework
aluminum and other balancing cations and act as Lewis acid sites (LAS) [4].

Despite the microporous structure, there are limitations that decrease the efficiency
of zeolite as a catalyst. One of the greatest obstacles is intracrystalline diffusion of re-
actants and products during the process of catalysis. Such limitations can be avoided
creating mesoporous voids in microcrystals, shortening the diffusion path. There are
two approaches to increase the available number of active OH groups at the internal and
external surface of crystals: a decrease in the particles size to nanosize and the creation
of mesopores in micron-sized crystals by direct synthesis or by postsynthesis etching
(desilication/dealumination) [5].

The primary focus lies in comprehending the precise positioning, quantity, catego-
rization, and ease of access to acid sites within zeolite structures. This understanding is
crucial for the meticulous adjustment of zeolites’ catalytic attributes. For example, “green“
syntheses of hydrocarbons from CO2 using solid-state acid catalysts (zeolite) can be made in
several steps, including conversion to CH3OH, then to higher olefins (methanol to olefins-
MTO). MTO conversion is a typical acid-catalyzed reaction. The active intermediates, e.g.,
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polymethyl benzenes and the corresponding carbenium ions, can be formed at the BAS
and induce the MTO conversion. On the other hand, coke compounds are formed faster at
the BAS, causing catalyst deactivation [6,7].

For the characterization of zeolite and zeotype materials, among the different vibra-
tional techniques, such as infrared (IR), Raman, inelastic neutron scattering (INS), and
electron energy loss spectroscopy (EELS), to date, the most used is IR [8]. The acid strength
and accessibility of OH groups can be measured using various probe molecules such as
pyridine [9], carbon monoxide [10], and different nitriles [11] in low-pressure conditions
and studied by transmission Fourier transform infrared spectroscopy (FTIR). Acetonitrile
(CH3CN) appears to be an attractive probe for zeolite acidity study since it can be attached
to strong and weak AS and show the difference between them [12]. Since the acetonitrile
C≡N spectral region is strongly influenced by the Fermi resonance between the symmetric
C≡N stretching and the combination of symmetric CH3 deformations and symmetric C–C
stretching, deuterated acetonitrile (CD3CN) is used instead.

In particular, zeolite Beta is a versatile and widely used zeolitic material, and its acid
properties were studied by several authors [13–15]. In those studies, the strength and
accessibility of different acid sites were investigated by IR spectroscopy, using weakly basic
CO as a probe molecule. The authors found that CO readily interacts with different OH
groups, shifting the positions of the vibrational bands. Based on the shift of the bands, it is
possible to finely distinguish the strength of the acid sites, indicating their heterogeneity in
the zeolite framework.

This paper explores two distinct synthesis methods for generating hierarchical Beta
zeolite: one through the use of cetyltrimethylammonium bromide (CTAB) as a mesoporous
template during synthesis [16], and the other is a post-synthetic treatment using a mixture of
sodium hydroxide (NaOH) and tetrapropylammonium hydroxide (TPAOH) [17] solutions
to etch the parent crystals.

The primary focus of this study is to show how a different way of zeolite Beta prepa-
ration can influence the strength of acid sites (Brønsted and Lewis AS) through wet im-
pregnation of these hierarchical Beta zeolites with divalent metal cations (Mg2+, Co2+,
Ni2+, Cu2+, and Zn2+), which can be important in various catalytic/industrial applications.
For example, zeolite beta catalyzes different types of reactions, such as (trans)alkylations,
acylations, isomerizations, disproportionations, cracking, etc. [18–23], while metal ex-
changed/impregnated beta shows catalytic activity in NOx decomposition [24,25], acetone
and methanol conversion to hydrocarbons [26,27] or oxidation of different organic com-
pounds [28,29]. Also, the aim of this research is to shed a light on the structure–reactivity
relationship governing the zeolite Beta acid strength, through design and development of
efficient and environmentally friendly materials.

2. Materials and Methods

2.1. Zeolite Beta Synthesis and Cations Insertion

NaOH, NH4NO3, Mg(CH3COO)2×4H2O, Co(CH3COO)2×4H2O, Ni(CH3COO)2×4H2O,
Cu(CH3COO)2×H2O, and Zn(CH3COO)2×2H2O were obtained from Kemika, Zagreb,
Croatia. Tetraethylammonium hydroxide (TEAOH), tetrapropylammonium hydroxide
(TPAOH), Al(i-OPr)3, colloidal silica (Ludox HS-40) and cetyltrimethylammonium bromide
(CTAB) were purchased from Sigma Aldrich, St. Louis, MO, USA.

Two different mesoporous parent zeolites, HB-1 and HB-C, were prepared using
two different procedures from the similar Si/Al ratio in the gel composition.

Nano-crystallites of Beta zeolite were prepared by classical hydrothermal synthesis
from the gel of oxide composition 2 Na2O × 30 (TEA)2O × Al2O3 × 165 SiO2 × 1980 H2O
adopted from [30]. The synthesis was made in Teflon-lined autoclaves as a one-pot synthesis
in the following way: after the addition of an aqueous solution of NaOH, redistilled water,
35 wt% aqueous solution of tetraethylammonium hydroxide (TEAOH), and Al(i-OPr)3,
mixture was stirred using magnetic stirrer until complete hydrolysis (about 30 min). Then,
there was the addition of colloidal silica (Ludox HS-40) and stirring for 24 h, followed by
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heating for 5 days at 100 ◦C and 24 h at 150 ◦C. The obtained product was washed, dried,
and slowly calcined at 600 ◦C in the stream of air. The H-form of the samples, labeled
as HB-0, were obtained by ion exchange with NH4NO3 (c = 0.8 mol dm−3) followed by
calcination. The post-synthesis desilication was performed using a mixture of NaOH and
TPAOH (c = 0.2 mol dm−3). The treatment was carried out at 65 ◦C for 30 min, with a ratio
of zeolite to etching mixture of 1:30. Finally, parent material (labeled HB-1) was obtained
by 2 cycles of ion exchange with NH4NO3 and calcination as described above.

Direct synthesis of hierarchically structured zeolite Beta was made using cetyltrimethy-
lammonium bromide (CTAB) as a mesoporous template. The oxide form of the chemical
composition of the starting mixture was

2 Na2O × 30 (TEA)2O × Al2O3 × 165 SiO2 × 1980 H2O × 10 CTAB

After stirring for 24 h at room temperature, reaction mixture was transferred into the
Teflon-lined autoclave and heated for 5 days at 100 ◦C and 2 more days at 150 ◦C. The
obtained product was washed, dried, and slowly calcined at 600 ◦C in the stream of air. The
H-form of the samples was obtained by 2 cycles of ion exchange (0.8 mol dm−3 NH4NO3)
followed by calcination. Obtained material was labeled as HB-C.

All prepared samples were impregnated using acetate salts of magnesium(II), cobalt(II),
nickel(II), copper(II), and zinc(II) dissolved in redistilled water. The molar ratio of a zeolite
to a salt solution was calculated to have M(II)/Al = 4. A concentration of 0.5 mol dm−3 was
chosen. The cation exchange procedure was carried out at 60 ◦C with stirring and repeated
three times, after which all samples were thoroughly washed with redistilled water, dried
at 60 ◦C, and calcined at 350 ◦C with a ramp of 2 ◦C per minute for 180 min.

2.2. Methods of Sample Characterization

Powder X-ray diffraction (PXRD) was used for the phase analysis of the synthesized
samples after each modification step. Diffraction patterns were collected using copper Kα

radiation on an Empyrean (Malvern Panalytical, Malvern, UK) diffractometer with the
Bragg–Brentano optics at 2θ angles from 5◦ to 50◦, as well as from 0.5◦ to 5◦.

The elemental composition of the samples was measured using Flame Atomic Ab-
sorption Spectroscopy (FAAS) on Aanalyst 200 (Perkin Elmer, Waltham, MA, USA). All
solutions for the analysis were prepared in accordance with prescribed procedures.

UV–Vis diffuse reflectance spectroscopy (DRS) was applied to identify metal species.
Measurements were made using the instrument model UV 3600 (Shimadzu, Kyoto, Japan),
equipped with Integrating Sphere, and using BaSO4 as standard.

The size and the morphology of the crystals were observed using a high-resolution
field emission scanning electron microscope (FE-SEM) model JSM 7000F (JEOL,
Tokyo, Japan).

Textural properties were determined by isothermal adsorption of nitrogen at 77 K,
after a pre-treatment in a vacuum at 250 ◦C for 12 h (Autosorb iQ3, Anton Paar, Graz,
Austria). The specific surface area was determined using the Brunauer–Emmett–Teller
(BET) method. Micropore volumes and the micropore surface area were obtained using the
t-plot method. Pore size distribution was calculated by non-linear DFT (NLDFT) method,
using N2 at 77 K on silica with cylindrical/spherical pores as a model.

Qualitative and quantitative analysis of acid sites was performed using Fourier trans-
formed infrared spectroscopy (FTIR) on a Frontier (Perkin-Elmer) instrument, in the trans-
mission mode under the pressure of 5×10−5 mbar and resolution of 4 cm−1. Self-supported
pellets (d = 13 mm) for the analysis were prepared from around 5 mg of sample and ac-
tivated at 350 ◦C for 3 h. To determine acid site strength (AS), desorption of deuterated
acetonitrile (CD3CN) was measured at 100, 150, 200, and 300 ◦C. The concentration of the
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specific acid site (Brønsted and Lewis) was calculated from the integral intensity of the
corresponding bands in the IR spectra after the adsorption of CD3CN, using the formula

C
(
μmol g−1

cat

)
=

IA(X)

ε(X)× σ
(1)

where IA(X) is the integrated absorbance of the peak of the acid species X (Lewis or Brøn-
sted), σ is the “density” of the wafer (actually it is wafer thickness after making at predefined
pressure of 1.25 T cm−2), while ε is the molar extinction coefficient (2.05 ± 0.1 cm μmol−1

and 3.6 ± 0.2 cm μmol−1, for Brønsted and Lewis acid sites, respectively) as described by
Wichterlová et al. [31].

3. Results and discussion

3.1. Powder X-ray Diffraction (PXRD)

PXRD profile of all samples is consistent with the standards available in the database
of the International Zeolite Association relative to Beta zeolite phases. XRD patterns of
the two different parent samples (HB-1 and HB-C) modified with divalent metal cations
are presented in Figure 1, showing no differences in the diffraction patterns of the zeolites,
indicating that the metal incorporation did not alter the zeolitic structure.

 

 

Figure 1. PXRD patterns of HB-0 (H-form of untreated parent zeolite) and HB-1 (desilicated zeolite)
series (left) and HB-C (zeolite synthesized using CTAB) series (right).

However, increase in the intensity of the diffraction maxima in HB-1 series upon
loading of metal cations can be explained by the “healing” effect of the impregnation
procedure. Desilication (etching) with a NaOH/TPAOH solution creates defects (silanol
nests) and possibly some amorphous debris. After the process of wet impregnation,
subsequent washing, and slow calcination, part of the structural defects is “healed”, and
the intensity of healing depends on the type of metal cation used. At the same time, if
present, the amorphous content is removed. Therefore, samples become more structured,
that is, more crystalline as evidenced by the increase in the intensity of XRD signals.

Furthermore, no additional peaks between 35◦ and 50◦ were observed indicating
that samples do not contain any crystalline impurities, such as metal oxides, within the
detection limits of the PXRD method.

Low-angle powder X-ray diffraction patterns of the calcined parent—mesostructured
zeolite Beta prepared using CTAB (HB-C)—and modified HB-C are shown in Figure 2. They
clearly show a characteristic, yet relatively broad, low-angle peak around 1.6◦, indicating
the presence of mesopores in the materials. However, the breadth of the peak suggests that
mesopores do not have significant order. Nevertheless, mesopores remain present after wet
impregnation with the aqueous solutions of metal salts.
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Figure 2. Low-angle diffraction patterns of samples synthesized with CTAB (parent HB-C) and
modified by wet impregnation with cations (Mg2+, Co2+, Ni2+, Cu2+, and Zn2+).

3.2. Scanning Electron Microscopy (SEM)

The nano-particles of zeolite Beta—HB-1 series of samples (Figure 3)—are spherical
and have only one morphology. Wet impregnation followed by calcination did not alter
the primary morphology of the parent sample HB-1. The particle size mainly falls within
the range of 80 to 180 nm. In this series of samples, no impurities were found in terms
of significantly larger-sized particles. During the drying process, the particles tend to
aggregate into weak large agglomerates that can be several tens of micrometers in size
as shown in Figure 4 (left). The SEM images provided show no significant influence
of cation insertion on the morphology and dimensions of the MHB-1 particles. While
agglomerated particles consist of even smaller crystallites, revealing a rough surface at high
magnifications, their real size can only be estimated (Figure 4, right). Based on the high
magnification SEM images, it can be argued that even nano-particles are polycrystalline.
They are not smooth, exhibiting a rough surface, indicating a higher external surface area,
which is confirmed by the BET analysis. Furthermore, relatively broad diffraction maxima
of both HB-1 and HB-C series (Figure 1) point out that the crystallites, or more precisely
crystalline domains, are smaller in size, corroborating findings from the SEM images.

On the other hand, the particles in the HB-C series (synthesized with CTAB, Figure 5)
are much bigger, micrometer size, and contain a small amount of gel. Just a little longer time
of synthesis (e.g., 8 h) results in the appearance of analcime and quartz crystals. In order
to avoid it, a new procedure for synthesis of pure zeolite Beta was made, see Section 2.1.
In samples impregnated with Mg(II), Ni(II), and Zn(II) acetate salts, a small quantity of
material (gel) shows morphology of irregular thin sheets. So, from the diffraction patterns
(Figure 1), the samples of the HB-C series show slightly lower crystallinity compared to the
HB-1 series. The morphology of the parent (HB-C) sample and the samples impregnated
with metal cations slightly differ. Although the rough surface of these particles is not
immediately visible at lower magnifications, it becomes clear at higher magnifications
(Figure 6), where agglomerates of nanometer-sized crystals are clearly visible. The particles
in the HB-C series have a size in the range of 400–1300 nm (Figure 5) and are composed
of much smaller crystallites whose size spans between 20–50 nm. These fine particles are
better expressed in CuHB-C and CoHB-C samples (Figure 6).
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Figure 3. Photos of zeolite Beta nanocrystals modified by wet impregnation with cations (Mg2+, Co2+,
Ni2+, Cu2+, and Zn2+) at magnification of 50,000×.

 

Figure 4. Photos of zeolite Beta nanocrystals modified by wet impregnation: irregular aggregates of
CoHB-1, and NiHB-1 at large magnification of 100,000×.
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Figure 5. Photos of zeolite Beta crystals synthesized with addition of CTAB; parent (HB-C) and
samples modified by wet impregnation with the following metal-acetate salts: MgHB-C, CoHB-C,
NiHB-c, CuHB-C and ZnHB-C; at magnification of 33,000×.

3.3. UV Vis Spectroscopy

The DRS UV-Vis spectra of zeolite Beta samples prepared via the wet impregnation
method are shown in Figure 7. The spectrum of CoHB-1 reveals a band at 515 nm which
may be attributed to [Co(H2O)6]2+ species in octahedral coordination. There are also broad
bands around 300 nm likely related to the oxygen-to-metal charge transfer, in line with
earlier reports on the framework Co2+ in Co-MFI and Co-APO-5 structures [32]. Moreover,
the pink color of the samples also confirms the presence of octahedral Co(II) species. Sample
CoHB-C contains additional bands occurring at about 525, 600, and 660 nm, and those are
consistent with the formation of isolated pseudo-tetrahedral Co(II) species [32–34].
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Figure 6. High magnification photos of zeolite Beta synthesized with addition of CTAB nanocrystals
(a) and modified by Cu(II) (b) and Co(II) acetates (c,d).

DRS UV–Vis spectra of light green nickel-containing Beta zeolite samples look very
similar and contain characteristic bands (at 405, 660, and 740 nm) related to mononuclear
Ni2+ in octahedral coordination [35]. The shoulder visible in the spectra of sample NiHB-1
at around 300 nm indicates the presence of a small amount of NiO [35].

The DRS UV–Vis spectra, recorded for the Cu-modified Beta after calcination at 350 ◦C
in the stream of air, reveal the presence of monomeric Cu2+ species. Those species are
characterized with a strong absorption below 400 nm, with maxima at 230 nm [34,36].
Both samples display a broad band from 560 nm up to 1200 nm, and it is assigned to d–d
transitions of isolated of Cu2+ ions in the distorted octahedral coordination. A weak band
in a region between 380 and 600 nm can be attributed to CuO and [Cu-O-Cu]2+ species [37].
According to PXRD patterns, there is no evidence of CuO, but the blue color of the sample
also indicates that only Cu2+ (mainly monomeric) exists in the zeolite framework probably
due to the better accessibility of the ion-exchange positions in the material [38].

Finally, the very weak band for sample CuHB-C after FTIR centered at approximately
430 nm is assigned as the Obridge-Cu charge transfer transition of bis(μ-oxo)dicopper [39].
It was found that there is an optimal calcination temperature region (280–700 ◦C) needed
to form the copper species responsible for the 440 nm band starting from a hydrated
sample [40].

Samples containing Mg2+ and Zn2+ have no visible bands in the region from 200 to
1500 nm, so we can only assume that those samples would follow the same trend in metal
coordination (PXRD shows that there are no metal oxides). The bands in the region between
1100 and 1430 nm are attributed to the zeolite network.
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Figure 7. DRS UV-Vis spectra of metal-containing samples (a–e) and PXRD patterns of CuHB-1
sample before and after FTIR experiment (after desorption of CD3CN at 300 ◦C) (f).

3.4. FTIR Spectroscopy

The FTIR spectra of activated HB-1 zeolite, shown in Figure 8 (top), exhibits strong
bands at 3745 and 3735 cm−1, associated with isolated external and isolated internal Si-OH
groups [41] and weak bands at 3667 cm−1 attributed to Al-OH groups of extra-framework
aluminum (EFAL), at 3608 cm−1 related to bridging hydroxyls Si–O(H)–Al, and a band at
3550 cm−1 related to H-bonded Si-O(H)-Si groups [41–43]. The similar intensity of the bands
at 3745 cm−1 and 3735 cm−1 for metal-impregnated samples in the HB-1 series, except for
the sample impregnated with Mg2+ cations, which has a higher intensity, indicates that
Mg2+ cations tend to generate more OH groups which directly bind to Mg.

In comparison to HB-1, the samples of HB-C have considerably weaker bands at
3745–3734 cm−1 and very weak bands at 3605 cm−1 and 3550 cm−1. Generally, the smaller
size of nanocrystals (HB-1) and structural defects generated by etching (desilication) are
responsible for the larger number of terminal OH groups (silanol nests).

To determine the nature, number, and strength of acid sites of parents and modi-
fied, divalent metal-containing samples, the desorption FTIR spectra of adsorbed CD3CN
(deuterated acetonitrile), as a probe molecule, were recorded. First, the samples were
activated under vacuum at 350 ◦C to eliminate all the water present in the materials. Then,
deconvoluted spectra of CD3CN desorption at different temperatures (100 ◦C, 150 ◦C,
200 ◦C and 300 ◦C) were used for calculation of the number of specific acid sites (BAS and
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LAS) using Equation (1). An example of MgHB-1 sample spectra recorded at different
temperatures of CD3CN desorption and its deconvolution is shown in Figure 9.

 

  

Figure 8. FTIR spectra of OH groups in the region from 4000 cm−1 to 3200 cm−1 of the samples after
activation in a vacuum at 350 ◦C for 3 h of parents (top) and modified by wet impregnation with
a solution of M(II) acetates: nanocrystals HB-1 series (left) and mesoporous crystals HB-C series
(right).

  

Figure 9. FTIR spectra of adsorbed CD3CN in the region from 2390 cm−1 to 2220 cm−1 of nanocrystals
impregnated with Mg2+ (MgHB-1) at different temperatures (left) and deconvolution of spectra
recorded at 100 ◦C (right).
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All samples have multiple bands of the adsorbed probe molecule (CD3CN) in the
range of 2390 cm−1 to 2220 cm−1, covering the Lewis and Brønsted acid sites. At room
temperature, the amount of adsorbed CD3CN varies greatly from sample to sample due to
surface adsorption. The fundamental band of νs(CD3) and νas(CD3) of CD3CN in the liquid
phase are at 2250 cm−1 and 2114 cm−1, respectively. The stretching mode of ν(C≡N) is a
band at 2265 cm−1. Acetonitrile is a weak base and interacts with the acid sites via the lone
electron pair of the C≡N group. While both modes of ν(CD3) are not significantly changed
after the adsorption of acetonitrile on acid sites, the strength of binding of acetonitrile to
acid sites is reflected in the shift of the stretching mode of ν(C≡N) to higher frequencies [44].
The characteristic bands of adsorbed acetonitrile were attributed to acid sites of different
natures: two bands of Lewis acid sites (LAS) at 2330–2320 and at 2315–2305 cm−1 and a
band of Brønsted acid sites (BAS) at 2297 cm−1, or at a slightly higher frequency (2300 cm–1)
due to inserted metal cations. The low-intensity bands at 2280–2275 cm−1, 2265 cm−1,
and 2255–2245 cm−1 are assumed to correspond to the acetonitrile C≡N group bonded
to terminal Si-OH groups or defect sites, physisorbed acetonitrile, and to C-D vibrations,
respectively, as assigned by Otero Areán et al. [45].

Since the parent samples do not have a band at 2315 cm−1, and the amount of BAS
is larger than LAS (desorption of CD3CN at 100 ◦C, Figure 1), it is easy to conclude that
M2+ cations inserted to crystals were responsible for the increased amount of LAS, which
prevails. The exceptions are both systems with Cu2+ inserted (CuHB-1 and CuHB-C,
Figure 10e), where the total amount of AS is lowest.

   

   

Figure 10. Relative content of specific acid sites (BAS and LAS) calculated from deconvoluted spectra
of desorption of CD3CN at different temperatures (100 ◦C, 150 ◦C, 200 ◦C, and 300 ◦C) for HB-1 and
HB-C series (a–f).

If we compare the amount of BAS of HB-1 and the metal-impregnated HB-1 series
after desorption of the probe molecule at 100 ◦C, all samples except MgHB-1 have less
BAS than the parent HB-1. NiHB-1 has by far the smallest amount of probe molecules
adsorbed on BAS at 100 ◦C, and only 13% of them are strong enough to bind CD3CN after
desorption at 300 ◦C; while the MgHB-1 sample has by far the largest amount of BAS and
22% of all Brønsted acid sites detected are still bound to zeolite at 300 ◦C, just as in the
parent sample. In contrast to the Brønsted acid sites, all metal-impregnated samples have
multiple bands of adsorbed probe molecules corresponding to Lewis acid sites (Figure 10).
HB-1 has only one band, as mentioned above. The amount and strength of these sites differ
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drastically. All metal-impregnated HB-1 samples except the sample with copper, which has
less BAS and LAS than the parent material, have at least 40% more LAS after desorption of
D3-acetonitrile at 100 ◦C. Even the sample impregnated with Cu2+ has a very low amount
of LAS, 80% of which is strong. For the samples exchanged with Co2+, Zn2+, and Ni2+,
the number of adsorbed probe molecules at the Lewis acid sites barely differs at 150 ◦C
and 200 ◦C, which is also observed for the parent samples HB-1. Finally, only the samples
impregnated with Mg2+ and Co2+ have a higher total amount of acid sites than the parent
material. Moreover, a large influence of the metal cation on the ratio of BAS/LAS in the
sample NiHB-1 was observed.

For the HB-C series, it is obvious that all metal-impregnated samples have less BAS
than the parent material. Like NiHB-1, the sample NiHB-C has by far the lowest amount of
BAS. At 150 ◦C, only 50% of the probe molecules are still adsorbed, and after desorption at
300 ◦C, only 6% of them are still adsorbed.

Comparing the samples prepared by different procedures, some interesting pecu-
liarities could be observed. For example, the HB-1 series, prepared by post-synthesis
treatment with NaOH/TPAOH, have more acid sites except for the Zn2+ exchanged sample
(Tables S1–S4). More acid sites in the HB-1 series are generated by desilication and conse-
quentially its larger specific surface area and pore volumes. Also, there is more Al atoms in
HB-1 than in the HB-C series (Table 1).

Table 1. Surface characteristics of samples determined using the N2 adsorption–desorption method,
and element ratios (Si/Al, M/Al) in the samples determined using AAS.

SAMPLE
SBET

(m2g−1)
Vtotal

a

(cm3g−1)
Vmicro

b

(cm3g−1)
Smicro

b

(m2g−1)
Sext

b

(m2g−1)

Vmeso
c

(cm3g−1)
Si/Al d M/Al d

HB-0 548 0.271 0.183 478 71 0.088 25.4 /

HB-1 674 0.527 0.118 278 397 0.409 13.9 /

MgHB-1 645 0.491 0.121 286 358 0.370 20.8 0.54

CoHB-1 658 0.525 0.123 293 365 0.402 20.6 0.58

NiHB-1 620 0.518 0.119 249 370 0.399 20.9 0.51

CuHB-1 618 0.503 0.115 275 343 0.388 21.2 0.95

ZnHB-1 621 0.489 0.122 291 330 0.367 20.2 0.60

HB-C 558 0.486 0.084 202 369 0.402 31.3 /

MgHB-C 471 0.407 0.055 131 340 0.352 31.6 0.50

CoHB-C 509 0.437 0.077 185 324 0.360 31.5 0.59

NiHB-C 519 0.443 0.084 199 320 0.359 31.9 0.50

CuHB-C 478 0.415 0.073 173 305 0.342 32.0 1.00

ZnHB-C 429 0.382 0.050 119 309 0.332 29.6 0.58
a total volume at p/p0 = 0.95; b calculated using t-plot method; c Vmeso = Vtotal − Vmicro; d molar quantity of
elements determined by flame atomic absorption spectroscopy.

Although the HB-1 series has a relatively large total number of LAS, only the minor
part (19 to 35%) of these sites are present after desorption of CD3CN at 300 ◦C, excluding
the CuHB-1 sample. In contrast to HB-1, HB-C samples have a larger percentage (25 to 71%)
of the strongest LAS.

When we compare the number and strength of BAS, parent and Cu2+ impregnated
samples of HB-1 and HB-C are almost the same. However, the HB-C series has a greater
number of the strongest BAS in Co2+, Cu2+, and Zn2+ impregnated samples, with MgHB-1
as an outlier.

In samples impregnated with Cu2+ ions, a drastic reduction of Brønsted and Lewis ac-
tive sites was observed. In the FTIR spectra, a band appears at 2325 cm−1 as a consequence
of the interaction between CD3CN and extra-framework aluminum. In the literature, it is
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explained that the classical ion-exchange procedure, i.e., starting from Cu2+ salt, can lead
to divalent oxocations, e.g., [Cu–O–Cu]2+ which can be located only in the vicinity of a pair
of nearby Al sites. Theoretically, Al pairs can be significantly present only in zeolites with a
low Si/Al ratio, and calculations have shown their possible existence in ZSM-5, mordenite,
and ferrierite, providing coordination sites for divalent metal oxocations [46]. For high
Si/Al ratios, charge compensation must follow other ways, and can be achieved, e.g., by
OH− groups, resulting in monovalent [Cu–OH]+ complexes.

The mechanism for the “self-reduction” of Cu2+ under vacuum or inert flow is thought
to start from the dehydration of two [Cu–OH]+ ions located close to one framework Al [47].
There is a possibility that Cu+ in the samples is formed via autoreduction of [CuOH]+

during the vacuum pretreatment [22]. In the literature, the “blocking effect” of the active
sites is explained by the formation of a strong complex between the Cu2+ cation and probe
molecule (CD3CN) during its introduction into the zeolite framework [47].

3.5. Textural Properties—Porosimetry (N2 Adsorption/Desorption)

The N2 adsorption–desorption isotherms used to estimate the textural properties of
all samples studied are shown in Figure 11a,c, and the data are listed in Table 1. As can be
seen in Figure 11, HB-0 shows a typical type I isotherm, reflecting its intrinsic microporous
structure. Other samples obtained by etching (HB-1 series) or by using the surfactant CTAB
(HB-C series) during synthesis show a composition of a type I and IV isotherm with a
hysteresis loop.

Figure 11. N2 adsorption/desorption isotherms at −196 ◦C of the (a) nanocrystals (HB-1 series) and
(c) microcrystals (HB-C series). The corresponding NLDFT pore size distribution of (b) HB-1 series
(including HB-0) and (d) HB-C series.

These samples show gradual but continuous increasing curves after a steep increase
due to the filling of the micropores in the low relative pressure region (p/p0 < 0.01). At
a relative pressure of 0.4–0.98 p/p0, the desorption branch was significantly higher than
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the adsorption branch, along with the occurrence of capillary condensation, leading to the
hysteresis loop. These analyses confirm a micro-meso hierarchical porous structural feature.
The HB-1 series shows a hysteresis loop typical of a non-uniform pore size distribution
(Figure 11b).

Pore size distributions were estimated using the NLDFT method on the adsorption
branch of the isotherms using nitrogen on silica, sphere-cylindrical pore and show a pore
size distribution where the mesopore diameters are in the range from 3 to 8 nm (Figure 11d).

The mesopores in the HB-1 series samples (Figure 11b) are widely dispersed in the
range of 2–10 nm and can be attributed to inter-nanocrystals voids in the aggregates after
etching (Figure 4).

The desilication of HB-0 results in an increase in the total specific surface area and
substantial increase in the external surface area. The micropore volume decreases with the
development of mesoporosity, with the mesopore volume almost five times higher than the
microporous HB-0.

As expected, the subsequent introduction of divalent metal cations leads to a notable
decrease in the total volume of both systems (HB-1 and HB-C). It is explained by the
shadowing effect of inserted M2+ cations (column Vtotal in Table 1).

The mesopores in HB-C are well defined and open to the external surface of the
crystals, which is important for improving the accessibility of the inner parts of the crystals.

It is evident that wet impregnation of HB-1 with divalent metal acetates leads to partial
dealumination (an increase in the Si/Al ratio), which is not observed with the impregnation
of HB-C. This is due to the presence of a certain amount of extra-framework aluminum at
the surface of the etched sample which can be easily separated from the zeolite structure
under acidic conditions [29].

4. Conclusions

Insertion of metal cations (Mg2+, Co2+, Ni2+, Cu2+, Zn2+) into hierarchical zeolite Beta
crystals strongly influence the acidity of OH groups; increasing the amount of LAS and
decreasing the amount of BAS in comparison to parent crystals. Generally, etched samples
(HB-1) have more structural defects including “silanol nests”, and it seems that Mg2+ and
Co2+ cations better fit to these defects and have more AS than the parent, confirming the
findings of Medak et al. [33] in a study of zeolite FAU.

It is difficult to determine from these experiments what happens within the copper-
containing samples. However, under conditions of the adsorption/desorption experiment
of CD3CN in a vacuum, an irreversible formation of the new copper species occurs, as
clearly observed in the DRS UV-Vis spectra. Considering that the amount of BAS and LAS
significantly deviates from the trend followed by samples impregnated with other divalent
cations, it is very likely that during heating in a vacuum and saturation with CD3CN vapor,
there is an inactivation or blocking of access to the active sites which are not occupied by
copper. This is likely because the metal center fills its coordination sphere with acetonitrile
molecules, forming a stable complex, and the size of the Beta zeolite channels allows for
the formation of such complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14010053/s1, Tables S1–S4: number of acid sites calculated
from deconvoluted spectra of desorption of CD3CN for HB-1 and HB-C series at 100, 150, 200 and
300 ◦C.
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Abstract: Herein, we present the investigation of catalytical and fluorescence properties for Ni11(HPO3)8(OH)6
materials obtained through a hydrothermal approach. As part of the constant search for new
materials that are both cost effective and electrocatalytically active for the oxygen evolution reaction
(OER) in alkaline medium, the present study involves several graphite electrodes modified with
Ni11(HPO3)8(OH)6 mixed with reduced graphene oxide (rGO) and carbon black. The experimental
results obtained in 0.1 mol L–1 KOH electrolyte solution show the electrode modified with rGO,
5 mg carbon black and 1 mg nickel phosphite as displaying the highest current density. This
performance can be attributed to the synergistic effect between nickel phosphite and the carbon
materials. Investigation of the electrode’s OER performance in 0.1 mol L–1 KOH solution revealed a
Tafel slope value of just 46 mV dec–1. By increasing the concentration to 0.5 and 1 mol L–1, this value
increased as well, but there was a significant decrease in overpotential. Fluorescence properties were
analyzed for the first time at the excitation length of 344 nm, and the observed strong and multiple
emissions are described.

Keywords: nickel phosphite; carbon; oxygen evolution reaction; fluorescence

1. Introduction

Due to growing environmental pollution concerns from vehicles and industry, and the
rapid consumption of fossil fuels, the need to satisfy the demand for sustainable and clean
energy resources has attracted great interest, and it has become an increasing preoccupation
of the research and development field [1]. Since hydrogen is considered a clean energy
source, water splitting using a photoelectric or electric current is widely regarded as an
encouraging approach to obtain eco-friendly fuel for tomorrow’s energy supply [2,3]. As
an example, electrocatalytic water splitting is viewed as a very convenient and environmen-
tally friendly technology for generating oxygen and hydrogen to supply PEMFC-driven
vehicles [4]. Electrochemical water splitting is a process that implies the dividing of the
H2O molecule into H2 and O2, with both resulting molecules being considered as fuels
with zero carbon emission [5].

Basically, there are two unfolding half-cell reactions: at the anode, water splits into O2
gas through the oxygen evolution reaction (OER), while, at the cathode, H2 gas evolves via
the hydrogen evolution reaction (HER) [6]. The HER is catalyzed with a very facile kinetics,
but the OER requires more energy, since it is a four-electron reaction [7,8].

Crystals 2022, 12, 1803. https://doi.org/10.3390/cryst12121803 https://www.mdpi.com/journal/crystals79
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Theoretically, the electrochemical potential for O2 evolution is 1.23 V vs. the Normal
Hydrogen Electrode, but in practice, in order to overcome the energy barrier, a higher value
needs to be applied [9,10]. In other words, from a kinetic point of view, the OER is difficult to
control since it involves higher energy intermediates and multiple proton-coupled electron
transfer steps [11,12]. There are materials that can serve as OER catalysts by lowering
the reaction active energy, and they can be grouped into two categories: metal-based and
carbon-based compounds [13–15].

Currently, noble metal-based electrocatalysts display the highest OER catalytic activity,
especially the ones containing Ir and Ru [16,17]. However, noble metals are expensive and
have a low abundance, which impedes their use in large-scale applications and impose the
development of alternative strategies.

Transition metals that have been identified as efficient OER catalysts include divalent
cations, such as Mn, Fe, Co, and Ni [5], that exhibit their electrocatalytic activity in the
following order: Mn2+ < Fe2+ < Co2+ < Ni2+ [18]. The success of eco-friendly water splitting-
based technologies depends on the development of efficient and earth abundant transition
metal catalysts, and this outlines the importance of directing the research focus toward
metals such as Fe, Co, and Ni [19,20]. Their complexes display high OER electrocatalytic
activity, and Ni-based complexes in particular have proven to be attractive due to their
notable performance and relative low cost [21–23].

The present work is a continuation of previous investigations [24], and it consists
in an electrochemical study involving several graphite electrodes modified with compo-
sitions containing Ni11(HPO3)8(OH)6, reduced graphene oxide (rGO), and carbon black.
The catalytic material, a member of the metal phosphites class, was selected based on
literature reports that indicated nickel phosphites as promising electrocatalysts for water
splitting [12,23]. Considering that there are not many published studies evaluating the
water splitting electrocatalytic properties of nickel phosphites, the aim of this paper is to
complement the current literature by outlining the catalytic properties of the mentioned
nickel phosphite-based compositions for the OER in alkaline medium. Furthermore, the
compound’s fluorescence properties are presented and interpreted for the first time in the
case of nickel phosphite samples obtained by the hydrothermal method but in different
synthesis conditions characterized by different morphology. In light of the limited research
performed on the investigated material’s electrocatalytic and fluorescence properties, this
work relies on the proposal that the additional evaluation of these characteristics will
provide the scientific community with the opportunity to better understand it.

2. Materials and Methods

Reagents and materials. Ni11(HPO3)8(OH)6 material was synthesized by the hydrother-
mal method at high pressure and temperature, according to [25]. Graphene PureSheets
Quattro (NanoIntegris, Menlo Park, California ) was concentrated up to 0.6 mg mL–1 by
centrifugation and redispersion, Carbon Black—Vulcan XC 72 (Fuell Cell Store, Texas) and
Nafion® 117 solution (Sigma-Aldrich, Saint Louis, MO, USA) were used as purchased,
together with reagent grade C2H5OH, C3H7OH, KOH, KNO3, and K3[Fe(CN)6]. The two
conductive carbon materials were selected because of the important roles such compounds
have been shown to play in the field of oxygen evolution catalysis [26,27]. The graphite tablets
for electrode manufacturing were obtained from spectroscopic graphite rods (Ø = 6 mm),
type SW. 114 (Kablo Bratislava, National Corporation “Electrocarbon Topolcany” Factory,
Bratislava, Slovakia). Double-distilled water was used throughout the study.

Preparation of modified electrodes. The graphite tablets were polished using silicon
carbide paper (grit size: 1200 and 2400) and felt. They were subsequently washed with
double-distilled water and ethanol and dried at room temperature. The tablet’s surface
modification consisted of the application via the drop-casting method [28] of a 10 μL
volume from suspensions having the compositions shown in Table 1. After a drying period
of 24 h in air and at room temperature, twelve types of modified graphite electrodes were
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obtained. The codes used to identify the unmodified electrode and each of the modified
ones are also presented in Table 1.

Table 1. The codes used to identify the electrodes, together with the compositions of the suspensions
employed to modify the graphite tablets.

Electrode Code
Ni11(HPO3)8(OH)6

Powder (mg)
Nafion Solution

(μL)
rGO

Suspension (μL)
Carbon Black
Powder (mg)

80% Ethanol, 15%
Water, and 5%
Isopropanol

Solution (μL) *

G0 - - - - -
G1 - - 83 10 500
G2 - 10 83 10 500
G3 1 - 83 10 500
G4 5 - 83 10 500
G5 1 10 83 10 500
G6 5 10 83 10 500
G7 - - 83 5 500
G8 - 10 83 5 500
G9 1 - 83 5 500
G10 5 - 83 5 500
G11 1 10 83 5 500

* This solution was employed to lower the surface tension of the suspension and to facilitate the gradual drying of
the drop-casted layer, thus improving its biding to the substrate.

Electrochemical measurements. A PGZ402 (VoltaLab 80) Universal Potentiostat from
Radiometer Analytical and an electrochemical glass cell equipped with three electrodes were
used for the electrochemical experiments. The counter electrode was a Pt plate (Sgeom = 0.8 cm2),
and Ag/AgCl (sat. KCl) was the reference electrode. Each of the graphite tablets, modified
and unmodified, was inserted into an electrically nonconductive support and employed as
the working electrode (Sgeom = 0.07 cm2).

The specimens were investigated in terms of their OER electrocatalytic properties by
recording linear sweep voltammograms (LSVs) in 0.1 mol L–1 KOH electrolyte solution
(pH = 13), and the most catalytically active electrode was further studied in 0.5 and 1 mol L–1

KOH solutions (pH = 13.7 and 14, respectively). Cyclic voltammetry was used for electric
double-layer capacitance experiments, carried out in 0.1 mol L–1 KOH solution, and also for
electroactive surface area (EASA) and electroactive species diffusion coefficient estimations,
in 1 mol L–1 KNO3 containing 4 mmol L–1 K3[Fe(CN)6]. All electrochemical experiments
were performed at 23 ± 2 ◦C.

Unless otherwise specified, the LSVs were recorded by applying iR compensation, and
the current densities mentioned in the text are geometrical current densities. Conversion
of the measured potentials to the Reversible Hydrogen Electrode (RHE) scale, calculation
of the OER overpotential (η), and estimation of the EASA and diffusion coefficient were
performed using the same equations that have been employed in the previous study
concerning Ni11(HPO3)8(OH)6 [24] and have also been reported in the literature [29,30].
They are presented in the Supplementary Materials.

SEM and EDX investigations. Scanning electron microscopy (SEM) investigations
and energy-dispersive X-ray (EDX) analyses were performed using a scanning electron
microscope equipped with the EDX module, INSPECT S model from FEI Company.

An AFM analysis was performed by a Nanonics MultiView 2000 scanner (Nanonics,
Jerusalem, Israel, using the intermittent mode at ambient conditions (24–25 ◦C). The studied
materials were placed on a polished glass slide. The scanner was equipped with a silicone-
type probe Cr-coated, having a tip radius of 20 nm and resonance frequency of 30–40 kHz.

A fluorescence analysis was performed in the 475–700 nm range with a Perkin Elmer
LS55 Spectrofluorometer, Hamburg, Germany. The excitation scan between 300 and 500 nm
revealed an excitation peak with the highest signal at approximately 344 nm. The slits
used for these measurements were 15 nm for λ excitation and 15 nm for λ emission. The
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employed excitation length was 344 nm. No filter was used. The analysis was carried out
in a suspension of water and ethyl–alcohol.

3. Results

3.1. Electrochemical Investigations

The anodic polarization curves obtained on the G0–G6 electrodes are presented in
Figure 1a, while Figure 1b shows the LSVs traced on the G0 and G7–G12 electrodes. The
measurements were performed in 0.1 mol L–1 KOH electrolyte solution at a scan rate (v) of
1 mV s–1.

 

Figure 1. (a) LSVs recorded on the G0–G6 electrodes. (b) LSVs recorded on the G0 and G7–G12 elec-
trodes. Insets in (a) and (b) correspond to enlarged regions of the LSVs.

Based on Figure 1a,b, the LSV recorded on the G0 electrode shows an oxidation feature
at 2.03 V vs. RHE that is shifted towards more negative potential values in case of the
modified electrodes. Furthermore, for most modified electrodes, the feature appeared at
higher current densities, and the highest value was observed for G3. The LSV obtained
on this electrode is not as smooth as the ones traced on the other modified electrodes,
probably because of the intense bubbling effect noticed during the experiment. Basically,
the OER overlapped with the process corresponding to the anodic feature [31], while the
bubbles formed on its surface affected the maximum current density value by decreasing
the electroactive area and hindering the reaction. Of all the differences between the LSVs
recorded on the modified electrodes, the most obvious was observed for G9. The current
density it exhibited was significantly higher than that of the other electrodes, and in the
field of water splitting, a high-current density is an important requirement [23].

The fact that the electrode displaying the highest current density was the one modified
with a composition containing rGO, 5 mg carbon black and just 1 mg nickel phosphite
highlights the importance of experiments aimed at identifying the proper ratio between
the materials of the compositions used to obtain the modified electrodes. The performance
of the G9 electrode may be attributed to the synergistic effect of the nickel phosphite and
the carbon materials. The latter ensured an improved charge transport during the OER
process and, to some extent, prevented the nickel phosphite particles from aggregating into
larger structures, making them better distributed into the composition and promoting the
formation of catalytically active sites on the electrode surface [32].

The G9 electrode was investigated by SEM (Figure 2), and the top-view image recorded
at low magnification (Figure 2a) shows that the suspension applied on the surface of the
graphite tablet led to the formation of areas that differ in terms of the deposited composi-
tion’s homogeneity. This observation is in agreement with other studies in which the drop-
casting method was used to obtain modified electrodes [33,34]. The high-magnification
image presented in Figure 2b displays the rod-shaped Ni11(HPO3)8(OH)6 particles with
lengths between 1.2 and 10.2 μm and diameters between 0.08 and 0.6 μm. The particles
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investigated by Menezes et al. [23] had the same shape, but their lengths and diameters
were not as big, most likely due to the different synthesis method used to obtain the samples
from the current study [25].

 

Figure 2. (a) SEM image recorded on the surface of the G9 electrode at low magnification. Inset:
EDX spectrum of the G9 electrode. (b) SEM image recorded on the surface of the G9 electrode at
high magnification.

The presence of nickel and phosphorus in the composition deposited on the surface of
the graphite tablet was confirmed by EDX analysis (Figure 2a inset). The other identified
elements (carbon and oxygen) were also expected to be present in the sample, considering
the contents of the suspension used to obtain the G9 electrode.

Further characterization of the G9 electrode was performed using cyclic voltamme-
try, and it was aimed at determining the electric double-layer capacitance at the elec-
trode/electrolyte solution interface and estimating both the electrode’s EASA, as well as
the diffusion coefficient of ferricyanide ions.

The double-layer capacitance (Cdl) was obtained by first recording cyclic voltammograms
in 0.1 mol L–1 KOH solution at various scan rates (v = 0.05, 0.1, 0.15, 0.2, and 0.25 V s–1) in
the –0.2 ÷ –0.1 V vs. Ag/AgCl (sat. KCl) potential range, where no faradic currents were
present. The capacitive current density (idl) was then calculated as the average of the absolute
values of the anodic and cathodic current densities, selected at –0.15 V vs. Ag/AgCl (sat. KCl),
where only double-layer adsorption and desorption features were present [35–37]. The Cdl
value was determined as the absolute value of the slope obtained for the linear dependence
between idl and the scan rate [38]. Figure 3a shows the idl-v dependence plot and the slope
value of 2.2127 mF cm–2.

 

Figure 3. (a) The plot of the capacitive current density vs. the scan rate for the G9-modified electrode.
(b). The graphical representations of the anodic peak current densities vs. the square root of the scan
rate (red squares) and of the cathodic peak current densities vs. the square root of the scan rate (blue
squares) for the G9-modified electrode.
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Cyclic voltammograms were also recorded on the G9 electrode in the 1 mol L–1 KNO3
electrolyte solution in the presence and absence of 4 mmol L–1 K3[Fe(CN)6] at various scan
rate values (v = 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 V s−1) and in the 0 ÷ 0.8 V vs. Ag/AgCl
(sat. KCl) potential range, where the signals corresponding to the [Fe(CN)6]4–/3– redox
couple appeared (see Figure S1 from the Supplementary Materials). The experimental data
were used in the Randles–Sevcik equation to estimate the EASA and diffusion coefficient
of ferricyanide ions, and their values were found to be 0.13 cm2 and 2.33 x 10–5 cm2 s–1,
respectively. The plot of the anodic and cathodic peak current densities vs. the square
root of the scan rate for the same electrode is presented in Figure 3b. As can be seen, the
redox peak currents are proportional to the square root of the scan rate, which indicates a
diffusion-controlled electron transfer process [24,28].

The results obtained from subsequent OER experiments performed on the G9 electrode
are shown in Figure 4. The geometric area of the sample was replaced with the estimated
EASA value, and the modified LSV, differing from the initial one in terms of the current
density values, is presented in Figure 4a.

 

Figure 4. (a) LSV obtained on the G9 electrode in 0.1 mol L–1 KOH solution. (b) The Tafel curve
for the G9 electrode in 0.1 mol L–1 KOH solution and inserted table showing the Tafel slope and R2

values; (c) i-t curve recorded on the G9 electrode in 0.1 mol L–1 KOH solution, with inset showing
an enlarged region of the curve. (d) LSVs traced on the G9 electrode in 0.1 mol L–1 KOH solution,
before and after the stability test. (e) LSVs recorded on the G9 electrode in 0.5 mol L–1 KOH (G90.5M)
and 1 mol L–1 KOH (G91M) solutions. (f) The Tafel curves of the G9 electrode in 0.5 mol L–1 KOH
(G90.5M) and 1 mol L–1 KOH (G91M) solutions and an inserted table showing the Tafel slopes and R2

values. All LSVs were recorded at v = 1 mV s–1.

An important parameter in the study of the OER kinetics at the electrode/electrolyte
interface is the Tafel slope, which reveals the relationship between the overpotential and the
current density. A smaller Tafel slope usually suggests better electrocatalytic properties [27,32,39].
Figure 4b displays the Tafel curve for G9 in 0.1 mol L–1 KOH electrolyte solution. The
value of the slope was calculated using the Tafel equation: η = b x log(i) + a, where η is the
overpotential, i is the current density, and b is the Tafel slope. A low value of 46 mV dec–1

was obtained, indicating enhanced reaction kinetics.
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The electrochemical stability of electrocatalysts is another important parameter used
to evaluate their OER performance [32]. The stability of G9 in 0.1 mol L–1 KOH solution
was studied chronoamperometrically by maintaining constant the potential value corre-
sponding to i = 10 mA cm–2. The time-dependent current density (i-t) curve was recorded
for 9 h (Figure 4c), and the following observations were made: the current density increased
until it reached the maximum value of 14 mA cm–2 after 135 min (an increase of 40%),
and then, it gradually decreased to 8.9 mA cm–2 at the 540 min mark. The shape of the
curve was affected by the alternate processes of bubble accumulation and bubble release
(Figure 4c inset), and the decrease in the current density seen during the experiment can
be ascribed to the reaction hindering the O2 bubbles that stayed on the surface of the elec-
trode and perhaps also to the partial detachment of the catalyst caused by the continuous
bubble release [40].

The anodic polarization curves obtained on the G9 electrode before and after the
stability test (denoted G9 and G9′) are presented in Figure 4d. A comparison between them
reveals that they overlap almost perfectly up to the current density value of 6 mA cm–2, but
they gradually separate at higher values. The LSV recorded after the stability test reached
8.02 mA cm–2, which was lower than the initially attained 10 mA cm–2. This result outlined
the stability limitations of the G9 electrode.

Lastly, the study of the electrocatalytic properties of the G9 electrode focused on
the concentration of the electrolyte solution. It has been shown that, by modifying this
parameter, specifically by increasing the concentration of the KOH solution, higher current
densities and lower overpotential values are obtained [41]. Thus, the polarization curves
were traced on G9 in 0.5 mol L–1 and 1 mol L–1 KOH electrolyte solutions (Figure 4e).
By comparing Figure 4a,e, it can be seen that higher current densities were achieved when
the KOH concentration of the electrolyte solution was 0.5 or 1 mol L–1 than when it was
0.1 mol L–1. Furthermore, the OER overpotential values corresponding to the current
density values became significantly smaller as the KOH concentration increased.

The Tafel curves of the G9 electrode in 0.5 mol L−1 and 1 mol L–1 KOH electrolyte
solutions are presented in Figure 4f, together with the values of the Tafel slopes and R2 values.
These values are higher than the one calculated for the same sample but not in the 0.1 mol L–1

KOH solution. The result indicates that, when studying the OER properties of G9, even though
higher KOH concentrations lead to higher anodic current densities and lower overpotential
values, they also affect the OER kinetics at the electrode/electrolyte interface.

As was specified in the introduction section, the present study continues the pre-
vious work on the OER electrocatalytic properties of graphite electrodes modified with
compositions containing Ni11(HPO3)8(OH)6. The most electrocatalytically active electrode
identified in the preceding study [24] was obtained by drop-casting a suspension con-
taining 5 mg Ni11(HPO3)8(OH)6 and 10 μL Nafion solution on the surface of a graphite
tablet. Since the working conditions were very similar to the ones from the present study,
a comparison can be made between the properties exhibited by that electrode and G9.
In this sense, Table 2 shows the values of some electrochemical parameters—EASA, the
OER overpotential (η) at 5 mA cm–2, and the Tafel slope in 0.1 mol L–1 KOH electrolyte
solution—for the two modified electrodes.

As can be seen in Table 2, the G9 electrode exhibits a lower Tafel slope value, which
indicates faster OER kinetics. However, the electrode also exhibits a higher overpotential value.

The OER experiments from the previous study were performed only in 0.1 mol L–1

KOH electrolyte solution, but Menezes et al. [23] investigated the catalytic properties of
Ni11(HPO3)8(OH)6 in 1 mol L–1 KOH solution as well. A comparison between the OER
electrocatalytic activity in this strong alkaline medium of the best electrode identified by the
researchers (nickel phosphite electrophoretically deposited on nickel foam) and that of the
G9 electrode evidenced similar Tafel slope values of 0.111 V dec–1 for G9 and 0.091 V dec–1

for the reported sample. As for their OER overpotential values at 10 mA cm–2, these were
0.47 V for the former and 0.232 V for the latter. Additionally, for comparative purposes, it
should be pointed out that the IrO2 and RuO2 OER overpotential values at i = 10 mA cm–2
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and in alkaline medium were reported as 0.45 V and 0.42 V, while their Tafel slope values
were found to be 0.083 V dec–1 and 0.074 V dec–1 [42–44].

Table 2. The values of some electrochemical parameters for the two modified electrodes.

Modified Electrode EASA (cm2) η (V)
Tafel Slope

(V dec–1)

G9: Graphite substrate modified with 1 mg
nickel phosphite, 5 mg carbon black and rGO 0.13 ~0.83 0.046

Graphite substrate modified with 5 mg nickel
phosphite and 10 μL Nafion solution 0.105 0.55 0.081

Table S1 (see the Supplementary Materials) shows the OER electrocatalytic perfor-
mance of the G9 electrode and that of other electrocatalysts reported in the scientific
literature. The presented data indicate that, in most cases, the reported OER overpotential
and Tafel slope values are smaller than the ones obtained for G9, and this points to a require-
ment for further experiments aimed at identifying a nickel phosphite-based composition
that will display an improved OER activity. Regarding the more recent studies mentioned
in Table S1, some of them evidenced specimens with catalytic activity surpassing that of
G9 in terms of both overpotential and Tafel slope, while others outlined modified electrodes
that exhibited a lower activity than the electrode identified in the current study. In the first
type of investigations, the composite Co-Fe-1,4-benzenedicarboxylate catalyst displayed
an OER overpotential of 0.295 V and a Tafel slope of ~0.035 V dec–1 [45], while for FeNi
metal–organic framework nanoarrays on Ni foam, an overpotential of 0.213 V and a Tafel
slope of ~0.052 V dec–1 were found [46]. In the second type, electrodes manufactured either
with a composition containing MnO2 [47] or with a Pt(II)-porphyrin [14] revealed OER
overpotentials of either 0.53 V or 0.64 V. The requirement for further experiments is also
indicated by the stability test result that outlines a lower degree of stability vs. that of IrO2,
considered highly stable in the rough oxidizing conditions of the OER [48,49].

3.2. Physicochemical Characterization and Fluorescence Study

The multifunctionality aspect of these phosphate materials [24,50–52] has led us to
the study of their fluorescence properties. It is known that the fluorescence spectrum
can be influenced by the morphology of the materials [53], and in this context, a new
nickel phosphite sample was obtained by using a slightly modified low temperature and
pressure hydrothermal synthesis [54]. The starting reactants—NaH2PO4•H2O (0.2758 g),
NiCl2•6H2O (1.0228 g), and CH3COONa•3H2O (1.8958 g)—were introduced in a Teflon
steel autoclave (total volume of 65 mL) filled at 80%, and the thermal treatment occurred at
200 ◦C for 48 h. In the following, in order to distinguish between both materials, this sample
obtained by low-temperature and low-pressure hydrothermal synthesis will be denoted
SLowTP, and the material described in the previous section, obtained by high-temperature
and high-pressure synthesis, according to [24], will be denoted SHighTP.

The XRD analysis by Rietveld refinement (Figure 5) shows that the SLowTP compound was
well crystallized, and the calculated lattice parameters were as follows: a = b = 12.4764 (4) Å,
c= 4.9464 (2) Å, and P63 mc space group—parameter values in accordance with the liter-
ature [24,25,55]. The P63mc space group was used also to index the crystallized ShighTP
samples obtained for this study, as in [25].

SEM and AFM analyses performed for both samples are presented in Figures 6 and 7.
SEM images revealed spherical superstructures made of platelet-like particles (SLowTP)
in Figure 6 and rods with sparse round-like formations (SHighTP) in Figure 7. Thereby,
it was difficult to obtain AFM images on certain areas of SLowTP where the plates are
present, due to the existence of large heights (>2 μm) and abrupt differences (Figure 6a). In
the SHighTP sample, the rod-like morphology predominated with a smaller proportion of
round particles (Figure 7b), as seen in the SEM image as well. Round formations from the
AFM analysis may be a result of the sample preparation process. Furthermore, individual
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areas were selected and measured; the height and width of some formations are shown
in Figure 8.

Figure 5. Rietveld refinement of the X-ray Diffractogram for the SLowTP sample in the P63mc space
group. The experimental XRD pattern is a red line, the calculated pattern a black line.

Figure 6. SEM and AFM images at different scales for the SLowTP sample. The yellow square on the
SEM image it’s indicative of the surface area analyzed by AFM (image at right).

Figure 7. SEM and AFM images at different scales for the SHighTP sample. The yellow square on the
SEM image it’s indicative of the surface area analyzed by AFM (image at right).
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Figure 8. Height and width measurements on the selected area for SLowTP (a) and for SHighTP (b).

Table 3 displays the values obtained for several AFM parameters in the case of the
SLowTP and SHighTP samples.

Table 3. Calculated values from AFM images—Average roughness (Sa), Mean square root roughness (Sq),
Maximum peak height (Sp), Maximum valley depth (Sv), and Maximum peak-to-valley height (Sy)—for
SLowTP and SHighTP.

Sample
Name

Ironed Area
(μm2)

Sa (μm) Sq (μm) Sp (μm) Sv (μm) Sy (μm)

SLowTP 110.359 0.063 0.085 0.352 –0.366 0.719
SHighTP 113.357 0.079 0.105 0.636 –0.049 0.685

The iron area in the AFM technique depends on the majority of asperities being found
on the material surface, and usually, a smoother surface is characterized by a lower value
for this parameter. Sp and Sv are the indicators for the highest peaks and the lowest valleys
present in the analyzed area and, together, determine the Sy value. This latter parameter
reveals the compaction of the deposited material or some information about the surface
homogeneity. The roughness is obtained from both Rq and Ra, whereas the Sy value may
indicate which sample displays a predominant tendency for valleys or heights. The results
show higher roughness values for SHighTP and the highest Sy value for SLowTP. SLowTP had
lower valleys (Sv = −0.336 μm for SLowTP and −0.049 μm for SHighTP) in comparison to
SHighTP with higher Sp values (0.352 μm for SLowTP and 0.636 μm for SHighTP). The obtained
data are explained by the fact that the rods (SHighTP) were placed one on another randomly,
forming angles and, therefore, higher heights, whereas the conglomerates (SLowTP) were
packed very closely, therefore influencing the main line calculus formula for the Sp value
and Sv value, respectively [56].

A Raman analysis was performed on both SLowTP and SHighTP materials (Figure 9),
for which the fluorescence properties are characterized in the last part of this research
work. The following bands can be observed for the SLowTP sample: 298, 374, 430, 500, 540,
608, 927, 1002, and 1187 cm–1. There are more bands outlined in the spectrum of SHighTP:
296, 374, 430, 479, 542, 613, 935, 994, 1137, 1195, and 1598 cm–1. As it can be seen, some
SHighTP bands are slightly shifted compared to the SLowTP ones, and this could be due to
the different sample morphology, since it has already been shown for other materials that
Raman scattering spectra can depend on the morphology of microparticles [57].
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Figure 9. Raman spectra for SLowTP and SHighTP.

As assigned in [24], for the Ni11(HPO3)8(OH)6 compound, which was from the same
batch as SHighTP from this study, the (PO4)3– ions are indicated by the 380 cm–1 band, which
may also include the PO3 deformations and rocking modes, whereas, at 296 cm–1, POP
deformations may take place. In the case of SLowTP, a small band at 500 cm–1 is observed
that was not registered in SHighTP and was not evidenced in the previous study either. The
band located at 474 cm–1 in [24] is also present at 479 cm–1 for SHighTP and as a shoulder for
SLowTP and corresponds to the PO3 symmetric and asymmetric deformations. In the same
region (470–500 cm–1), overlapped Ni-O bond bands are expected and are responsible for
the peak-broadening evidenced for both SLowTP and SHighTP materials. When comparing the
present results with the previously reported ones [24], the general tendency of the bands is
to blueshift. The differences observed in the Raman spectra for the samples coming from the
same batch, SHighTP from this study, and the previously studied Ni11(HPO3)8(OH)8 in [24],
may be due to the fact that the Raman analysis is focused on small amounts of material,
whereas a large quantity of materials was obtained from the hydrothermal synthesis at a
high pressure and temperature. Due to this, it could be that some inhomogeneities were
present in the products from the synthesis or from the autoclave.

In comparison with the Ni11(HPO3)8(OH)8 Raman spectrum from [24], a higher in-
tensity is noticed for the bands at 608 cm–1 (SLowTP) and 613 cm–1 (SHighTP), respectively.
These are connected to the 474–479 cm–1 region referring to the symmetric and asymmetric
PO3 deformations. The highest difference is detected in the 900–1000 cm–1 region, where
the SLowTP is distinguished from the other two samples, displaying the most intense peak
at 927 cm–1, followed by the one at 1002 cm–1. In the case of SHighTP, both peaks have the
same intensity and are slightly shifted in relation to SLowTP. The specified bands are owed
to the PO3

– symmetric and asymmetric stretching vibrations and are the most prominent
changes in the sample. In the same domain, NiO bands are expected and are less visible
as a result of overlapping with the PO3 bands, followed by the broadening of the specific
peaks (994 cm–1 and 1002 cm–1, respectively) [24].

By comparison with the previous study [24], a lower intensity is observed in the
1137–1197 cm–1 region. For the SHighTP sample, splitting of the peak at 1137 cm–1 could
take place due to the secondary phases and is accompanied by the red shift occurrence [58].
Compared to SLowTP, the red-shifted bands of SHighTP are also broader, and this may be
attributed to the material synthesis, as suggested in the literature [59,60]. The differences
between the Raman spectra of the SLowTP and SHighTP samples can be attributed to their
different morphology, synthesis method, and even to the presence of any impurities.
Nguyen et al. [59] confirmed the fact that phonon wavenumbers and the line shape depend
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strongly on impurities or doping, indicating a lower symmetry of the crystal structure.
Their XRD analysis revealed no noticeable differences, as was also the case with the current
study, in which impurities such as barbosalite Fe3(PO4)2(OH)2 could have been present
in the SHighTP sample obtained by high-temperature and high-pressure hydrothermal
synthesis, as mentioned in [25].

The low intensity peak (1598 cm–1) corresponding to the O-H stretching vibration is
observed only in the case of SHighTP and is red-shifted in relation to Ni11(HPO3)8(OH)8

(1580 cm–1) [24].
The fluorescence measurements (Figure 10) indicate some differences between the

studied SLowTP and SHighTP materials. Several bands can be observed in the 405–600 nm
spectral range, with maxima at 426, 488, 513, 533, and 554 nm for SHighTP and 429, 487, 517,
533, and 555 nm for SLowTP. The differences between both materials are not only registered
by the shift of the bands but also by the intensity of their maxima. For certain materials, it
has been previously reported in the literature that their morphology has an influence on
the obtained fluorescence results, which is usually represented by the quenching of the
spectra [61,62]. Quenching may appear when the reducing of the radiative recombination
of the electron and hole takes place and/or due to a lower electron–hole recombination
rate [62]. Some other factor could influence the fluorescence spectra, such as the surface
roughness due to the excitation of electrons from occupied d bands into states above the
Fermi level [62]. In this context, the materials with higher roughness may show increased
fluorescence as a consequence of the electron excitation, which is confirmed by the present
results, since both AFM roughness and fluorescence intensity values showed this to be the
case for SHighTP. The fluorescence intensity also usually decreases with the decreasing sizes
of the crystallites, but at the same time, the morphology may also play a major role, as it
can cause an increase in a specific area as a result of surface defects, strain/stress effects,
or other changes [53]. According to the literature, the expected bands for the Ni-O bond
are in the blue emission region, more precisely centered between 424–433, 448–463, and
484–491 nm [63,64]. In the current study, as can be seen in Figure 10, the most intense
bands are located in the aforementioned areas but much better outlined in the case of
SHighTP. Another band that is usually specific for M-O bonds is centered at 518–524 nm in
the green emission area and is due to the enhanced oxygen vacancies [64]. Phosphors show
broad emission bands in the 300–350 nm wavelength range in the case of NaGd(PO3)4:Ce3+

materials [65], thus not possible to be put as evidence for the materials studied in this work.

Figure 10. Fluorescence emission spectra obtained at RT for SLowTP and SHighTP in the 380–600 nm
range, excitation at 344 nm.
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4. Conclusions

The OER activity of several graphite electrodes modified with Ni11(HPO3)8(OH)6,
carbon black, and rGO was investigated electrochemically in an alkaline medium. The
polarization curves recorded on the electrodes show that the sample modified with 1 mg
nickel phosphite, 5 mg carbon black, and rGO exhibited the highest anodic current density
values. This behavior can be explained in terms of the synergistic effect of the nickel phos-
phite and the carbon materials. The electrochemical study outlines the OER performance of
the nickel phosphite-based electrodes, as well as their limitations. Different hydrothermal
synthesis conditions influenced the morphology of the obtained nickel phosphite materials,
the existence of rods and plates being observed through SEM and AFM analyses. Raman
spectrometry demonstrated the presence of the specific peaks for the analyzed samples,
acknowledging the importance of the employed synthesis method.

The experimental data resulted from the evaluation of the nickel phosphite’s OER
activity, and the fluorescence properties complement the research literature, providing
the scientific community with the opportunity to better understand this material and its
applicative potential. Moreover, the study of the nickel phosphite’s fluorescence properties
increases the understanding of this material and paves the way for future investigations
with potentially applicative results, highlighting the link between the roughness of the
materials and the free ions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121803/s1: Figure S1: Cyclic voltammograms recorded
on the G9 electrode in 1 mol L–1 KNO3 + 4 mmol L–1 K3[Fe(CN)6] electrolyte solution, at various
scan rate values (v = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 V s-1); Table S1: The electrocatalytic properties
for the OER of the composition containing Ni11(HPO3)8(OH)6, carbon black and rGO, applied on
graphite substrate, and that of other electrocatalysts reported in the scientific literature, in 1 mol L–1

KOH electrolyte solution. References [66–94] are cited in the supplementary materials.
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Abstract: Three hybrid compounds based on decavanadates, i.e., (NH4)2[Co(H2O)5(β-HAla)]2[V10O28]·
4H2O (1), (NH4)2[Ni(H2O)5(β-HAla)]2[V10O28]·4H2O (2), and (NH4)2[Cd(H2O)5(β-HAla)]2[V10O28]·
2H2O (3), (where β-Hala = zwitterionic form of β-alanine) were prepared by reactions in mildly acidic
conditions (pH ~ 4) at room temperature. These compounds crystallise in two structure types, both
crystallising in monoclinic P21/n space group but with dissimilar cell packing, i.e., as tetrahydrates
(1 and 2) and as a dihydrate (3). An influence of crystal radii and spin state of the central atom in
[M(H2O)5(β-HAla)]2+ complex cations on the crystal packing leading to the formation of different
crystallohydrate forms was investigated together with previously prepared (NH4)2[Zn(H2O)5(β-
HAla)]2[V10O28]·4H2O (4) and (NH4)2[Mn(H2O)5(β-HAla)]2[V10O28]·2H2O (5) and spin states of
[M(H2O)5(β-HAla)]2+ (M = Co2+, Ni2+, and Mn2+) cations in solution were confirmed by 1H-NMR
paramagnetic effects. FT-IR and FT-Raman spectra for 1–5 are in agreement with the X-ray structure
analysis results.

Keywords: hybrid decavanadates; β-alanine; crystallohydrates; crystal structure; vibrational
spectroscopy; paramagnetic NMR

1. Introduction

Decavanadate anion is the predominant and most stable V(V) oxo-anion found in the
acidic aqueous solutions [1]. It is known in different protonation states, [HnV10O28](6–n)–

(n = 0–4) [2–4].
The decavanadate anion consists of ten edge-sharing VO6 octahedra. Six of them form

a rectangular 2 × 3 arrangement, with two VO6 octahedra joining the arrangement from
the top and two from the bottom via edge sharing with the six octahedra lying in the central
plane. The ideal symmetry of [V10O28]6– anion is given by the D2h point group symmetry.
In most crystal structures, [V10O28]6– anion usually occupies special positions, mostly
inversion centres, and its symmetry is changed correspondingly; however, its geometry
remains close to the ideal D2h symmetry.

In crystal structures, decavanadates act as acceptors of protons in supramolecular
arrangements; protonated decavanadate species can also act as proton donors. Typically,
if decavanadate anion is not protonated on mutually centrosymmetrically arranged sites,
such decavanadate anions will likely form a centrosymmetric dimer interconnected via
anion-anion hydrogen bonds [5] or via hydrogen bonding to counter-cations lying on a
centre of symmetry [6]. Considering the sterical effect of the decavanadate anion and the
influence of size, shape, and nature of counter-cations, a substantial part of decavanadates
include water molecules as a stabilising element of the crystal structure. Formation of
different crystallohydrates depends on reaction conditions [7] or on temperature changes,
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even if the reaction conditions remain the same [8]. As a result, decavanadates are known
to form a large variety of supramolecular assemblies [9].

The oxovanadates (V), including decavanadates and peroxovanadium compounds, are
of great interest in bioinorganic chemistry and biochemistry because of their antidiabetic,
antibacterial, antiprotozoal, antiviral, and anticancer properties [10,11]. Studying of non-
covalent interactions based on electrostatic attractive forces between decavanadate anion
and appropriate molecules (organic cations, hybrid inorganic–organic complex cations,
and biomacromolecules) could provide important information on the cooperative effects of
decavanadate ions in biological systems [12–14].

Apart from the biological importance of decavanadates, there are other emerging
application possibilities. Some decavanadates exhibit water oxidation activity [15] or het-
erogeneous bifunctional catalytic properties in the selective oxidation of sulphides and
Mannich reaction [16]. Decavanadates with superior proton conductivity [17] and photolu-
minescent sensing properties for the detection of Zn2+ and Co2+ [18] were also prepared.
Ammonium decavanadate nanodots—holey reduced graphene oxide nanoribbons [19]
and α-Co(OH)2 nanoplates with decavanadate anion [20] can be used as electrodes for
supercapacitors.

In this work, we report the synthesis, crystal structure determination, and properties of
three decavanadates, i.e., (NH4)2[Co(H2O)5(β-HAla)]2[V10O28]·4H2O (1), (NH4)2[Ni(H2O)5
(β-HAla)]2[V10O28]·4H2O (2), and (NH4)2[Cd(H2O)5(β-HAla)]2[V10O28]·2H2O (3), pre-
pared by the same procedure we used previously for the preparation of two decavana-
dates containing the same [M(H2O)5(β-HAla)]2+ cations in two different crystallohydrate
forms, i.e., tetrahydrate (NH4)2[Zn(H2O)5(β-HAla)]2[V10O28]·4H2O (4) and dihydrate
(NH4)2[Mn(H2O)5(β-HAla)]2[V10O28]·2H2O (5) [21]. The compounds 1 and 2 are isostruc-
tural with 4, while 3 is isostructural with 5. In [22], compound 2 was prepared by using
an alternative hydrothermal “Direct Synthesis” approach by the reaction of metal powder
in anion-deficient conditions with V2O5 in an aqueous solution of β-alanine and ammo-
nium acetate. Subsequently, compound 2 was used as a precursor for the preparation
of V2O5/MnV2O6 mixed oxide, and its ability to act as a water oxidation catalyst for
oxygen production was studied. Later, 1 was prepared by the same “Direct Synthesis”
method and used as a precursor for the preparation of solid mixed oxides CoV2O6/V2O5
and Co2V2O7/V2O5 by thermal decomposition; both these mixed oxides and 1 can act as
catalysts for photoinduced water oxidation [23]. The aim of the present study is to obtain
more complete insight into the formation of different crystallohydrates with the general
formula (NH4)2[M(H2O)5(β-HAla)]2[V10O28]·nH2O, where M is a divalent metal ion, from
the same reaction conditions.

2. Materials and Methods

2.1. General

All chemicals were of reagent or better grade, obtained from commercial sources
(Mikrochem (Pezinok, Slovakia), Sigma-Aldrich (Saint Louis, MI, USA), Slavus (Donja
Stubica, Croatia), Lachema (Brno, Czech Republic)). Infrared spectra were obtained from
KBr pellets on a Thermo Scientific Nicolet 6700 FTIR spectrometer in the 400–4000 cm−1

range (Waltham, MA, USA). The Raman spectra were registered with a Raman micro-
spectrometer Senterra (Bruker Optik, Ettlingen, Germany), using a laser with the wave-
length 532 nm, with a maximum power of 2 mW, in the range 64–4467 cm−1, with 10× ob-
jective lenses, and 2 scans for 10 s each. 1H-NMR spectra were recorded on a Bruker
AVANCE Neo 400 MHz (operating at 9.37 T, 400 MHz) using D2O as a reference. Chemical
shifts are reported in Hz. Vanadium (V) was determined volumetrically by titration with
FeSO4 (c = 0.1 M) using diphenylamine as the indicator.
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2.2. Synthesis and Crystallisation
2.2.1. Synthesis of (NH4)2[Co(H2O)5(β-HAla)]2[V10O28]·4H2O (1)

CoSO4.7H2O (1.4055 g; 5 mmol) was added to a solution of β-alanine (0.89 g; 10 mmol)
in water (20 mL). After stirring for 15 min, a solution of NH4VO3 (1.170 g; 10 mmol) in
water (40 mL) was added under the immediate formation of a fine precipitate. The solution
with precipitate was stirred for 30 min and filtered. The pH of the filtrate was adjusted to
4.0 with 2M H2SO4. To the reddish-brown solution obtained, ethanol (10 mL) was added.
Reddish brown crystals were isolated after standing for 22 days at 4 ◦C in the refrigerator.

Yield: 0.8 g/52.1% (calc. for vanadium). Anal. Calc. for C6H50N4O46Co2V10
(MW = 1541.76 g/mol) V, 34.10%. Found: V, 33.96%.

2.2.2. Synthesis of (NH4)2[Ni(H2O)5(β-HAla)]2[V10O28]·4H2O (2)

NiCl2.6H2O (1.188 g; 5 mmol) was added to a solution of β-alanine (0.89 g; 10 mmol)
in water (20 mL). After stirring for 15 min, a solution of NH4VO3 (1.170 g; 10 mmol) in
water (60 mL) was added, followed by the immediate formation of a fine precipitate. The
solution with precipitate was stirred for 30 min and filtered. The pH of the filtrate was
adjusted to 4.0 with 4M HCl. To the yellow solution obtained, ethanol (10 mL) was added.
Dark orange crystals with an intense green tone were isolated after standing for 20 days at
4 ◦C in the refrigerator.

Yield: 1.343 g/87.5% (calc. for vanadium). Anal. Calc. for C6H50N4O46Ni2V10
(MW = 1541.32 g/mol) V, 34.11%. Found: V, 33.69%.

2.2.3. Synthesis of (NH4)2[Cd(H2O)5(β-HAla)]2[V10O28]·2H2O (3)

Cd(NO3)2.4H2O (1.542 g; 5 mmol) was added to a solution of β-alanine (0.89 g;
10 mmol) in water (20 mL). After stirring for 15 min, a solution of NH4VO3 (1.170 g;
10 mmol) in water (40 mL) was added, followed by the immediate formation of a fine
precipitate. The solution with precipitate was stirred for 30 min and filtered. The pH of
the filtrate was adjusted to 4.25 with 4M HNO3. To the yellow solution obtained, ethanol
(10 mL) was added. Orange crystals were isolated after standing for 15 days at 4 ◦C in
the refrigerator.

Yield: 0.702 g/43.7% (calc. for vanadium). Anal. Calc. for C6H46N4O44Cd2V10
(MW = 1612.67 g/mol) V, 31.59%. Found: V, 31.44%.

(NH4)2[Zn(H2O)5(β-HAla)]2[V10O28]·4H2O (4) and (NH4)2[Mn(H2O)5(β-HAla)]2
[V10O28]·2H2O (5) samples were prepared for physical measurements according to [22].

2.3. X-ray Data Collection and Structure Determination

Intensity data for the compounds 1–3 were collected on a Kuma KM–4 CCD diffrac-
tometer using graphite monochromated MoKα radiation (0.71073 Å) by the ω- and ϕ-scan
techniques at room temperature. Data collection, data reduction, and finalisation were
carried out using CrysAlis Pro-Version 1.171.43.128a software [24]. Intensity data for 4 and
5 were reprocessed from original images collected under the conditions in [21] by using
the above-mentioned up-to-date version of CrysAlis Pro software to take advantage of
improved data processing, especially regarding twin data reduction handling.

The structures were solved by SHELXT [25] and refined by the full matrix least-squares
method on all F2 data using SHELXL-2018/3 [26]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of methylene groups were refined using a riding model,
and the ammonium group was refined as a free rotor, with C–H and N–H distances free
to refine. Hydrogen atoms of water molecules were refined with all O–H and all H. . .H
distances restrained to be equal; similarly, the tetrahedral shape of ammonium cation was
retained by restraining all N–H and all H. . .H distances to be equal. Thermal parameters of
the H atoms were constrained to Uiso(H) = 1.2Ueq(C) and Uiso(H) = 1.5Ueq(N, O).

Both compounds 3 and 5 crystallise as non-merohedral twins. Two domains related to
the twofold rotation about the c-axis were found using Ewald Explorer in the CrysAlis Pro
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software, and data were refinalised using internal programme features. The twin domain
volume ratios were refined to 0.6515(7):0.3485(7) for 3 and 0.8436(4):0.1564(4) for 5.

Geometrical calculations were performed using SHELXL-2018/3, Olex2 1.5 [27], and
PARST [28]. Olex2 1.5 and DIAMOND [29] were used for molecular graphics. Octahedral
distortion parameters ζ [30], Δ [31], Σ [32], and Θ [33] were calculated using OctaDist
3.1.0 [34]. Hydrogen bonding geometries were normalised to neutron distances following a
literature procedure [35,36].

Crystal data, conditions of data collection, and refinement results for the compounds
1–5 are reported in Table S1.

2.4. Paramagnetic 1H-NMR Measurements

For the Evans method [37–39], approx. 2 mM solutions of 1, 2, 4, and 5 using 3% (v/v)
t-BuOH solution in H2O were prepared. The inner n.m.r. tube (o.d. 2 mm) was loaded with
3% (v/v) t-BuOH solution in D2O as a reference. The outer n.m.r. tube (o.d. 5 mm) was
filled with 500 μL of the sample solution.

The Δf value, defined as the difference between the chemical shift of the 1H-NMR
t-Bu signal in the sample solution and that of the t-BuOH reference solution, was used to
calculate the molar susceptibility of the complex using the following equation:

χm =
3Δ f
4πc f

(1)

where c is the concentration of the paramagnetic complex in the solution in mmol.L−1 and
f is the spectrometer frequency (400 MHz). Considering there are 2 [M(H2O)5(β-HAla)]2+

cations per formula unit, the value of c is twice the concentration of the compound in the
solution.

The χp values [cm3mol−1] are molar susceptibilities corrected for diamagnetic contri-
bution to the susceptibility in the sample.

χp = χm − χd (2)

where χd represents diamagnetic contributions from the ligands, ions, inner-core electrons,
etc. [40]. The following values were used to calculate the effective magnetic moment:

μe f f =

√
3kTχp

NAμ2
B

(3)

where k is the Boltzmann constant, T is temperature [K], NA is Avogadro’s number, and μB
is the Bohr magneton. Effective magnetic moment is compared to the calculated value for
the central atom in question as follows [41]:

μcal = 2
√

S(S + 1)μB (4)

3. Results and Discussion

Decavanadates with complex cations, i.e., (NH4)2[Co(H2O)5(β-HAla)]2[V10O28] ·4H2O (1),
(NH4)2[Ni(H2O)5(β-HAla)]2[V10O28]·4H2O (2), and (NH4)2[Cd(H2O)5(β-HAla)]2[V10O28]·
2H2O (3), were obtained by crystallisation from the β-alanine—CoSO4—NH4VO3—H2SO4—
H2O—ethanol (1), β-alanine—NiCl2—NH4VO3—HCl—H2O—ethanol (2), and β-alanine—
Cd(NO3)2—NH4VO3—HNO3—H2O—ethanol (3) reaction systems in mildly acidic (pH~4)
conditions. Attempts to prepare compounds of Mg2+, Sr2+, Ba2+, Pb2+, and Hg2+ from the
same reaction system were unsuccessful, obtaining ammonium decavanadate as a product.

The preparation of compound 1 by the hydrothermal reaction of cobalt powder with
V2O5 in an aqueous solution containing β-alanine and ammonium acetate was reported
earlier [23]. However, from the described green colour of the solution and products obtained
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by hydrothermal synthesis when compared with the orange product we obtained, it can be
inferred that a partial reduction of V(V) to V(IV) has taken place. This partial reduction can
be avoided by using our preparation method. Although the synthesis was targeted towards
using the prepared compound as a precursor for the preparation of mixed Co/V oxides by
thermal decomposition, to avoid the presence of lower oxidation states of vanadium in the
products, not only during the reactions in solutions but even after thermal decomposition
in the air atmosphere, it is a good practise to use purified V(V) precursors [42].

3.1. Crystallographic Characterisation of Prepared Compounds

All prepared compounds belong to one of two monoclinic (space group P21/n) struc-
ture types with substantially different cell parameters and cell packing—tetrahydrates (1, 2,

and 4) (Figure 1a) and dihydrates (3 and 5) (Figure 1b).

Figure 1. A view of the cell packing of tetrahydrates (2 as an example) (a) and dihydrates (3 as an
example) (b) along the a-axis. Dashed lines indicate hydrogen bonds, blue rectangle denote unit
cell boundaries.
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The asymmetric unit of all prepared dihydrates consists of one half of the [V10O28]6–

anion with Ci symmetry lying on an inversion centre, one [M(H2O)5(β-HAla)]2+ cation,
one NH4

+ cation, and two water molecules in general positions (Figure 2a).

Figure 2. ADP representations of the crystal structure of (a) tetrahydrates (2 as an example) and
(b) dihydrates (3 as an example) with numbering scheme (methylene H atoms are excluded). Labelled
atoms are related to the unlabelled ones by the centre of symmetry. Displacement ellipsoids are
drawn at 30% probability level. Dashed lines indicate hydrogen bonds.

The asymmetric unit of tetrahydrates consists of one half of the [V10O28]6– anion with
Ci symmetry lying on an inversion centre, one [M(H2O)5(β-HAla)]2+ cation, one NH4

+

cation, and one water molecule in general positions (Figure 2b).
The quality of X-ray diffraction data allowed us to find all hydrogen atoms from

the ifference electron density map and refine them semi-freely using a set of suitable
restraints [43]. As a result, the accurate orientations of water molecules, –NH3

+ groups,
and NH4

+ cations were successfully determined.
The following four types of oxygen atoms can be distinguished in the decavanadate

anions: terminal OT bonded to only one vanadium atom, and O(μ2), O(μ3), and O(μ6)
bridging atoms, connecting 2, 3, and 6 vanadium atoms, respectively. Table S2 contains
V–O and M–O bond lengths and bond valences/bond valence sums (BVS) calculated using
the following equation [44,45]:

s = exp
(

R0 − R
B

)
(5)

where R is bond length and R0 and B are empirical parameters for given bond type, to
confirm protonation state of the decavanadate anion, oxidation number of V, and central
atoms of [M(H2O)5(β-HAla)]2+ complex cations. For VV–O bonds, the values R0 = 1.803 Å
and B = 0.37 were used [46]. The BVS values obtained are in the range of 1.61–1.76 for
V = OT bonds, 1.764–1.893 for V–O(μ2) bonds, 1.88–1.92 for V–O(μ3) bonds, and 1.975–1.998
for V–O(μ6) bonds. A comparison of BVS values obtained for particular bonds also confirms
the rigidity of the [V10O28]6– anion, only marginally influenced by adjacent molecules. For
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protonated O atoms, expected BVS values are Σs < 1.5; thus, in all prepared compounds,
the presence of an unprotonated [V10O28]6– anion was confirmed. BVS values for all V
atoms are in the range of 5.02–5.11, confirming oxidation state V(V).

For the BVS calculations for central atoms M in [M(H2O)5(β-HAla)]2+ cations, the
following values of the bond parameters were used: R0 = 1.685 Å and B = 0.37 for Co2+ in
1 [47], R0 = 1.675 Å and B = 0.37 for Ni2+ in 2 [45], R0 = 1.904 Å and B = 0.37 for Cd2+ in
3 [46], R0 = 1.704 Å and B = 0.37 for Zn2+ in 4 [46], and R0 = 1.762 Å and B = 0.4 for Mn2+ in
5 [48]. In all [M(H2O)5(β-HAla)]2+ cations in the compounds 1–5, oxidation state II for the
central atom was confirmed.

All the molecules present in both dihydrates and tetrahydrates are involved in the
creation of an extensive hydrogen bonding network (Table S3). Most of these interactions
are medium hydrogen bonds with bond distances d(H. . .A) between 1.5 to 2.2 Å and bond
angles belonging to the range 130–180◦ after normalisation to neutron distances [49].

The values of average M–O distances d(M–O) in [M(H2O)5(β-HAla)]2+ complex
cations of the compounds 1–5 (Table 1) are in good agreement with the values of the
crystal radii for r(Co2+ hs) = 85.5 pm, r(Ni2+) = 83 pm, r(Cd2+) = 109 pm, r(Zn2+) = 88 pm,
r(Mn2+ hs) = 97 pm, and r(O2–) = 121 pm, respectively; crystal radii corresponding with
low spin states are significantly smaller (r(Co2+ ls) = 79 pm, r(Mn2+ ls) = 81 pm) [50]. The
M–Owater distances are in the range 2.070(2)–2.1195(19) Å for 1, 2.038(2)–2.0729(19) Å for
2, 2.232(3)–2.327(3) Å for 3, 2.0665(11)–2.1152(10) Å for 4, and 2.1369(19)–2.2197(18) for 5.
The M–Oβ-HAla distances d(M–O91) (Table S2) are in the range 2.0614(18)–2.200(3) Å in the
order of increasing crystal radii. Octahedral distortion parameters in [M(H2O)5(β-HAla)]2+

complex cations (Table 1) also show significant differences between particular values for
tetrahydrates and for dihydrates.

Table 1. Average M–O distances, octahedral distortion parameters, and octahedron volumes in
[M(H2O)5(β-HAla)]2+ complex cations of the compounds 1–5.

Compound d(M–O) [Å] ζ Δ Σ Θ V [Å3]

1 2.090(15) 0.065267 5.1 × 10−5 21.9313 51.4217 12.14
2 2.055(11) 0.050418 2.7 × 10−5 23.2468 50.2841 11.54
3 2.26(4) 0.195609 3.10 × 10−4 53.3874 144.5566 15.30
4 2.090(15) 0.064040 4.8 × 10−5 28.7336 66.9865 12.14
5 2.17(4) 0.198905 3.38 × 10−4 43.3304 113.7109 13.47

The zwitterionic form of β-alanine is characterised by the formation of an intramolec-
ular salt bridge between the ammonium group and the carboxylic group, forming a six-
membered S(6) ring [51,52]. In tetrahydrates (Figure 3a), smaller Co2+, Ni2+, and Zn2+

ions prefer the coordination of the less bulky oxygen atom of the carboxylate group not
involved in the intramolecular hydrogen bond, while larger Mn2+ and Cd2+ cations in
dihydrates (Figure 3b) prefer the coordination of the oxygen atom involved in the formation
of the intramolecular hydrogen bond. This different behaviour influences not only the
strength of the intermolecular hydrogen bond in β-alanine but also the entire hydrogen
bond network. As a result, the [M(H2O)5(β-HAla)]2+ cation in tetrahydrates contains
two intramolecular hydrogen bonds, i.e., the above-mentioned salt bridge N1–H1. . .O92
between –NH3

+ hydrogen and non-coordinated carboxylate oxygen, and O55–H55B. . .O92
hydrogen bond between coordinated water molecules and the same non-coordinated
carboxylate oxygen, thus forming another S(6) supramolecular ring. In dihydrates, the
[M(H2O)5(β-HAla)]2+ cation contains one three-centred chelated intramolecular hydrogen
bond, i.e., N1–H1B. . .O53 and N1–H1B. . .O91, where H1B belongs to the –NH3

+ group,
O53 to the coordinated water molecule, and O91 carboxylate oxygen coordinated to the
metal atom. Alongside the intramolecular S(6) ring formed by β-alanine, the S(4) ring
involving the coordinated oxygen atom of the carboxylate group, the hydrogen atom of
the ammonium group, and the oxygen atom of the coordinated water molecule is formed.
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These changes are also reflected as a change in corresponding torsion angles (Table 2) and
in the presence of different numbers of cocrystallised water molecules in both crystal forms.

Figure 3. A detailed view of [M(H2O)5(β-HAla)]2+ geometry and intramolecular hydrogen bonds (a)
in tetrahydrates and (b) in dihydrates. Displacement ellipsoids are drawn at 50% probability level.

Table 2. Selected torsion angles in [M(H2O)5(β-HAla)]2+ complex cations of the compounds 1–5.

1 2 3 4 5

M–O91–C1–O92 3.8(4) 0.8(4) 51.7(7) 4.3(2) 59.8(4)
M–O91–C1–C2 −176.41(18) −179.03(17) −128.4(4) −175.70(9) −119.9(3)
O91–C1–C2–C3 174.9(2) 173.3(2) −36.8(5) 174.61(12) −39.3(3)
O92–C1–C2–C3 −5.3(4) −6.5(4) 143.1(4) −5.41(18) 141.0(2)
C1–C2–C3–N1 70.5(3) 71.4(3) 59.0(5) 70.03(16) 60.9(3)

3.2. Molar Susceptibility Determination of [M(H2O)5(β-HAla)]2+ Ions in Solution by
Paramagnetic 1H-NMR

To determine the spin state of paramagnetic central atoms in the [M(H2O)5(β-HAla)]2+

(M = CoII, NiII, MnII) complex cations, molar susceptibilities of the complex cations in the
solutions of 1, 2, and 5 were determined based on the paramagnetic shift of the 1H-NMR
signal of the t-Bu group in the paramagnetic solution against the diamagnetic reference
(3% v/v t-BuOH solution in D2O). For the assessment of diamagnetic contribution, the
1H-NMR chemical shifts of the signal belonging to the t-Bu group in the solution of 4 and
in a blank sample containing t-BuOH in D2O were also recorded (Figure 4).

At the concentrations given, there was no significant diamagnetic contribution χd from
the ligands and other ions in the solution based on a comparison of 4 and blank t-BuOH
1H-NMR spectra, thus μeff values were calculated directly from χm values (Table 3).

Table 3. Experimental data, molar magnetic susceptibilities, and effective magnetic moments of the
[M(H2O)5(β-HAla)]2+ complex cations in the compounds 1, 2, and 5.

Compound Δf [Hz] c [mmol.L−1] T [K] χm [cm3mol−1] μeff [μB]

1 67.576 4.011 302.35 0.010052 4.95
2 30.2619 4.004 302.25 0.004509 3.32
5 95.534 4.000 300.85 0.014235 5.88
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Figure 4. Paramagnetic shifts of the t-Bu 1H-NMR signal in the solutions of the compounds 1, 2, 4,

and 5 and a blank sample against the reference solution of t-BuOH in D2O.

The results are in good agreement with the calculated μcal values by using Equation (4)
for three unpaired electrons of Co2+(hs) in 1, two unpaired electrons of Ni2+ in 2, and five
unpaired electrons of Mn2+(hs) in 5. These findings agree with the assignment of spin states
based on average d(M–O) distances.

3.3. Vibrational Spectroscopy

The FT-IR (Figure 5a) and FT-Raman (Figure 5b) spectra of crystalline 1–5 are quite
similar because of the same chemical components present. The FT-IR and FT-Raman spectra
of the individual compounds are mutually compared on Figure S1a–e. The assignments of
the bands are summarised in Table S4 [7,21,53].

Figure 5. Stacked FT-IR (a) and FT-Raman (b) spectra of the compounds 1–5.
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The common features of decavanadate IR spectra involve the bands with highest
intensity in the range 920–1000 cm−1 corresponding to valence vibrations of terminal V=O
bonds and two broad series of bands related to asymmetric and symmetric bridging O–V2
vibration modes in the range of 843–748 cm−1 (νas, IR)/866–823 cm−1 (νas, Raman) and
596–524 cm−1 (νs, IR)/591–533 cm−1 (νs, Raman), respectively.

The assignment of the bands corresponding to δd(NH3
+), δd(NH4

+), and both νs and
νas(COO−), is based on a comparison of partially deuterated samples [21].

To distinguish between binding modes of carboxylate group in complexes, it is pos-
sible to use the differences between frequencies of asymmetric and symmetric stretching
vibrations, Δ = νas(COO−)—νs(COO−). Carboxylato complexes exhibiting Δ values that are
significantly greater than ionic values, typically with Δ ≥ 200 cm−1 (cf. 164 and 184 cm−1

for zwitterionic β-HAla [53]), have usually unidentate coordination [54]. The Δ values of
studied compounds (Δ = 230 for 1, 2, and 3; Δ = 233 for 4; and Δ = 199 for 5) are typical
for monodentate mode of carboxylate group bonding, thus confirming the results of X-ray
structure analysis.

The presence of water molecules is confirmed by the bands in the region 3484–3380 cm−1.
These bands usually appear in the 3600–3400 cm−1 range, and their shift towards lower
wavenumbers is caused by the occurrence of O–H. . .O hydrogen bonds.

4. Conclusions

We prepared (NH4)2[Co(H2O)5(β-HAla)]2[V10O28]·4H2O, (NH4)2[Ni(H2O)5(β-HAla)]2
[V10O28]·4H2O, and (NH4)2[Cd(H2O)5(β-HAla)]2[V10O28]·2H2O by synthesising them in a
mildly acidic aqueous solution, which, in comparison with hydrothermal direct synthesis
from metallic powder and V2O5, prevented partial reduction of V(V) to V(IV) during
the preparation of (NH4)2[Co(H2O)5(β-HAla)]2[V10O28]·4H2O. The prepared compounds
were characterised by X-ray structure analysis and vibration spectroscopy. The FT-IR and
FT-Raman spectra confirmed the presence of the [V10O28]6– anion and monodentate coordi-
nation mode of β-HAla in complex cation in accordance with crystallographic findings. To
confirm the spin state of central atoms in [M(H2O)5(β-HAla)]2+ cations, including previ-
ously prepared (NH4)2[Mn(H2O)5(β-HAla)]2[V10O28]·2H2O, the Evans method was used
to confirm the assignment of spin states based on crystallographic data. The increasing
crystal radius of central atoms and their different preferences for donor atoms resulting
in rebuilding of the hydrogen bonding network is the main cause of the existence of two
different crystallohydrate forms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14080685/s1. Table S1: Crystallographic data for the com-
pounds 1–5; Table S2: Selected bond lengths, bond valences and bond valence sums in the compounds
1–5; Table S3: Hydrogen bonds in the structures of 1–5; Figure S1a: A comparison of IR and Raman
spectra of 1; Figure S1b: A comparison of IR and Raman spectra of 2; Figure S1c: A comparison of
IR and Raman spectra of 3; Figure S1d: A comparison of IR and Raman spectra of 4; Figure S1e: A
comparison of IR and Raman spectra of 5. Table S4: Assignments of the IR and Raman absorption
bands for compounds 1–5 [7,21,53].
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Abstract: Polymorphism is a prevalent occurrence in pharmaceutical solids and demands thorough
investigation during product development. This paper delves into the crystal growth and structure
of a newly synthesized polymorph (TPT)2[CoII(NCS)4], (1), where TPT is triphenyl tetrazolium.
The study combines experimental and theoretical approaches to elucidate the 3D framework of
the crystal structure, characterized by hydrogen-bonded interactions between (TPT)+ cations and
[Co(NCS)4]2− anions. Hirshfeld surface analysis, along with associated two-dimensional fingerprints,
is employed to comprehensively investigate and quantify intermolecular interactions within the
structure. The enrichment ratio is calculated for non-covalent contacts, providing insight into
their propensity to influence crystal packing interactions. Void analysis is conducted to predict
the mechanical behavior of the compound. Utilizing Bravais-Friedel, Donnay-Harker (BFDH), and
growth morphology (GM) techniques, the external morphology of (TPT)2[CoII(NCS)4] is predicted.
Experimental observations align well with BFDH predictions, with slight deviations from the GM
model. Quantum computational calculations of the synthesized compounds is performed in the
ground state using the DFT/UB3LYP level of theory. These calculations assess the molecule’s stability
and chemical reactivity, including the computation of the HOMO-LUMO energy difference and other
chemical descriptors. The study provides a comprehensive exploration of the newly synthesized
polymorph, shedding light on its crystal structure, intermolecular interactions, mechanical behavior,
and external morphology, supported by both experimental and computational analyses.

Keywords: supramolecular structure; crystal structure; Hirshfeld surface analysis; void analysis;
morphologies; DFT calculations; cobalt thiocyanate; triphenyltetrazolium

1. Introduction

The chemistry of cobalt complexes is gaining interest in several inorganic chemistry
groups due to the distinct reactivity of the produced complexes and the variety of ligands
that influence the characteristics of such complexes [1]. The Co(II) cations having a d9

configuration are found in most organometallic compounds in square planar, square-
pyramidal, or square-bipyramidal geometries [2]. Thiocyanate (SCN)− is an ambidentate
ligand that has been significant in the generation of bonding models for the mechanisms
that influence linkage isomerism in transition metal complexes, resulting in a variety of
structures of varying dimensions [3,4]. Increasing the diversity of the paramagnetic metal
centers used can lead to more exciting magnetic and optic properties [5]. Thiocyanate
coordination modes have been the subject of numerous studies. Thiocyanates’ linkage
isomerism preferences as terminal or bridging modes were investigated across a range of
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experimental conditions. Notable experimental factors include electronic and steric effects,
central metal type, solvent type, organic molecule type, and position of substituents in N
donor ligands [6,7].

Tetrazole derivatives are commonly employed as color markers for detecting enzyme
systems that produce reduction equivalents. They are incredibly important tools in aca-
demic and clinical research, as well as for numerous diagnostic applications, because of
this property [8]. Aromatic derivatives of 1,2,3,4-tetrazole (substitution at positions 2,
3, and 5) are the most commonly utilized tetrazole derivatives in biochemistry and cell
biology. The 2,3,5-triphenyl-2H-tetrazolium salt has garnered a lot of attention so far [9]. It
is a heterocyclic compound composed of four nitrogen atoms, one of which is positively
charged, and a five-member ring. The use of triphenyl tetrazolium salt for element and ion
extraction, spectrophotometric, and potentiometric determination has been reported [5,10].
Triphenyl tetrazolium salt was recently used as an ion-pair reagent for the detection of
different analytes as PVC membrane sensors [11–13]. It could also be employed in salt
synthesis experiments where the size of the cationic group is connected to the kind and
structure of the matching anionic units.

The work presents the synthesis, characterization, and determination of the single-
crystal structure and DFT calculations of the tetraphenyltetrazolium thiocyanate cobalt (II)
complex. The molecular structure was stabilized by hydrogen bonds and non-covalent
interactions studied by Hirshfeld surface analysis. The characterization of this complex was
performed using differential spectroscopic techniques such as UV spectrometry, infrared,
mass spectrometry, elemental analysis, and NMR. Additionally, DFT calculations for the
compound was carried out.

2. Experimental

2.1. General

A Gallenkamp melting point instrument was used to calculate the melting point.
A Perkin-Elmer FTIR spectrometer was used to record the IR spectra. The experiments
involved the utilization of Bruker 500 and 700 MHz instruments to acquire 1H NMR
and 13C NMR spectra in DMSOd6. TMS was employed as an internal standard, and
the chemical shifts were reported in δ-ppm. The complex spectrum was scanned using a
Shimadzu double-beam spectrophotometer (1800 UV) with a quartz cell. Perkin Elmer’s
2400 series II, CHNS/O elemental analysis was used for the elemental analysis.

2.2. Synthesis

Twenty-five milliliters of 1 mmol (0.291 mg) of cobalt (II) nitrate hexahydrate in
methanol was added to fifty milliliters of potassium thiocyanate of 1 mmol (0.0972 g),
then the cobalt thiocyanate complex was formed [Co(SCN)4]−2. Twenty-five milliliters of
triphenyl tetrazolium chloride solution in methanol 1 mmol (0.3348 g) was added to the
previously formed cobalt thiocyanate complex. A blue precipitate was produced, thereafter
separated by filtration, and finally washed with methanol. The resulting precipitate was
subjected to vacuum drying in order to obtain the desired ion-pair complex. The titled
compound (74% yield, m.p.225 ◦C) was obtained by recrystallization in acetonitrile. The
formed ion-pair complex was confirmed by different spectroscopic and instrumentation
analyses. IR (KBr cm−1): 2000.85 cm−1 for CN and 1H-NMR (DMSO-d6) δ: 7.63–8.26 ppm
(all Ar H of triphenyl rings). 13C-NMR (DMSO-d6) δ: 123.23, 126.73, 127.66, 130.63, 130.83,
133.28, 134.05, 134.55, 164.45.

2.3. Single Crystal X-ray Diffraction Measurement

We measured single-crystal X-ray diffraction at 293 K using a STOE IPDS 2 diffrac-
tometer with a sealed X-ray tube and a graphite monochromator. Cell refinement and
data reduction were completed by APX3 [14]. The structure was solved and refined
using the ShelXT and ShelXL programs, respectively [15], using Olex2 software [16]. Non-
hydrogen atoms were refined with anisotropic displacement parameters. Geometrically,
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hydrogen atoms were positioned (C-H = 0.93 Å) and refined using a riding model, with
Uiso(H) = 1.2 Ueq(C). The crystal structure was visualized using the Mercury software
4.0 [17]. The crystallographic data have been stored in the Cambridge Crystallographic
Data Centre (CCDC) as CCDC-2259943. A summary of crystallographic and structure
refinement data is given in Table 1.

Table 1. Crystal data and structure refinement parameters for (1).

Chemical Formula C42H30CoN12S4

CCDC number 2,259,943

Formula weight 889.95
Crystal system Triclinic

space group P-1
Temperature (K) 293

a (Å) 9.7110 (16)
b(Å) 12.892 (2)
c(Å) 18.753 (3)

α/ β/ γ (◦) 87.215 (14)/79.122 (14)/74.971 (13)
V (Å3) 2226.6 (7)

Z 2
μ (mm−1) 0.62

Crystal size (mm) 0.32 × 0.26 × 0.12
θmin/θmax (◦) 1.6/25.1

No. of measured, independent and
observed [I > 2σ(I)] reflections 20,928/7891/4056

Rint 0.094
R[F2 > 2σ(F2)]/ wR(F2), S 0.049/0.095/0.92

Data/restraints/parameters 7891/0/532
Δρmax/Δρmin (e Å−3) 0.37/−0.34

2.4. Hirshfeld Surface Analysis and Enrichment Ratio Calculations

Hirshfeld surface analysis (HS) and generation of 2D fingerprint plots [18,19] were
calculated using the CrystalExplorer 17.5 software [20] as a highly useful tool for evaluating
and illustrating all non-covalent interactions in multi-component crystal structures. For
quantifying and decoding the intercontacts in the crystal packing, the normalized contact
distance dnorm [20] based on Bondi’s van der Waals radii [21] and 2D fingerprint plots were
employed. The Hirshfeld surface is defined by the distances de and di, which represent
the distance from the surface to the nearest atoms outside and inside, respectively. The
normalized contact distance, dnorm, is calculated based on these distances. The deep red
color corresponds to the interactions that are shorter than the sum of van der Waals radii,
as shown by negative dnorm values. Other intermolecular distances near van der Waals
interactions with dnorm = 0 appear as light-red circles. On the other hand, contacts with
positive dnorm values that are longer than the total van der Waals radii are colored blue.

The enrichment ratio EXY for an element pair (X, Y) is defined as the ratio of the
actual percentage of random contacts in the crystal (CXY) to the percentage of theoretically
equivalently distributed random contacts (RXY) (EXY = CXY/RXY) [22]. If the enrichment
ratio of two elements is greater than 1, they are more likely to make contacts in the crystal,
whereas contacts with EXY values less than 1 are less likely to create contacts.

2.5. Growth Morphology Prediction

There are good relationships between an investigational pharmaceutical compound’s
crystal structure, crystal morphology, and physicochemical characteristics [23,24]. The
theoretical crystal morphology of (1) was simulated using Materials Studio 7.0 [25] utilizing
the Bravais-Friedel-Donnay-Harker (BFDH) model and growth morphology (GM) models.
The BFDH approach is capable of independently predicting the relative growth rates of
faces, without considering factors such as atoms, partial charges, bond types, or interatomic
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forces. Nevertheless, this approach remains the most straightforward and expedient tech-
nique for identifying potential crystal development facets and providing an approximate
initial assessment of a crystal’s structure. The determination relies solely on the lattice
parameters and the crystal’s symmetry. This is done based on the fact that the facets with
the largest interplanar spacing (dhkl) are likely to be morphologically important (MI) [26].

The concept of attachment energy, denoted as Ehkl
att, refers to the energy that is

released when a building unit, also known as a growth slice, is added to the surface of a
growing crystal. The variable in question holds considerable importance in comprehending
the characteristics of chemical bonding inside solid materials. In this technique, it is
assumed the attachment energy Ehkl is directly proportional to the growth rate Rhkl of a
specific crystal face (hkl). The AE method additionally posits the Miller index MIhkl exhibits
an inverse relationship with the face’s Ehkl

att. Consequently, this particular approach posits
facial features exhibiting the lowest Ehkl

att values are associated with the highest MIhkl
values and exhibit the slowest growth rates, as represented by the subsequent equations:

Rhkl ~ |Ehkl
att| (1)

MIhkl ~ 1/|Ehkl
att| (2)

2.6. DFT Calculations
2.6.1. Computational Details

In this study, we conducted comprehensive calculations of geometric and electronic
properties for the [(TPT)2[Co(NCS)4] crystal using the Gaussian 16 program [27]. Our
computational methodology of geometry optimization, frequency calculations, and elec-
tronic properties was initiated by the crystal’s asymmetric unit with a charge of zero and a
doublet spin. The geometry was fully optimized in the C1 symmetry group. All structures,
analyzed using different levels of theory, exhibit a real minimum on their potential energy
surfaces, as indicated by the absence of negative values in the calculated wavenumbers
(imaginary frequencies).

To explore the optical behavior and chemical reactivity descriptors of the studied com-
pound, we utilized density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) methodologies. As we have an open shell system, the unrestricted for-
malism UB3LYP functional [28,29], was used for the system’s characteristics. To accurately
represent the electronic behavior of the cobalt atoms (Co) within the crystal, we adopted
the LANL2DZ pseudopotential and basis set [30]. Additionally, for the constituent atoms
of nitrogen (N), carbon (C), hydrogen (H), and sulfur (S), we used the 6–31+G* basis set as
implemented in Gaussian 16 [27]. This choice of basis set effectively captured the electron
distribution of these elements, enabling precise calculations of their properties within the
compound. This analysis holds particular significance in the context of biology and the
study of molecular structures. It sheds light on the studied crystal’s properties, which can
be very important in various biological processes. Understanding these properties can have
far-reaching implications, from drug design to understanding biomolecular interactions,
ultimately contributing to advancements in the field of molecular biology.

2.6.2. Global Reactivity Descriptors

DFT method and frontier molecular orbitals (FMOs) analysis are now essential in-
struments employed by both theorists and experimentalists to explore, comprehend, and
forecast chemical properties of organic and inorganic compounds [31–34]. This is chiefly at-
tributable to the exceptional balance struck between precision and computational efficiency.

In the forthcoming phase of our research, our focus extends beyond predicting the
energy gap (Eg), this term refers to the disparity between the energy levels of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
We are committed to conducting an in-depth exploration of chemical reactivity descriptors
to gain a comprehensive understanding of the compound’s chemical behavior under
scrutiny. To accomplish this, we draw upon a range of well-established chemical reactivity
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descriptors, extensively discussed in our previous works [35–37]. These descriptors, which
are integral to understanding the electronic properties of our compound, are rigorously
evaluated and summarized as follows [38,39]:

Energy Gap (Eg): Eg = E(LUMO) − E(HOMO) (3)

This term denotes the disparity in energy levels between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). It provides
insights into the compound’s electronic transitions.

First Ionization energy (I), I = −E(HOMO) (4)

The symbol I denotes the energy that is necessary for the removal of an electron
from the highest occupied molecular orbital (HOMO), indicating the compound’s electron-
donating capacity.

Affinity (A), A = −E(LUMO) (5)

Affinity refers to the quantification of the energy variation that occurs upon the
addition of an electron to the lowest unoccupied molecular orbital (LUMO), indicating the
compound’s electron-accepting propensity.

Chemical Hardness (η), η =
(ELUMO − EHOMO)

2
(6)

This descriptor reflects the stability of the compound, providing information about its
resistance to electron exchange.

Chemical potential (μ), μ =
(EHOMO + ELUMO)

2
(7)

μ offers insights into the compound’s ability to exchange electrons with its environment.

Electrophilicity (ω), ω =
μ2

2η
(8)

Electrophilicity combines information about the chemical potential and hardness,
offering valuable insights into the compound’s reactivity.

Electronegativity (χ), χ =
(I + A)

2
(9)

Electronegativity indicates the compound’s tendency to attract electrons in chemical
bonds, reflecting its polarity and reactivity.

Softness (S), S =
1

2η
(10)

Softness describes the compound’s response to electron addition or removal, offering
further insights into its reactivity and stability.

3. Results and Discussion

3.1. Chemistry

The reaction of triphenyl tetrazolium chloride with cobalt thiocyanate in a methanolic
solution at ambient temperature afforded the title compound of cobalt (II) thiocyanate-
tetraphenyl tetrazolium complex in 78% yield through an anion exchange reaction. The
elemental analysis results show C = 55.63%, H 3.45%, and N 18.74%, which agree with
theoretical values of C 56.69%, H 3.37%, and N 18.89%. The UV-visible spectra show the
complex has a maximum wavelength of 623 nm.
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Several resonances in the 1H-NMR spectrum are caused by chemical shifts in the
aromatic zone. This is strong evidence that the triphenyl tetrazolium cobalt thiocyanate
complex has been formed. When comparing the NMR spectra of the triphenyl tetrazolium
ion (Figure 1A) and the triphenyl tetrazolium cobalt thiocyanate, we observe in the aromatic
zone of the former more peaks, such as 7.68–7.80 ppm, assignable to particular protons
in the triphenyl rings (a); 7.94–8.00 ppm also assignable to other different protons in the
two phenyl rings (b); and 8.30–8.35 ppm assignable for protons in one phenyl ring (c).
However, the 1H-NMR spectra exhibit only four peaks (7.63, 7.69, 7.77, and 8.26 ppm) for
the protons of triphenyl groups, confirming the establishment of the triphenyl-tetrazolium
complex. A prominent absorption band at 2000.85 cm−1 for CN can be seen in the IR
spectrum of the triphenyl tetrazolium cobalt thiocyanate complex, which is not present in
the IR spectrum of triphenyl-tetrazole. This is also another evidence for the complex. All
carbons for the triphenyl group appear in the 13C-NMR for both the triphenyl tetrazolium
and the triphenyl tetrazolium cobalt thiocyanate complex but with slightly distinct chemical
shifts.

3.2. Structural Description

The structure of (1), (TPT)2[CoII(NCS)4], is determined by single crystal X-ray analysis.
It is a polymorph of the previously published structure by Nakashima et al. [40]. The asym-
metric unit of (1) consists of one tetrathiocyanatecobaltate [CoII(NCS)4]2− anionic complex
and two triphenyltetrazolium (TPT)+ organic cations (Figure 1B). The tetrathiocyanate-
cobaltate [Co(NCS)4]2− anion consists of the CoII ion, which is tetrahedrally coordinated by
four nitrogen atoms of thiocyanate ligands with averaged Co-N bond lengths of 1.94–1.95 Å
(Table 2). The thiocyanate ligands are bound through nitrogen atoms and are quasi-linear
[N-C-S= 179.5 (4) Å], while the Co-NCS linkages are bent [C-N-Co = 157.0 (4) Å] (Table 2).
These structural characteristics have been reported by its previously described polymorph
(2) [40] and other similar compounds containing [M(NCS)4]2− anion (M is a transition
metal) [2,41]. Regarding polymorphs, it is not surprising the structure determination
for (2) revealed a network that differed from that of (1). In our case, the structure
crystallizes in the chiral space group, P-1, though the starting material in both struc-
tures, 2,3,5-triphenyltetrazolium, is achiral. There are two crystallographically different
molecules of bis(2,3,5-triphenyltetrazolium) tetrathiocyanatecobaltate in the asymmetric
unit of (2). The coordination environments exhibited by complexes (1) and (2) are compara-
ble; however, there are modest variations in the bond angles observed in each complex [40].
This difference may also be due to the intermolecular interactions between anions and
cations. In (1), all five atoms in the tetrazolium rings are coplanar (r.m.s deviations are
0.0046 (Å) and 0.0028 (Å) for each tetrazolium ring, respectively). Delocalization in the tetra-
zolium ring is supported by N-C and N-N lengths (Table 2). The tetrazolium rings are close
to being planar with one of the phenyl rings (r.m.s deviations = 0.052 and 0.031 Å) and form
dihedral angles of 56.72(4)◦ and 54.99(5)◦ with the planes of the two other benzene rings.
These values are different from its polymorphic form (2) and 2,3,5-triphenyltetrazolium
hexachloroantimonate(V) [40,41], 2,3,5-triphenyltetrazolium perrhenate(vii) [9] and agree
well with those reported for 2,3,5-triphenyltetrazolium chloride acetonitrile solvate [6],
2,3,5-triphenyltetrazolium chloride monohydrate [6], and 2,3,5-triphenyltetrazolium chlo-
ride ethanol solvate [6].

The cohesion and stability of (1) are ensured by C-H···N hydrogen bonds between aro-
matic H atoms of [TPT] cations and N-atoms of thiocyanate groups of [Co(NCS)4]2− anion
(Figure 2, Table 3) and X···π interactions (Figure 3, Table 4). All the hydrogen bonds
in (1) are found to be electrostatic in nature and weak with respect to donor-acceptor
bond lengths (D···A > 3 Å) [41,42]. The X···π interactions are established between the
sulfur atoms of the thiocyanate groups and the tetrazolium rings (Figure 3, Table 4). In
this structure, no π-stacking interactions is observed, compared to those reported for
2,3,5-triphenyltetrazolium cations [6,9,41]. All these non-covalent interactions give rise to
a three-dimensional supramolecular framework (Figure S1).

114



Crystals 2023, 13, 1598

 
(A) 

(B) 

Figure 1. (A) Chemical structure of triphenyltetrazolium. (B) The asymmetric unit of (1) with atom
labeling scheme. Thermal ellipsoids are drawn at the 50% probability level.
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Table 2. Selected bond lengths (Å) and angles (◦) for (1).

Bond Lengths (Å)

Co1-N12 1.946 (4) C27-C28 1.379 (5)
Co1-N9 1.947 (3) C31-C30 1.381 (5)

Co1-N11 1.950 (3) C7-C8 1.382 (5)
Co1-N10 1.950 (3) C29-C28 1.367 (5)
S3-C42 1.618 (4) C29-C30 1.375 (5)
S1-C40 1.605 (4) C6-C5 1.403 (5)
S2-C41 1.600 (4) C2-C3 1.397 (5)
S4-C39 1.618 (5) C37-C36 1.373 (5)
N3-N4 1.315 (3) C17-C18 1.368 (5)
N3-N2 1.343 (3) C17-C16 1.368 (5)
N3-C12 1.449 (4) C21-C22 1.363 (5)
N7-N8 1.321 (3) C11-C10 1.384 (5)
N7-N6 1.340 (3) C22-C23 1.364 (5)
N7-C25 1.451 (4) C34-C35 1.383 (5)
N2-N1 1.317 (3) C12-C7 1.355 (4)
N2-C1 1.455 (4) C12-C11 1.370 (4)

N1-C13 1.346 (4) C33-C38 1.376 (4)
N5-N6 1.317 (3) C33-C34 1.380 (5)
N5-C32 1.348 (4) C33-C32 1.461 (4)
N8-C32 1.350 (4) C14-C19 1.367 (4)
N4-C13 1.349 (4) C14-C15 1.380 (4)
N6-C26 1.451 (4) C25-C24 1.368 (4)
N9-C40 1.164 (4) C25-C20 1.373 (4)
C13-C14 1.468 (4) N12-C39 1.149 (5)
N10-C41 1.157 (4) N11-C42 1.161 (4)
C26-C31 1.366 (4) C20-C21 1.377 (4)
C26-C27 1.373 (4) C15-C16 1.391 (5)

C1-C2 1.357 (4) C19-C18 1.395 (5)
C1-C6 1.357 (4) C38-C37 1.388 (5)
C4-C5 1.356 (5) C9-C10 1.381 (6)
C4-C3 1.369 (5) C24-C23 1.378 (5)
C9-C8 1.362 (6) C36-C35 1.358 (5)

Bond Angles (◦)

N12-Co1-N9 109.84 (14) C12-C7-C8 117.5 (4)
N12-Co1-N11 111.90 (14) C28-C29-C30 120.0 (4)
N9-Co1-N11 107.90 (13) C1-C6-C5 117.6 (4)
N12-Co1-N10 101.52 (14) C1-C2-C3 119.2 (4)
N9-Co1-N10 116.21 (14) C36-C37-C38 120.4 (4)
N11-Co1-N10 109.46 (13) C18-C17-C16 119.5 (4)

N4-N3-N2 109.4 (2) C29-C28-C27 120.5 (3)
N4-N3-C12 122.7 (3) C22-C21-C20 120.3 (3)
N2-N3-C12 127.8 (3) C12-C11-C10 118.0 (4)
N8-N7-N6 110.1 (2) C31-C26-C27 122.3 (3)
N8-N7-C25 122.9 (3) C31-C26-N6 120.6 (3)
N6-N7-C25 126.8 (3) C27-C26-N6 117.0 (3)
N1-N2-N3 110.2 (3) C2-C1-C6 122.4 (3)
N1-N2-C1 123.7 (3) C2-C1-N2 117.1 (3)
N3-N2-C1 126.1 (2) C6-C1-N2 120.3 (3)

N2-N1-C13 103.9 (2) C7-C12-C11 123.3 (3)
N6-N5-C32 103.7 (3) C7-C12-N3 120.0 (3)
N7-N8-C32 103.4 (3) C11-C12-N3 116.4 (3)
N3-N4-C13 104.4 (3) N9-C40-S1 179.4 (4)
N5-N6-N7 110.0 (3) C38-C33-C34 119.1 (3)
N5-N6-C26 122.9 (3) C38-C33-C32 119.6 (3)
N7-N6-C26 126.9 (3) C34-C33-C32 121.4 (3)
C40-N9-Co1 167.8 (3) N5-C32-N8 112.7 (3)
N1-C13-N4 112.1 (3) N5-C32-C33 123.5 (3)
N1-C13-C14 124.9 (3) N8-C32-C33 123.7 (3)
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Table 2. Cont.

Bond Angles (◦)

N4-C13-C14 123.0 (3) C19-C14-C15 120.0 (3)
C41-N10-Co1 154.4 (4) C31-C26-C27 122.3 (3)
C19-C14-C13 120.6 (3) C17-C16-C15 119.9 (4)
C15-C14-C13 119.4 (3) C21-C22-C23 120.6 (3)
C24-C25-C20 122.5 (3) C33-C34-C35 120.9 (4)
C24-C25-N7 118.0 (3) C5-C4-C3 120.0 (4)
C20-C25-N7 119.5 (3) C8-C9-C10 119.5 (4)
N10-C41-S2 178.8 (4) C25-C24-C23 117.9 (3)

C39-N12-Co1 162.5 (4) C17-C18-C19 121.1 (4)
C42-N11-Co1 172.1 (3) C29-C30-C31 120.6 (3)
C25-C20-C21 118.2 (3) C35-C36-C37 120.2 (4)
N11-C42-S3 179.7 (4) C9-C8-C7 121.5 (4)

C14-C15-C16 120.3 (3) C4-C3-C2 119.6 (4)
C14-C19-C18 119.2 (4) C2-C3-H3 120.2
N12-C39-S4 179.4 (4) C22-C23-C24 120.6 (4)

C33-C38-C37 119.7 (4) C36-C35-C34 119.7 (4)
C26-C27-C28 118.4 (3) C9-C10-C11 120.2 (4)
C26-C31-C30 118.1 (3) C4-C5-C6 121.2 (4)

Figure 2. C-H···N Hydrogen bonds in (1).

Table 3. Hydrogen-bond geometry in (1).

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (◦)

C27-H27···N9 0.93 2.83 3.748 (4) 167

C19-H19···N10 (i) 0.93 2.80 3.413 (5) 125

Symmetry code: (i) 1-x,1-y, -z.
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Figure 3. S···π interactions in (1).

Table 4. Analysis of Y-X···Cg (Pi-Ring) interactions (X···Cg < 4.0 Å).

d(X···Cg) (Å) d(Y···Cg) (Å) Y-X···Cg(◦)

C40-S1···Cg5 (ii) 3.345(2) 3.647(4) 87.53(14)
C41-S2···Cg1 (ii) 3.231(2) 4.713(4) 153.09(14)
C42-S3···Cg1 (i) 3.299(2) 3.718(4) 91.69(14)
C39-S4···Cg5 (iii) 3.649(2) 4.490(5) 111.00(18)

Symmetry code: (i) 1-x,1-y,-z, (ii) x,y,z, (iii) 1-x,1-y,1-z. (Where, Cg1 and Cg5 are centroids of rings N(1)-N(2)-N(3)-
N(4)-C(13) and N(5)-N(6)-(7)-N(8)-C(32), respectively).

3.3. Hirshfeld Surface Analysis and Enrichment Ratio Calculations

Figure 4 shows the Hirshfeld surface generated over a dnorm range of −0.0794 to
1.5355 a.u. The red spot on the views of the dnorm surfaces near nitrogen and ortho C-H
of the phenyl ring indicates these atoms are involved in the C-H···N hydrogen-bonding
contacts. Two-dimensional (2D) fingerprint plot analysis can be used to quantify contacts
present in the structure [26,35]. The overall 2D fingerprint plot (Figure 5) and those de-
lineated into H···C/C···H, H···H, H···S/S···H, and N···H/H···N, are given in Figure 5,
respectively, together with their relative contributions to the HS. The most significant
contribution from H···C/C···H contacts is 30.2% (Table 3), shown in the 2D fingerprint plot
by a pair of sharp spikes pointed at de + di = 2.7 Å (Figure 5). Furthermore, because of the
abundance of carbon (%SC) and hydrogen (%SH) on the molecular surface (%SC = 17.25%
and %SH = 59.5%, respectively), rather than the presence of C-H···π interactions and an
enrichment ratio greater than the unit EH···C = 1.47 (Table 5), these types of contacts are the
most prominent interactions. Hydrogen-hydrogen (H···H) interactions are prominently
observed in the two-dimensional fingerprint plot, exhibiting a substantial presence within
the central region at a distance of de + di = 2.4 Å. These interactions account for approx-
imately 28.7% of the entire area encompassed by the hydrogen bond surface (Figure 5);
the second most frequent connections occur as a result of the high abundance of hydrogen
on the molecular surface, with a hydrogen content of 59.5%. However, these contacts are
significantly less prevalent, with an enrichment ratio of approximately 0.81. The H···S
contacts, occur as a pair of sharp spikes pointed at de + di = 3 Å, and refer to S···π inter-
actions, the third most significant interactions on the surface account for approximately
18.7% of the Hirshfeld surfaces (Figure 5) and have an enrichment ratio higher than unit
EH···S = 1.38 (Table 5). In addition, H···N contacts present the fourth most abundant in-
teractions on the HS (12.8%), corresponding to the presence of weak C-H···N hydrogen
bonding, which is represented by two large spikes pointed at de + di = 3.2 Å (Figure 5).
These contacts are over-represented with an enrichment ratio EN···H = 1.22. Finally, C···C,
N···C, N···S, C···S, and Co···H contacts all make minor contributions to the overall HS (3.2,
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2.6, 2.3, 1.7, and 0.2% to the total HS, respectively). However, C···C, N···S, and Co···H
contacts are more enriched at EC···C = 1.07, EN···S = 1.16 and ECo···H = 1.66 (Table 5).

Figure 4. (a) HS plotted over dnorm for (1) and (b) Fingerprint plot illustrating the total percentage
contribution of various interactions to HS area.

Figure 5. Two-dimensional fingerprints made with standard HS surfaces of C-H, H-H, S-H, and N-H
contacts in (1).

3.4. Void Analysis

The mechanical characteristics of single crystals are strongly linked to the voids. If a
single crystal has a very small percentage of voids, it has good mechanical properties such
as stress response, melting temperature, and so on [43,44] In this light, we calculated voids
in (1) by considering all atoms were spherically symmetric and by combining the electronic
density of all atoms in the crystal structure. The volume of the crystal voids (Figure 6)
and the percentage of free spaces in the unit cell are calculated as 352.86 Å3 and 15.84%,
respectively. Therefore, the molecules are closely packed, and there are no large voids in
the crystal packing. This higher value of volume occupied by voids reveals (1) is a hard
crystal with good mechanical properties.

119



Crystals 2023, 13, 1598

Table 5. Hirshfeld contact surfaces and derived random contact and enrichment ratios calculations
for (1).

Contacts (%)

Atoms Co N C S H

Co 0 - - - -
N 0 0 - - -
C 0 2.6 3.2 - -
S 0 2.3 1.7 0 -
H 0.2 12.8 30.2 18.4 28.7

Surface% 0.1 8.85 17.25 11.2 59.5

Random Contacts (%)

Co 0 - - -
N 0.02 0.78 - -
C 0.03 3.05 2.98 -
S 0.02 1.98 3.86 1.25
H 0.12 10.53 20.53 13.33 35.40

Enrichment rations EXY

Co 0 - - -
N 0 0 - -
C 0 0.85 1.07 -
S 0 1.16 0.44 0
H 1.66 1.22 1.47 1.38 0.81

Figure 6. Graphical representation of voids in the crystal packing of (1).

3.5. Growth Morphology Prediction by the AE Method

The crystal morphologies predicted by the BFDH and growth morphology (GM)
models (Figure 7) reveal the main shape of as-grown crystals to be a trigonal plate shape,
with a small deviation in the GM model. Both models expect a trigonal plate morphology,
with (001) facets having the most morphological importance (MI) followed by (010) facets
as the second most MI. However, the (GM) model indicates the (111) facet would be the
third dominant facet, while the BFDH model predicts the (100) facet would be the third
largest exposed face.
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Figure 7. As grown graph of synthetic crystal, growth morphology prediction by the AE method and
BFDH model morphological predictions showing the major faces that are predicted by the models.

The surface structures of all important facets of (1) given by the GM model were
studied. The (GM) model assumes the growth of the crystals to take place in a vacuum and
at a low driving force. The significance of the (001) and (010) morphological facets, which
account for almost 73% of the crystal surface, is apparent due to their limited interactions
characterized by a small number of polar groups. The attachment energies of (001) and
(010) are −42.3605 and −45.7329 kJ mol−1, respectively. The additional morphologically
significant aspects, denoted as (100), (101), and (110), indicate the existence of more pro-
nounced interactions, specifically the presence of polar functional groups. The estimates
of attachment energy were conducted to elucidate the potential energetic interactions that
occur during the process of crystal formation. According to the literature [35], when the
attachment energy is at its minimum in a specific direction, the facet that plays a crucial
role in morphology and bounds that development direction will exhibit the slowest rate
of growth and hence have the smallest size. So, according to the Eatt values (Table 6), the
(1 0 1), and (110) facets present smaller attachment energies and therefore slower growth
rates and lower morphological importance (Figure 8).

Table 6. Crystal facets and related parameters of (1) predicted by the BFDH and GM models.

BFDH

(h k l) Multiplicity dhkl (Å) % of TFA

(0 0 1) 2 18.42 44.62
(0 1 0) 2 12.45 27.81
(1 0 0) 2 9.22 11.04
(1 0 1) 2 8.92 6.55
(1 1 0) 2 8.52 6.28
(1 1 1) 2 8.28 3.69

Growth Morphology

(h k l) Multiplicity dhkl (Å)
Eatt (Total)

(kcal·mol−1)
% of TFA

(0 0 1) 2 18.42 −42.3605 38.93
(0 1 0) 2 12.45 −45.7329 34.03
(1 0 0) 2 9.22 −79.0048 10.73
(1 0 1) 2 8.92 −87.8669 1.97
(1 1 0) 2 8.53 −80.935 3.22
(1 1 1) 2 8.28 −71.4886 11.12

(h k l) is the crystal plane; dhkl is the distance between the planes; TFA is the total facet area; and Eatt (Tot) is the
total potential energy.
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Figure 8. The molecular arrangement of different crystal facets in (1).

3.6. Computational Results
3.6.1. Geometry Optimization

The geometry parameters and their error relative to the experimental values (Table 7)
prove the method used in our study reproduces well crystallographic geometry, where the
largest error is around 3.2% in Co1-N10 bond.

Table 7. Selected theoretical and experimental equilibrium geometry parameters of (1) in Å.

Cal Exp Error%

Co1-N12 1.962 1.946 (4) 0.8%
Co1-N9 1.968 1.947 (3) 1.1%

Co1-N11 1.972 1.950 (3) 1.1%
Co1-N10 2.013 1.950 (3) 3.2%
S3-C42 1.58 1.618 (4) 2.3%
S1-C40 1.57 1.605 (4) 2.2%
S2-C41 1.587 1.600 (4) 0.8%

3.6.2. Chemical Descriptors

The energy gap (Eg) between HOMO and LUMO plays a pivotal role in elucidating
both the bioactivity and the intermolecular charge transfer processes [45]. The calculated
energy gap of our crystal holds paramount importance in elucidating its electronic proper-
ties and potential applications. This modest Eg value of 0.13 eV categorizes the material as
a semiconductor, providing strong evidence for the occurrence of intramolecular charge
transfer (ICT) (Table S1). This noteworthy ICT phenomenon plays a central role in re-
inforcing and confirming the inherent antioxidant capabilities of the compound under
examination. This particular Eg value falls within the range typically associated with
certain types of semiconductors, making it particularly suitable not only for electronic and
optoelectronic applications but also for use in biomedical sensing applications, where it
can serve as a sensitive element for detecting biomolecules or environmental changes. The
calculated electrophilicity (ω) value of the studied crystal (Table 8) suggests the crystal is
highly electrophilic. This high electrophilicity value typically indicates the crystal has a
strong tendency to accept electrons and engage in chemical reactions where it acts as an
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electron acceptor. This reactivity can make the crystal prone to forming chemical bonds or
undergoing reactions with other molecules or ions that can donate electrons.

Table 8. HOMO-LUMO energy and global reactivity descriptor values of (1) in (eV).

ESOMO −6.35

ELUMO −6.22
Eg 0.13

Ionis 6.35
Elec. Aff 6.22
Hardness 0.07
Chem. pot −6.28

Electrophilicity 295.0
Electronegativity 6.28

The contour surfaces of the frontier molecular orbitals (FMOs) calculations are shown
in Figure 9. As depicted, the spatially occupied molecular orbital SOMO such as half-filled
α-HOMO for the open shell system, SOMO-1 (α-HOMO-1) and LUMO (α-LUMO) pre-
dominantly reside within the inorganic component of the studied crystal. This observation
highlights a significant and intriguing facet of the compound’s electronic structure, signify-
ing that the inorganic portion plays a paramount role in facilitating intramolecular charge
transfer (ICT) within the crystal.

Figure 9. Frontier molecular orbitals and the energy gap (Eg in electron volt) of (1)
(Isosurface 0.05 e/Å3).
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4. Conclusions

The crystal structure is determined by single crystal X-ray diffraction analysis. The
molecular structure is composed of one tetrathiocyanatecobaltate [CoII(NCS)4]2− anionic
complex and two triphenyltetrazolium (TPT)+ organic cations. The supramolecular assem-
bly is mainly stabilized by C-H· · ·N hydrogen bonding and S· · ·π non-covalent interac-
tions. The crystal packing of compound (1) was determined to be primarily influenced
by C· · ·H, H· · ·H, S· · ·H, and N· · ·H contacts, as indicated by the analysis of Hirshfeld
surface and enrichment ratio estimates. The study of the void revealed the absence of a
significant cavity, indicating the compound is anticipated to possess favorable mechanical
characteristics. The final crystal morphology of (1) was obtained using BFDH and growth
morphology models. The results show that (1) crystals simulated in vacuum have six habit
faces, of which the (0 0 1) and (0 1 0) faces are morphologically more important. Finally,
in terms of electronic properties, the low energy gap (Eg = 0.13 eV), implies stability, high
kinetics, and low chemical reactivity, as it is energetically unfavorable to add electrons to
the LUMO or to extract electrons from the HOMO.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst13111598/s1; Figure S1: The crystal packing of (1) along
a axis; Table S1: Calculated UV-Vis spectrum, oscillator strength and the major contribution calculated
using B3LYP functional.
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Abstract: The use of chiral organic ligands as linkers and metal ion nodes with specific coordination
geometry is an effective strategy for creating homochiral structures with potential ferroelectric proper-
ties. Natural Cinchona alkaloids, e.g., quinine and cinchonine, as compounds with a polar quinuclidine
fragment and aromatic quinoline ring, are suitable candidates for the construction of molecular ferro-
electrics. In this work, the compounds [CnZnCl3]·MeOH and [CnZnBr3]·MeOH, which crystallize
in the ferroelectric polar space group P21, were prepared by reacting the cinchoninium cation (Cn)
with zinc(II) chloride or zinc(II) bromide. The structure of [CnZnBr3]·MeOH was determined from
single-crystal X-ray diffraction analysis and was isostructural with the previously reported chloride
analog [CnZnCl3]·MeOH. The compounds were characterized by infrared spectroscopy, and their
thermal stability was determined by thermogravimetric analysis and temperature-modulated pow-
der X-ray diffraction experiments. The intermolecular interactions of the different cinchoninium
halogenometalate complexes were evaluated and compared.

Keywords: quinoline; quinuclidine; cinchonine; zinc(II); halogenometalate; hydrogen bonds; ferro-
electric; stacking interactions

1. Introduction

Ferroelectrics are an important class of materials that are of great interest from both a
fundamental and an applied point of view, e.g., in the electronics and medical industries [1].
Their main characteristic is the occurrence of a permanent and spontaneous polarization
that can be altered by applying an external electric field. Although various inorganic ferro-
electrics have been discovered to date, the most common are lead-based oxides, which are
now becoming an increasing environmental concern due to the toxicity of lead, the scarcity
of elemental resources, and the high cost of producing oxide materials [2,3]. Recent research
has shown that there is great potential for soft materials based on organic and inorganic–
organic molecules [4–6]. Such materials are produced using relatively simple processes at
low temperatures and according to the principles of green chemistry. A prerequisite for the
existence of a permanent dipole moment is that the material crystallizes in a space group
with a unique axis of rotation and without a center of symmetry. The advantage of these
soft materials is that the crystal packing can be influenced by the careful selection of the
molecular fragments, relying on the intermolecular contacts they will achieve in the solid
state, but also by some external stimuli such as crystallizing solvents, pressure, and heat [7].
For example, polar spherical molecules such as quinuclidine can be very easily reoriented
in an electric field and thus influence the occurrence of ferroelectric polarization [8]. In
addition, the chirality of certain molecules is important for the design of polar structures,
which is essential for ferroelectrics. The use of naturally occurring chiral ligands can be an
effective strategy for the preparation of molecular ferroelectrics [9,10]. Many small organic
molecules are asymmetric and can retain their asymmetry upon crystallization. However,
this does not necessarily mean that asymmetric molecules will consistently crystallize
in an asymmetric or polar structure. A polar asymmetric molecule can interact with a
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neighboring molecule and form a supramolecular synthon that forms a crystal structure
with an inversion center, which is undesirable for ferroelectrics [11]. For this reason, the
understanding and prediction of intermolecular interactions is crucial for the design of
supramolecular ferroelectrics [3]. However, the literature reports on the ferroelectric prop-
erties of homochiral molecules are not very extensive, and among the best studied are
those of organic salts such as R-3-hydroxlyquinuclidinium halides [12], three-dimensional
metal-free perovskites of (3-ammonioquinuclidinium)NH4Br3 [13], and bis (imidazolium)-
L-tartrate [14]. Recently, a pair of homochiral organic simple-component ferroelectrics
based on a heterocyclic derivative of spirooxazacamphorsultam was reported to exhibit
well-defined ferroelectricity with spontaneous polarization of 2.2 μC cm−2 at a coercive
field of ~50 kV cm−1 [15]. Homochiral organic molecules are also responsible for ferro-
electricity in semi-crystalline solid materials with polar symmetry, i.e., liquid crystals. For
example, the ferroelectric chiral cholesterol derivatives exhibit a spontaneous polarization
switching of ~4 μC cm−2 at a coercive field of ~50 kV cm−1 [16]. There are far fewer reports
of ferroelectric metal–organic complexes constructed from a chiral ligand. The presence of
transition metal atoms can impart additional physical properties to the material, as in the
case of the plastic hybrid compound R-3-hydroxyquinuclidium tetrachloroferatte, which
exhibits both ferroelectricity and long-range magnetic ordering [5], or N,N′-dimethyl-1,4-
diazoniabicyclo [2.2.2]octonium tetrachlorocuprate, in which thermochromism is observed
due to a change in coordination geometry around the metal center [4]. One strategy to
prepare molecular ferroelectrics is to introduce the chiral solvent, i.e., R-1,2-propanediol
or S-1,2-propanediol, into the crystal structure of the metal–organic complex, which suc-
cessfully achieved ferroelectricity in the compound Cu(1,10-phenanthroline)2SeO4 [17].
In all the systems mentioned, the values of the coercive fields and the magnitude of the
polarization are similar, indicating that the ferroelectric polarization occurs as a result of
energetically similar processes, i.e., similar ferroelectric switching mechanisms.

In the search for suitable organic ligands for the construction of polar crystal structures,
chiral alkaloids have proven to be excellent candidates, which is of crucial importance for
ferroelectrics. The development of ligands based on 4-quinolones has made considerable
progress, and to date more than 10,000 analogs have been prepared by various modifi-
cations of the quinoline ring system [18], providing a platform of nearly 200 biologically
active alkaloids for material design. Among the best known are those that can be isolated
from the Cinchona plant, in particular quinine, which has been used for many years to treat
malaria [19]. In addition to quinine, its quasi-enantiomer quinidine and its analogs without
a methoxy group in the quinoline ring, cinchonidine and cinchonine, are also known [20].
In addition to quinoline fragments, these alkaloids have a polar quinuclidine fragment
which is responsible for the ferroelectric properties of organic and organic–inorganic com-
pounds [5,8]. Nevertheless, reports on the use of these alkaloids for molecular ferroelectrics
are rather scarce, and only two organic–inorganic compounds have been reported to ex-
hibit ferroelectricity, namely, the quinine–copper(II) complex (H2-quinine)2Cu5Cl9 [21] and
the quinine–copper(I) coordination polymer (H-quinine)2Cu8Cl10 [22], which achieve a
relatively low value of remanent polarization of about 0.1 μC cm−2 at a coercive field of
10 kV cm−1. These two examples show that quinine and related alkaloids can be used to
tune the dimensionality of metal–organic systems. Polymeric species are formed when only
one nitrogen is protonated, whereas isolated complexes are formed when both nitrogen
atoms are protonated and the quinine molecule appears as a dication. Our motivation
was to investigate whether other alkaloids from the Cinchona family are suitable for the
preparation of molecular ferroelectrics.

In this work, we selected the cinchoninium cation [Cn, (C19H23N2O)+], also a mem-
ber of the Cinchona alkaloids, to prepare the metal complexes with zinc(II) chloride and
zinc(II) bromide. The properties of the prepared [CnZnCl3]·MeOH and [CnZnBr3]·MeOH
complexes were investigated by FTIR-ATR spectroscopy, powder and single-crystal X-ray
diffraction, thermal analysis and measurements of polarization as a function of applied
voltage. The structure of the prepared cinchoninium–trihalogenozinc(II) complexes was
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compared with similar compounds in the literature, and it was investigated how intermolec-
ular interactions in these systems influence the formation of polar (ferroelectric) structures.

2. Materials and Methods

2.1. Syntesis of [CnZnX3] MeOH, X = Cl, Br

Cinchoninium chloride dihydrate (85%), CnCl·2H2O, zinc(II) chloride (98%), ZnCl2,
and zinc(II) bromide (99%), ZnBr2, were purchased from Sigma Aldrich. The compounds
[CnZnCl3]·MeOH and [CnZnBr3]·MeOH were prepared using a solvent-layering technique.
Methanolic solution (2 mL; 0.105 M) of cinchoninium chloride dihydrate was covered with
acetonitrile solution (2 mL; 0.095 M) of zinc(II) halide. After a few days, rod-shaped crystals
of the compound [CnZnX3]·MeOH (X = Cl, Br) formed in a closed test tube. The rod-shaped
crystals were separated and briefly dried in air (70% yield).

2.2. Spectroscopic Measreumtns

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
recorded in the 4000−400 cm−1 range using a PerkinElmer FT-IR Frontier spectrometer.

2.3. Thermal Analyis

Thermal analysis was performed with a Shimadzu DTG-60H analyser, in the range
from 290 to 1000 K, in a stream of synthetic air at a heating rate of 10 K min−1.

2.4. Single-Crystal and Powder X-Ray Diffraction

The single-crystal X-ray diffraction data for compound [CnZnBr3]·MeOH were col-
lected by ω-scans using Cu-Kα radiation (λ = 1.54179 Å, microfocus tube, mirror monochro-
mator) on a Rigaku XtaLAB Synergy S diffractometer at 293 K. The crystal data, exper-
imental conditions, and final refinement parameters are summarized in Table 1. Data
reduction, including the multiscan absorption correction, was performed with the CrysAl-
isPRO software package (version 1.171.42.62a). The molecular and crystal structures were
solved by direct methods using the program SIR2019 [23] and refined by the full-matrix
least-squares method based on F2 with anisotropic displacement parameters for all non-
hydrogen atoms (SHELXL-2014/7) [24]. Both programs were operating under the WinGX
program package [25]. The positions of the hydrogen atoms attached to the carbon and
nitrogen of the cinchoninium cation were found in the electron density map, but were
placed in idealized positions. The hydrogen atoms of the methanol molecule were also
identified based on a difference Fourier map [O–H distances were restrained to a target
value of 0.85 (2) Å]. Geometrical calculations were carried out with PLATON [26] and the
figures were generated using the CCDC-Mercury program [27].

Table 1. Crystallographic data and structural refinement details for the compound [CnZnBr3]·MeOH.

Empirical formula C20H27Br3N2O2Zn ρcalcd/g cm−3 1.84

Crystal color, habit Colorless, rod-like μ/mm−1 7.784

Formula weight/g mol−1 632.53 θ range/◦ 4.73–79.62

Crystal system monoclinic No. of measured reflections 8820

Space group P21 No. of independent reflections 4059

a/Å 9.3262(1) No. of observed reflections 3948

b/Å 13.1230(2) No. of parameters, restraints 264, 6

c/Å 9.3436(1) Rint 0.0409

α/◦ 90 R, wR [I > 2σ(I)] 0.0833, 0.2575

β/◦ 92.709(1) R, wR [all data] 0.0842, 0.2623

γ/◦ 90 Flack parameter 0.005(5)

V/Å3 1142.26(4) Goodness of fit 1.266

Z 2 Δρmax, Δρmin/e Å−3 4.124, −1.778
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The Hirshfeld surfaces and 2D fingerprints of the Hirshfeld surface were calculated
using the program Crystal Explorer [28]. The normalized contact distances dnorm were
mapped onto the generated Hirshfeld surface, with red regions indicating close intermolec-
ular contacts (negative dnorm), blue regions indicating longer contacts (positive dnorm), and
white regions with intermolecular contacts corresponding to the van der Waals radii of the
atoms in contact (dnorm = 0).

The powder X-ray diffraction data (PXRD) were collected in reflection mode with
Cu-Kα radiation (λ = 1.54060 Å) on a Malvern Panalytical Empyrean diffractometer using
a step size of 0.013◦ in the 2θ range between 5◦ and 50◦. For temperature-modulated PXRD
measurements, a high temperature camera was used.

2.5. Polarization Measurements

Ferroelectric tests based on the positive-up–negative-down method [29,30] at room
temperature were measured at a frequency of 10 Hz and under a voltage of 450 V using a
ferroelectric analyser TF1000 from AixACCT (Aachen, Germany).

3. Results and Discussion

3.1. Synthesis and Spectroscopic Characterization

In the study carried out, the compound [CnZnCl3]·MeOH was prepared in the form
of single crystals through a modified literature method by layering a methanol solution of
cinchoninium chloride with an acetonitrile solution of zinc(II) chloride. This method allows
the preparation of high-quality single crystals in very high yield. The choice of solvent for
dissolving the starting compounds played a decisive role in crystallization as well as in
the chemical composition and crystal structure of the products obtained. According to the
PXRD analysis, the prepared cinchoninium–trichlorozinc(II) compound corresponds to the
structure deposited in the Cambridge Structural Database (CSD) under the reference code
JORQIQ (Supplementary Figure S3) [31]. By replacing zinc(II) chloride with zinc(II) bro-
mide in the reaction with cinchoninium chloride (CnCl), a new mononuclear coordination
complex of the formula [CnZnBr3]·MeOH was obtained. The compound crystallized as a
solvate with a methanol molecule in the crystal structure and was isostructural with the
compound [CnZnCl3]·MeOH [32].

The spectrum of cinchoninium chloride dihydrate and the complex compounds
[CnZnX3]·MeOH (X = Cl, Br) shows bands at similar wavenumbers (Supplementary
Figures S1 and S2). The band at 3490 cm−1 is related to the stretching vibration of the
O–H bond of the hydroxyl group of cinchonine and methanol [ν(O–H)], while the band at
3134 cm−1 corresponds to the stretching of the N–H bond of the protonated quinuclidine
nitrogen [ν(N–H)] [33]. The most intense band in the spectrum appears at 778 cm−1 and is
related to the deformation of the quinolone group [34].

3.2. Thermal Stability

The thermal stability of the compound [CnZnCl3]·MeOH was investigated by TG/DTA
analysis (Supplementary Figure S4). In the first stage of decomposition, which starts at
323 K and ends at 387 K, the methanol molecule leaves the crystal structure (mass loss for
CH3OH: wcalc = 6.41%; wexp = 6.43%). The next step, which corresponds to the cleavage of
the ethylene group on the quinuclidine fragment of the cinchonine, begins at 550 K and
ends at 600 K (mass loss for C2H4: wcalc = 5.61%; wexp = 4.77%). Further heating leads to the
complete decomposition of the organic part of the molecule, and apparently the inorganic
part also decomposes with the formation of volatile products, so that no residue remains
after heat treatment at 1000 K. Compared to traditional ferroelectrics such as Pb(Zr,Ti)O3
and LiNbO3, which are stable at high temperatures above 650 K [35], the thermal stability
of [CnZnCl3]·MeOH up to 323 K limits its potential applicability. So far, the highest Curie
temperature of ~521 K has been reported for a purely organic ferroelectric crystal based on
a phenanthroimidazole derivative [36].
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In addition, temperature-modulated PXRD experiments were performed to reveal the
structural changes that the original structure of [CnZnBr3]·MeOH undergoes when heated
from room temperature to 463 K (Figure 1). Even at a slight heating to 323 K, the PXRD
pattern changes, and in addition to the peaks corresponding to the [CnZnBr3]·MeOH phase,
additional peaks belonging to a new phase are detected. The correlation of these obser-
vations with the TG/DTA experiment on the isostructural compound [CnZnCl3]·MeOH
suggests that the structural transformation is related to the removal of the solvent molecule
(methanol) from the crystal structure. According to PXRD, the solvent-free form is stable
up to 463 K.

Figure 1. Temperature-modulated PXRD experiments on the initial sample [CnZnBr3]·MeOH (black
line) measured at 293 K. The diffractogram simulated from the single-crystal XRD data is given for
comparison (gray line).

3.3. Crystal Structures of [CnZnX3]·MeOH, X = Cl, Br

At room temperature, the compounds [CnZnX3]·MeOH, where X = Cl, Br, crystallized
in the monoclinic space group P21. The coordination of the Zn(II) center is a tetrahedron
with a nitrogen atom from the quinolone fragment and three halide ligands (Figure 2).
In the [CnZnBr3]·MeOH complex, the Zn–N bond length is 2.096(8) Å, which is typical
for complexes with a similar coordination polyhedron according to the CSD [31] (values
found in the CSD: average 2.063 Å, range 2.010–2.114 Å). The Zn–Br bond lengths are also
uniform and lie in the range of 2.318–2.365 Å. Similar values were found in other tetrahedral
zinc(II) complexes with nitrogen and bromine atoms in the coordination sphere (average
2.371 Å, range 2.309–2.410 Å). Details of the coordination geometry around zinc are given
in Supplementary Tables S1 and S2. Calculation of the continuous symmetry measures
(CSM) using the CoSyM calculator [37] shows that the deviation of the geometry from
the ideal tetrahedron is 0.40 in the [CnZnBr3]·MeOH complex and only slightly smaller,
about 0.34, in [CnZnCl3]·MeOH, indicating that both compounds exhibit some degree of
distortion from the ideal tetrahedral geometry.

The intermolecular interactions were analyzed by generating Hirshfeld surfaces with
normalized contact distance (dnorm) and two-dimensional (di vs. de) fingerprint plots for
the compounds [CnZnBr3]·MeOH and [CnZnCl3]·MeOH. The calculation of the Hirshfeld
surface without solvent clearly shows a short interaction between the methanol molecule
and the halogen atom of the [CnZnX3] complex (Figure 3a,d). The red regions on the Hirsh-
feld surface of [CnZnBr3]·MeOH were significantly smaller than those of [CnZnCl3]·MeOH
(Figure 3b,e). These red regions represent areas with high electron density and strong
interactions, which is consistent with the fingerprint plot analysis. The interaction between
the H atoms in the organic component and the halide atoms in the inorganic component
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was calculated and analyzed from these fingerprint plots (Figure 3c,f). It was found that the
H· · ·Br interactions in [CnZnBr3]·MeOH accounted for 36.5%, slightly more than the 34.7%
for H· · ·Cl interactions in [CnZnCl3]·MeOH. The contributions of other contact types were
similar in both compounds, with the exception of H· · ·H interactions, which were associ-
ated with 42.8% and 45.8% of the surface area of [CnZnBr3]·MeOH and [CnZnCl3]·MeOH
compounds, respectively.

Figure 2. Asymmetric unit in [CnZnBr3]·MeOH with the atom numbering scheme. Displacement
ellipsoids are drawn for a probability of 50% and hydrogen atoms are shown as spheres of arbitrary radii.

Figure 3. Hirshfeld surface mapped with normalized contact distance of (a) complex [CnZnBr3],
(b) [CnZnBr3]·MeOH; (d) complex [CnZnCl3]; (e) [CnZnBr3]·MeOH. Fingerprint plots for all contacts
in (c) [CnZnBr3]·MeOH; (f) [CnZnCl3]·MeOH.

The crystal packing of [CnZnBr3]·MeOH is determined by hydrogen bonds between
the halide atoms and the hydrogen atoms of the hydroxyl group and the protonated
quinuclidine group of the cinchoninium. The methanol molecule mediates the hydrogen
bonds between two [CnZnBr3] complexes, and this type of interaction forms a cooperative
hydrogen bonding chain along the c-axis (Figure 4a). Besides participating as a proton
donor and acceptor in the cooperative hydrogen bond, methanol serves as an additional
proton donor for the C–H···Br contact propagating along the a-axis. Along the polar b-axis,
there is a hydrogen bonding chain between the two [CnZnBr3] complexes (Figure 4b),
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which results from a hydroxyl-O–H···Br contact. In addition to these contacts, the two
C–H···π interactions also stabilize the crystal packing along the polar axis. Details of
these interactions can be found in Supplementary Tables S3 and S4. The intermolecu-
lar potentials calculated in Mercury using the UNI force field calculation [38,39] are in
good agreement with the Hirshfeld surface analysis [28], which predicts stronger contacts
for the [CnZnCl3]·MeOH compound. Each [CnZnCl3] complex forms two contacts of
−40.5 kJ mol−1 and −33.9 kJ mol−1 with two neighboring [CnZnCl3] complexes and one
contact of −29.1 kJ mol−1 with the methanol molecule. In the [CnZnBr3]·MeOH com-
pound, the mentioned contacts reached energy levels of −38.2 kJ mol−1, −32.2 kJ mol−1

and −28.4 kJ mol−1, respectively.

Figure 4. Hydrogen bonding in [CnZnBr3]·MeOH: (a) cooperative hydrogen bond chain between
methanol and [CnZnBr3]; (b) hydrogen bonding along the direction of the polar axis. Hydrogen
contacts are shown as blue dashes; the coordination sphere around zinc is shown as a gray tetrahedron.
The green line represents the two-fold screw axis.

3.4. Ferroelectric Properties

The measurements of the dependence of the polarization on the voltage at room tem-
perature (298 K) confirmed the ferroelectric polarization in the compound [CnZnCl3]·MeOH.
A typical hysteresis loop describing the polarization as a function of the applied voltage
is shown in Figure 5 together with the voltage-dependent maxima of the electric current,
confirming the macroscopic ferroelectric response due to intrinsic spontaneous polarization.
Since the measurements were performed on thin pressed pellets of the compound, the
saturation value of the spontaneous polarization under the above conditions is very low
and is about 2 nC cm−2. The coercive field for this compound is about 50 kV cm−1.

Figure 5. Polarization–voltage loop measured on a [CnZnCl3]·MeOH 50 μm thick pellet sample.
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4. Discussion

The results presented in this work include the preparation and characterization of
metal–organic compounds based on natural alkaloids from the Cinchona group, a cin-
choninium cation, and halogenometalates, trichlorozinc(II), and tribromozinc(II). Two
compounds were prepared: the cinchoninium–trichlorozinc(II)–methanol complex, which
has already been reported in the literature [32], and a new compound, cinchoninum–
tribromozinc(II)–methanol. The compounds produced are neutral mononuclear units
whose molecular structures are essentially the same. The zinc atom is in a tetrahedral geom-
etry in which one coordination site is occupied by the quinolone nitrogen atom and the other
three coordination sites are occupied by halogen anions (Cl– or Br–). The N–H groups of the
protonated quinuclidine fragment and the O–H hydroxyl groups are donors of hydrogen
bonds to the halogen anions of the zinc(II) tetrahedron. The compounds [CnZnBr3]·MeOH
and [CnZnCl3]·MeOH (Ref. code in CSD JORQIQ) [32] are isostructural and crystallize
in the polar space group P21. In addition to these compounds, there are five other struc-
tures in the CSD that contain a combination of protonated cinchoninium molecule and
halogenometalate [31]. Three of them contain a doubly protonated cinchoninium cation
and a tetrachlorometalate anion (M = Cd, Cu) [40–42]. These structures crystallize in the
non-polar space group P212121 (ref. codes in CSD CINCDC [40], FACFEU [41], and WAT-
FUT [42]). Trichlorocobalt(II) complexes with a cinchoninium cation are also deposited
in the CSD, namely as a non-solvent complex (ref. code in CSD WUXQIP [43]) and as an
ethanol–solvent compound (ref. code in CDS WUXQOV [43]), both crystallizing in the
polar monoclinic space group P21.

In orthorhombic structures with higher symmetry (CINCDC [40], FACFEU [41], WAT-
FUT [42]), aromatic stacking interactions have a stabilizing and directing effect on the crys-
tal packing in addition to hydrogen bonds (see Figure 6a,b). In polar crystal structures
(JORQIQ [32], WUXQIP [43], [CnZnBr3]·MeOH), these types of interactions are absent
(Figure 6c). Another observation is that in non-polar structures, cinchoninium molecules
appear as doubly protonated and isolated cations, whereas in all polar structures with cin-
choninium, the quinolone nitrogen is coordinated to the metal center and the organic fragment
is part of the complex. The cinchoninium molecules probably have more freedom of move-
ment in the structures in which they occur as isolated cations, and their packing is determined
by stacking interactions. In the structures where cinchoninium is part of the metal complex,
the molecule is more rigid and other types of interactions, especially hydrogen bonds, are
more pronounced. If the influence of the inorganic moiety is taken into account, structures
with trihalogenometalate contribute more to the overall dipole moment of the complex, while
the tetrahalogenometalate anions are non-polar in ideal tetrahedron geometry.

Figure 6. Interactions between cinchoninium molecules related by two-fold screw axes in the struc-
tures of (a) cinchoninium tetrachlorocadmium(II) dihydrate (CINCDC) [40]; (b) bis(cinchoninium)
tetrachlorocadmium(II) tetrachlorocopper(II) (WAFFUT) [42]; and (c) cinchoninium tribromoz-
inc(II) methanol.
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Temperature-modulated experiments corroborating the TG/DTA analysis indicate that
the loss of the methanol molecule from the crystal structure causes a structural transformation
in the solvent-free structure, which is stable up to 460 K. The structure of this solvent-free
phase could be related to that of the cinchoninium–trichlorocobalt(II) complex (ref. code
WUXQIP [43]) which crystalizes in a monoclinic P21 structure with the following unit cell
parameters: a = 8.414(1) Å, b = 12.768(2) Å, c = 10.058(2) Å, β = 97.41(2)◦, V = 1071.51 Å3.
The intermolecular potentials of the cinchoninium–trichlorocobalt(II) complex calculated in
Mercury using the UNI force field calculation [38,39] show two strong interactions with an
energy of −41.2 kJ mol−1 and two with −33.6 kJ mol−1, of similar value to those found in the
structures of [CnZnCl3]·MeOH and [CnZnBr3]·MeOH. The next strongest interaction with
13.8 kJ mol−1 is only half as large as the corresponding contacts in [CnZnCl3]·MeOH and
[CnZnBr3]·MeOH. These intermolecular potential values indicate that the methanol molecule
significantly influences the stability of the crystal packing through intermolecular interactions
in the [CnZnCl3]·MeOH and [CnZnBr3]·MeOH complexes.

In supramolecular compounds, the crystal symmetry and thus the physical prop-
erties are largely influenced by intermolecular interactions. For example, the choice of
solvents with different polarities can trigger specific structural rearrangements. This
was observed for the mononuclear iron(III) complex [Fe(sap)(acac)(solvent)] (H2sap = 2-
salicylideneaminophenol; acac = acethylacetate; solvent = MeOH, pyridine, DMSO), where
the presence of the highly polar DMSO molecule triggered crystallization into the polar
crystal structure and ferroelectric properties, while the solvates of pyridine and methanol
were non-polar [44]. The compound [CnZnCl3]·MeOH also crystallizes in the polar space
group, and a relatively small but detectable ferroelectric polarization value was measured
based on ferroelectric positive-up–negative-down tests performed on the pressed bulk sam-
ple. A possible explanation for the observed ferroelectricity could be related to the presence
of permanent dipoles originating from the solvent molecule (methanol) or the quinuclidine
part of the [CnZnCl3] complex, both of which have some freedom of movement in the solid
state [33].

Given the low value of remanent polarization, there are several issues that can lead
to its underestimation. First, it is not possible to apply the electric field exactly along the
polar axis because the measurement was performed on a pressed pellet in which different
crystal and domain orientations were present. Secondly, such bulk samples are always
accompanied by various defects and depolarization fields. To improve polarization, sample
preparation needs to be optimized to obtain a more suitable morphology for ferroelectric
testing, e.g., by growing defect-free single crystals or producing thin films for better control
of the electric field along the polar axis. Another problem is the search for compatible
electrical contacts on the surfaces of crystals or thin films. While conductive pastes allow
the deposition of contacts under ambient conditions, they can be destructive to soft metal–
organic materials due to the presence of organic solvents. On the other hand, sputtering or
thermal evaporation of metal on crystals is difficult to apply, and the associated heating
of the surface can also cause undesirable processes such as the destruction of samples or
short circuits.

Overall, the advantage of metal–organic compounds over conventional ferroelectrics
is that they definitely offer more possibilities to tune the structural properties and can be
prepared by simple synthesis protocols at low temperatures. However, it is very difficult to
maintain ferroelectric polarization in these materials. Therefore, additional efforts need to
be invested in the fabrication of functional devices based on such soft molecular materials.

5. Conclusions

In summary, we describe the preparation of Cinchona-based materials in the form
of single crystals by a solvent-layering technique. This investigation has shown that the
structural changes in the prepared [CnZnCl3]·MeOH and [CnZnBr3]·MeOH complexes
already start at moderately low temperatures (323 K), but the metal–organic material is
crystalline and stable up to 463 K. The room temperature phase of these isostructural
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compounds belongs to the ferroelectric polar space group P21. Macroscopic ferroelec-
tricity, based on polarization–voltage measurements at room temperature, was indeed
detected in the [CnZnCl3]·MeOH complex, confirming that the natural alkaloids of the
Cinchona family are suitable candidates for the design of molecular ferroelectrics. The study
of intermolecular interactions in a small group of structures with cinchoninium cations
and halogenometallates deposited in CSD shows that the formation of polar structures
occurs with monoprotonated cinchoninium cations coordinating the metal center, in con-
trast to structures with double protonated cinchoninium cations. Furthermore, a detailed
insight into the crystal structures of these compounds and calculations of the intermolec-
ular potentials revealed the significant influence of solvent molecules (methanol) in the
supramolecular arrangement, mediated by hydrogen bonding.
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Abstract: Carbon dioxide (CO2) has a wide range of uses such as food additives and raw materials
for synthetic chemicals, while its application in the solid-state transformation of pharmaceutical
crystals is rare. In this work, we report a case of using 1 atm CO2 as an accelerator to promote the
polymorphic transformation of clarithromycin (CLA). Initially, crystal structures of Form 0′ and three
solvates were successfully determined by single crystal X-ray diffraction (SCXRD) analysis for the
first time and found to be isomorphous. Powder X-ray diffraction (PXRD) and thermal analysis
indicated that the solvate desolvates and transforms into the structurally similar non-solvated Form
0′ at room temperature to ~50 ◦C. Form 0′ and Form II are monotropically related polymorphs with
Form II being the most stable. Subsequently, the effect of CO2 on the transformation of CLA solvates
to Form II was studied. The results show that CO2 can significantly facilitate the transformation of
Form 0′ to Form II, despite no significant effect on the desolvation process. Finally, the molecular
mechanism of CO2 promoting the polymorphic transformation was revealed by the combination of
the measurement of adsorption capacity, theoretical calculations as well as crystal structure analysis.
Based on the above results, a new pathway of preparing CLA Form II was designed: transform CLA
solvates into Form 0′ in 1 atm air at 50 ◦C followed by the transformation of Form 0′ to Form II
in 1 atm CO2 at 50 ◦C. This work provides a new idea for promoting the phase transformation of
pharmaceutical crystals as well as a new scenario for the utilization of CO2.

Keywords: clarithromycin solvate; polymorphic transformation; CO2; adsorption

1. Introduction

Polymorphism is a common phenomenon present in active pharmaceutical ingredients
(APIs). To prevent the change in drug efficacy, bioavailability, and toxicity during a long
period of storage, the most stable Form Is typically prioritized in the drug formulations on
the market. Some APIs can only be produced by the desolvation of their solvates. Under
non-solvent conditions, channel solvates may transform to either a structurally different
stable polymorph after desolvation such as the solvated forms of azoxystrobin [1], Form
2, Form 5, Form 7, and Form 9, or a structurally similar metastable polymorph such as
the solvates of methyl cholate [2]. In the latter case, further transformation to a stable
polymorph is usually necessary for APIs. Polymorphic transformation under non-solvent
conditions is often more difficult in comparison to solvent-mediated transformation because
of the restricted molecular migration and high resistance when rearranging. As a result,
some metastable polymorphs may remain a long period without transforming to a stable
one such as the metastable Form II of isotactic polybutene-1, which cannot totally transForm
Into the stable Form I even after a remarkably long annealing time [3]. Transformation from
a metastable polymorph to a stable one requires overcoming an energy barrier. Providing
energy or lowering the energy barrier will facilitate the process. Heating, mechanical force,
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seeding, and high-pressure CO2 are commonly used to induce the transformation. For
example, the gold(I) complex, C24H15AuF3N·2(CH4O), exhibits a reversible solid-state
polymorphic transformation by mechanical stimulation [4]. Hanna et al. [5] reported a
single-crystal-to-single-crystal phase transition of the 2D uranium MOF NU-1302 after
supercritical CO2 activation. They hypothesized that CO2 pressure induced the adjacent
sheets in the crystal structure to shift from their closed conformation to a more open stacking
arrangement. Yu et al. [6] found that the plasticization effect of supercritical CO2 resulted
in a decreased energy barrier of phase transition, which promoted the transformation
from the α Form to β Form of syndiotactic polystyrene. Several green processes affected
by CO2 are reported such as the CO2-solvated liquefaction of polyethylene glycol at
low temperatures [7] and the CO2-induced glassification of sucrose octaacetate and its
implications in the spontaneous release of the drug from drug-excipient composites [8].
Furthermore, it was found that by adjusting the annealing time in supercritical CO2,
mixtures of polymorphs Form I and Form I′ of isotactic polybutene-1 can be obtained with
different crystal phase ratios [9]. The solid-state transformation of APIs induced by external
factors, especially atmospheric pressure CO2, has rarely been reported, and an in-depth
understanding of its molecular mechanism is still lacking.

Clarithromycin (CLA, C38H69NO13, Figure 1) is a common macrolide antibiotic that is
mainly used in the treatment of upper respiratory tract infections, lower respiratory tract
infections, and skin and soft tissue infections caused by bacteria. CLA is known to exist
in three polymorphs, termed Form 0′ [10], Form I [11], and Form II [12] as well as many
solvates such as hydrate, methanol solvate, ethanol solvate (CLA-Eth solvate), acetonitrile
solvate, isopropyl acetate solvate, and tetrahydrofuran solvate, etc. [12–17]. Drugs currently
on the market are formulated from the thermodynamically more stable Form II. Form I
is crystallized in orthorhombic space group P21212, while Form II is in orthorhombic
space group P212121. The two polymorphs are monotropically related, with Form II the
most stable [18]. Form I converts to Form II at 130 ◦C~132 ◦C [11,13,15]. Form II melts at
227 ◦C~233 ◦C [11,15,19,20]. Form II and the methanol solvate are isomorphic [12]. No
reports in the literature have been found on the crystal structure of Form 0′ or the stability
relationship between Form 0′ and Form II. It has been reported that under non-solvent
conditions, Form II is obtained directly by the transformation of solvates or by undergoing
an intermediate Form I [18,21]. Usually, the process takes about 18 h under vacuum and/or
high temperature (70 ◦C~110 ◦C). Tian et al. [12] proposed that high pressure CO2 could
promote the solid-state transformation of the CLA-Eth solvate at room temperature. Their
experiments showed that complete transformation directly to Form II took about 6 days
at 6.8 atm CO2 atmosphere but only 4 h at 23.8 atm. They speculated that CO2 molecules
cause CLA molecules to slide over one another, resulting in the break of the intermolecular
hydrogen bonds between ethanol and CLA, forcing the CLA molecules to move closer
together to form Form II. Additionally, their experiments at 1 atm CO2 showed that the
CLA-Eth solvate did not exhibit phase change, while Form I occasionally displayed the
onset of phase transformation over a period of ~24 h. They also pointed out that prior to
reaching Form II, Form I first transformed to the isomorphic Form 0′ of the CLA-Eth solvate.

Currently reported methods of the preparation of Form II from CLA solvates require
high temperature, high pressure, or vacuum, which means a large amount of energy
consumption. Moreover, the mechanism of the phase transformation induced by CO2 is
still not clear. On the basis of the experimental research in this work, we propose a method
for the transformation of CLA solvates to Form II under 1 atm CO2. Through SCXRD
and PXRD characterizations, thermal analysis, measurements of adsorption capacity, and
theoretical calculations, the mechanism of the phase transformation promoted by CO2
is revealed. This work provides an energy-saving, time-saving, and environmentally
friendly route for the preparation of CLA Form II, expands the perspective of promoting
the polymorphic transformation of APIs, and opens up a new avenue for the resource
utilization of CO2.
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Figure 1. Molecular structure of CLA.Oxygen at 13 different locations in CLA was labeled in red.

2. Experimental Section

2.1. Materials

CLA Form II (purity > 98%) was purchased from Heowns Technology Co. Ltd. (Tianjin,
China). N-Propyl acetate (PAC), isopropyl acetate (IPA), ethyl butyrate (EB), and dimethyl
carbonate (DMC) (purity > 99%) were purchased from Chemart Chemical Technology Co.
Ltd. (Tianjin, China) and used without further purification. CO2 (purity > 99.999%) was
purchased from Bolimin Technology Co. Ltd. (Tianjin, China).

2.2. Preparation of Solvates and Form 0′

A total of 3.0 g of CLA raw material was dissolved in 50 mL PAC, 40 mL IPA, and
30 mL EB, respectively, at 80 ◦C. The obtained solutions were cooled to 15 ◦C in 3 h, and the
clarithromycin n-propyl acetate (CLA-PAC) solvate, clarithromycin isopropyl acetate (CLA-
IPA) solvate, and clarithromycin ethyl butyrate (CLA-EB) were crystallized, respectively.
The resulting slurry was processed in three ways. (1) Removing the crystals with a spoon
and placing them on a piece of filter paper. After 5–10 min, there was no obvious solvent on
the crystal surface. (2) Filtered under vacuum at 20 ◦C for 0.5 h. (3) The crystals obtained
by process (2) was dried at 50 ◦C under vacuum or atmospheric pressure for 9~19 h. The
obtained products were immediately sampled and characterized by PXRD and thermal
analysis. The results showed that the products proceeded by the three methods were the
corresponding CLA solvates, a mixture of the corresponding CLA solvate and Form 0′, and
pure Form 0′, respectively.

2.3. Single Crystals Preparation of Solvates and Form 0′

Single crystals of CLA solvates were obtained through slowly cooling crystallization.
A total of 3.0 g CLA raw material and 50 mL PAC were dissolved at 80 ◦C. Then, the
solution was slowly cooled to 15 ◦C in 6 h to obtain large single crystals of the CLA-PAC
solvate. Similarly, single crystals of the CLA-IPA and CLA-EB solvates were obtained by
slowly cooling IPA and EB solutions of CLA, respectively. A saturated DMC solution of
CLA was placed at room temperature and atmospheric pressure for slow evaporation.
About three weeks later, high-quality single crystals of CLA Form 0′ were obtained. In
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order to avoid desolvation, the obtained solvate single crystals were immediately subjected
to single crystal X-ray diffraction analysis after being removed from solution.

2.4. Phase Transformation Experiments

In this section, the CLA-PAC solvate was selected as a representative of the three CLA
solvates to perform the experiments on the phase transformation of the solvates and was
prepared by method (2) in Section 2.2.

2.4.1. Phase Transformation Experiments in Air and Vacuum

The phase transformation experiment of the solvate was performed under vacuum at
50 ◦C. Crystalline phases of the crystals as a function of time were monitored using DSC
measurements by sampling at 2 h, 3 h, 4 h, 7 h, 8 h, and 9 h.

The phase transformation experiment of the solvate was also performed in 1 atm air
at 50 ◦C. Crystalline phases of the crystals as a function of time were monitored through
TGA measurements. Samples of the crystals were taken at a time interval of 2 h.

2.4.2. Phase Transformation Experiments in CO2 Atmosphere

The phase transformation experiment of the solvate was carried out in 1 atm CO2
at 50 ◦C. The CLA-PAC solvate was placed in a custom built micro-vacuum box. The
micro-vacuum box was first vacuumed for 2 min using a vacuum line followed by the
introduction of dry CO2 until the pressure reached 1 atm. Afterward, the micro-vacuum
box was placed in a thermostat at 50 ◦C. Crystalline phases of the crystals as a function of
time were monitored using TGA measurements by sampling at a time interval of 2 h. After
each sampling, the micro-vacuum box was vacuumed and CO2 was introduced again to
restore the CO2 atmosphere of 1 atm.

The phase transformation experiment of Form 0′ was also carried out in 1 atm CO2 at
50 ◦C. Crystalline phases of the crystals as a function of time were monitored using PXRD
analysis by sampling at a time interval of 1 h. Form 0′ used in the experiment was prepared
by method (2) in Section 2.2.

The custom built micro-vacuum box used in the experiment is shown in Figure S1. Its
outer diameter, inner diameter, inner height, and outer height were 50 mm, 30 mm, 40 mm,
and 100 mm, respectively. The micro-vacuum box was equipped with an intake valve, an
outlet valve, a pressure gauge, an intake port, an outlet port, and a sample cell. The intake
port was connected to the CO2 cylinder through a soft rubber tube. In the experiment,
powdered samples were placed on a piece of plastic wrap and then put in the sample cell.
Please note that the powder was lightly covered with plastic wrap to prevent the powder
from splashing during decompression.

2.5. Characterization
2.5.1. Single Crystal X-ray Diffraction (SCXRD)

Suitable single crystals were selected and analyzed using a Rigaku mm007 Saturn70
diffractometer. The diffraction data of single crystals of the three solvates (CLA-PAC, CLA-
IPA, and CLA-EB solvates) and Form 0′ were collected at −165 ◦C and 25 ◦C, respectively.
The structures were resolved using Olex2 [22] and SHELXT [23], and refined by the least
squares methods using SHELXT [24]. The absolute configuration of all structures were
determined through comparison with the structure of clarithromycin Form II (deposited at
the CCDC, deposition number 780856 [12]).

2.5.2. Powder X-ray Diffraction (PXRD)

All PXRD data were collected on a Rigaku D/max-2500 diffractometer using Cu Kα

radiation (λ = 1.54056 Å, 40.0 kV, and 200 mA) with a scanning rate of 8◦·min−1 between 2◦
and 35◦ (2θ). For the variable temperature PXRD (VT-PXRD) trials, the sample was heated
from 30 ◦C to 120 ◦C with a heating rate of 10 ◦C·min−1 and stabilized for 5 min before the
measurements were taken.
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2.5.3. Thermal Analysis

Differential scanning calorimetry (DSC) analysis was performed using DSC 1/500
(Mettler Toledo, Greifensee, Switzerland). A quantity of 5~10 mg of powder was added to
an aluminum pan and heated at a rate of 10 ◦C·min−1 with a nitrogen flux of 50 mL·min−1.
Thermogravimetric analysis (TGA) was carried out under a nitrogen flow of 20 mL·min−1

using a TGA/DSC STARe (Mettler Toledo, Greifensee, Switzerland). Then, 5~10 mg of
powder was placed in a ceramic crucible and heated at a rate of 10 ◦C·min−1.

2.5.4. Hot Stage Microscopy (HSM)

The thermal behaviors of the CLA-PAC solvate were observed on a Kofler hot stage
microscope (Reichert Thermovar, Vienna, Austria) under an optical microscope mounted
with a charge-coupled device (CCD) camera. The samples were placed on the sample stage
and heated from room temperature to 190 ◦C at a rate of 5 ◦C·min−1. The temperature of
the hot stage was monitored with a central processor (TMS 94, Linkam Scientific Instru-
ments Ltd., Surrey, UK). Morphological changes during heating were recorded with the
CCD camera.

2.5.5. Measurement of the Physical Adsorption Capacity

CO2 adsorption at 25 ◦C and 50 ◦C was conducted using an ASAP 2020 PLUS HD88
surface area analyzer (Micromeritics, Norcross, GA, USA) to obtain the adsorption capacity
of Form 0′ and Form II. All samples were pretreated at 60 ◦C for 3 h.

2.5.6. Measurement of Chemical Adsorption Capacity

The temperature-programmed desorption (TPD) of CO2 was measured by using a
Micromeritics AutoChem 2920 equipped with a thermal conductivity detector (TCD). The
sample was pretreated in a helium flow for 3 h at 60 ◦C, then cooled to 50 ◦C to conduct
CO2 adsorption. A mixture of CO2 and helium (40 mL/min, CO2 volume fraction 90%) was
vented for 1 h until saturation. Afterward, the helium flow was switched (30–50 mL/min)
to purge 1 h to remove the weakly physically adsorbed CO2 on the surface of the sample,
then the temperature was increased to 200 ◦C at a rate of 10 ◦C·min−1 in a helium flow to
desorb CO2. It should be noted that Form II was used in the TPD test since Form 0′ would
undergo polymorphic transformation during the test temperature range of 50 ◦C~200 ◦C,
causing unstable signals.

2.6. Computational Method
2.6.1. Molecular Electrostatic Potential Surface (MEPS)

Geometry optimization and the wave function computation of the CLA molecule
were carried out using both density functional theory (DFT) and B3LYP/6-311G** methods
using Gaussian 09 [25]. Furthermore, Multiwfn 3.7 [26] was used to calculate the MEPS to
0.001 Bohr−3 electron density equivalence surface for analysis. Finally, Visual Molecular
Dynamics (VMD) 1.9.3 software [27] was used to visualize the results.

2.6.2. Adsorption Energy Calculation

In order to obtain an adsorption model of CO2 on Form 0′ and calculate the adsorption
energy, the software package Gaussian 09 [25] was used for all calculations. The adsorption
model consisted of two CLA molecules extracted from a ‘Z’ shape structure in Form 0′ (as
shown in Figure 10a) and one CO2 molecule. The CO2 molecule was initially placed at
O7 of the CLA molecule. The B3LYP [28,29] function and D3BJ [28] dispersion correction
were used. Considering the calculation time due to a large number of atoms (245 atoms
in all), the 6-31G* basis set was used to determine the optimized adsorption model and
the vibration frequencies of the molecules [30]. Grid data generation was performed using
Multiwfn Version 3.8 (development version) [26,31]. The adsorption energy was calculated
by the following equation:
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Eadsorb = Etotal − ECLA − ECO2 (1)

where Eadsorb is the adsorption energy of the CO2 on the CLA molecule, Etotal is the
system’s total energy once adsorption is completed; ECLA and ECO2 are the energy of the
CLA molecule and CO2 molecule before adsorption, respectively. A negative adsorption
energy indicates that the adsorption process can take place.

2.6.3. Crystal Habit Prediction

Universal force field package COMPASS [32] in the Discover module was used as
the initialization force field in Material Studio (MS) 8.0. Smart Minimizer was selected
for cell configuration optimization. After optimization, cell parameters changed within
5% compared with those before optimization. The BFDH [33] method in the Morphology
module was used in predicting the crystal habit of Form 0′.

3. Results and Discussion

3.1. Crystal Structure Analysis of Form 0′ and Solvates

High-quality single crystals of a CLA non-solvated form and three CLA solvates,
namely the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate, were prepared and
their crystal structures were successfully resolved for the first time. The crystallographic
data and structural refinement parameters are given in detail in Table 1. It can be seen that
the non-solvated form and the three solvates were all in the orthorhombic system with a
space group of P212121, possessed the same formula units per cell (Z = 4) as well as similar
unit cell parameters. All of these properties indicate that they are isomorphic. In the crystal
structures of the three CLA solvates, the stoichiometric ratios of CLA and solvent were all
determined to be 1:1.

Table 1. Crystallographic data of CLA Form 0′ and three solvates.

Phase CLA-Form 0′ CLA-PAC Solvate CLA-IPA Solvate CLA-EB Solvate

Empirical formula C38H69NO13 C38H69NO13·C5H10O2 C38H69NO13·C5H10O2 C38H69NO13·C6H12O2
Formula weight 747.94 850.07 850.07 864.09
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic

Space group P212121 P212121 P212121 P212121
Temperature (◦C) 25 −165 −165 −165

a (Å) 8.7700 (4) 8.7114 (2) 8.6827 (2) 8.7063 (3)
b (Å) 14.5393 (6) 14.5078 (3) 14.4474 (3) 14.5448 (5)
c (Å) 38.5455 (16) 37.6484 (12) 37.9694 (8) 37.8502 (11)
α (◦) 90 90 90 90
β (◦) 90 90 90 90
γ (◦) 90 90 90 90

Cell volume (Å3) 4914.90 4758.10 4762.97 4793.02
ρ, kg·m3 1.011 × 103 1.187 × 103 1.185 × 103 1.197 × 103

Z 4 4 4 4
Rint 0.0801 0.0683 0.0566 0.0853

R1 (I > 2σ(I)) 0.0671 0.0526 0.0490 0.0614
wR2 0.1640 0.1035 0.1040 0.1326

CCDC NO. 2,339,166 2,339,163 2,339,164 2,339,165

Comparing the non-solvated form with the CLA-Eth solvate (deposited at the CCDC,
deposition number 700729, Table S1 [15]), it can be seen that the crystal system and space
group of the two forms were the same, and the CLA molecular conformation (see Figure S2
cyan and orange) and molecular packing pattern (see Figure 2a and Figure S3) of the two
forms were similar. Form 0′ has been reported as a desolvated isostructural form of the
CLA-Eth solvate by Tian et al. [12]. Therefore, it is reasonable to infer that the non-solvated
form crystallized in DMC was Form 0′. In addition, the molecular conformations of CLA in
Form 0′ and Form II (deposited at the CCDC, deposition number 780856 [12], colored in red
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in Figure 2) were basically identical, suggesting that the two forms are packing polymorphs.

Figure 2. Molecular arrangements of Form 0′ and three solvates. (a) Form 0′, (b) CLA-PAC solvate,
(c) CLA-IPA solvate, (d) CLA-EB solvate, where the blue dashed circles represent the channel structure;
CLA, PAC, IPA, and EB molecules are colored in light blue, purple, green, and red, respectively.

The molecular arrangements in the crystal structures of the three solvates are shown in
Figure 2b–d. It shows that the stacking patterns of the molecules in the three solvates were
the same as that in Form 0′. Solvent molecules, as a guest, enter the channels formed in the
framework stacked by CLA molecules. The solvent molecules do not form hydrogen bonds
with the CLA molecules, only weak van der Waals forces. This means that the solvent
molecules can easily escape from the channel. In contrast, as shown in Figure S3, in the
crystal structure of the CLA-Eth solvate, the ethanol molecules are connected not only
with CLA molecules by O60-H60. . .O12, but are also connected to each other by hydrogen
bonds, indicating a greater difficulty of solvent removal.

3.2. Thermal Analysis of Form 0′ and Solvates

DSC and TGA analyses were performed to gain information about the thermal behav-
iors of the crystals prepared in Experiment 2.2 via method (3). As shown in Figure 3a, the
weight loss of the sample in the temperature range of 250 ◦C~350 ◦C on the TGA curve
corresponded to the decomposition of CLA, which is basically in agreement with that
(250 ◦C~340 ◦C) reported by Li Wei [34]. There was no weight loss before decomposition
on the TGA curve, indicating that the crystal was a non-solvated form. Combined with
the PXRD analysis in Section 3.3, it can be proven that the crystals prepared in Experiment
2.2 by method (3) are Form 0′. More discussion can be seen in Section 3.3. In the DSC
curve of Form 0′ shown in Figure 3b, Form 0′ exhibited an exotherm at 114.5 ◦C, and an
endotherm at 228.6 ◦C during heating. It has been reported that the melting point of Form
II is between approximately 227 ◦C and 233 ◦C. The DSC curve of Form II was measured in
this work and showed that Form II melted at 228.1 ◦C (see Figure S4). These indicate that
the endothermic DSC signal of Form 0′ represents the melting process of Form II, while
the exothermic event represents the transformation of Form 0′ to Form II. The exothermic
transition demonstrates that Form 0′ and Form II bear a monotropic relationship, and that
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Form 0′ is less stable than Form II. Moreover, the density of Form 0′ (1.011 × 103 kg·m−3)
being smaller than that of Form II (1.164 × 103 kg·m−3) also supports this conclusion.

Figure 3. (a) TGA curve. (b) DSC curve of Form 0′. (c) TGA curve. (d) DSC curve of the three
solvates.

The TGA and DSC profiles of the three crystals prepared in Experiment 2.2 via method
(1) are shown in Figure 3c,d. All TGA profiles presented significant weight losses, which
corresponded to wide endothermic peaks in the DSC profiles in the same temperature
ranges (109.3 ◦C~134.9 ◦C, 109.7 ◦C~130.8 ◦C, and 99.3 ◦C~133.8 ◦C, respectively, for the
three solvates), indicating solvent removal. The weight losses of the three samples were
11.88%, 12.10%, and 12.15%, respectively, which basically matched the solvent stoichiome-
tries determined by SCXRD (12.01%, 12.01%, and 13.44%, respectively), indicating that
the obtained crystals were the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate.
The weight loss of the sample of CLA-EB solvate was slightly lower than the crystallo-
graphic data, which was due to the escape of the solvent molecules during the test. The
CLA-IPA solvate has been published by Liang’s work [12]; here, we determined its crystal
structure. At the same time, the solvates of CLA-PAC and CLA-EB obtained in this work
were reported for the first time. This second endothermic peaks in the DSC curves of the
three solvates appeared at approximate temperatures of 230.3 ◦C, 231.7 ◦C, and 231.7 ◦C,
respectively. There were no weight losses at these temperature ranges in the TGA curves,
thus we speculate that the endothermic peaks on the DSC curves should belong to the
melting process of Form II.

To confirm the above speculation, the phase transformation process of the solvates
was visualized by HSM using the CLA-PAC solvate as an example. A fresh block-shaped
single crystal was used in the observation experiment, and its morphologies during heating
are depicted in Figure S5. In the microscopic field of view, at the beginning, the crystal
could be seen brightly, and the dark periphery was due to a certain thickness of the crystal.
When heated to 110 ◦C, the middle of the crystal in the field of view gradually became
dark, which corresponded to the first desolvation endothermic process observed in the
DSC curve of the CLA-PAC solvate. When heated to 138 ◦C, the crystal in the field of vision
became completely dark, while its boundary remained unchanged. After heated to 190 ◦C,
the crystal was removed to perform the DSC measurement. The DSC curve (see Figure S6)

146



Crystals 2024, 14, 394

showed an endothermic peak at 229.3 ◦C, corresponding to the melting point of Form II.
Therefore, it can be concluded that the second endothermic peaks in the DSC curves of the
three CLA solvates represent the melting process of Form II, and that the first endothermic
peaks represent the desolvation and transformation to Form II of the solvates. Moreover, no
melting behavior and distinct shape change of the single crystal were observed during the
whole temperature range investigated. This means that the transition of the CLA solvate to
Form II belongs to a solid-state transformation process.

The thermal behaviors of the crystals prepared in Experiment 2.2 by method (2) was
characterized by DSC measurements. As shown in Figure 4a, all DSC curves showed
exothermic peaks followed closely by endothermic peaks. Combined with the DSC curves
of the three solvates and Form 0′ (Figure 3b,d), it can be speculated that the exothermic
peak in Figure 4a represents the polymorphic transformation of Form 0′ to Form II, while
the endothermic one shows the desolvation of the solvates. To confirm this speculation,
a phase transformation experiment of the solvates was performed under vacuum using
the CLA-PAC solvate as a representative sample. DSC measurements were conducted
after the CLA-PAC solvate experienced different durations. As seen in Figure 4b, after 2
h, the DSC curve rose slightly near 91.0 ◦C, followed by an endothermic peak at 101.6 ◦C
corresponding to the desolvation of the solvate. Four hours later, a clear exothermic peak
appeared at 100.0 ◦C, followed by an endothermic peak at 106.63 ◦C. With the increase
in duration, both the peak temperatures of the exotherm and the endotherm on the DSC
curve increased. After 9 h, the DSC curve only had one sharp exothermic peak at 114.2 ◦C,
corresponding to the transformation of Form 0′ to Form II. Figure 4c shows the correlation
between the exothermic peak temperature and heating duration. It is obvious that the
longer the duration, the higher the peak value, which can be attributed to the greater
solvent removal and transformation of the solvate to Form 0′. When heated for up to
9 h, the solvate completely desolvated and transformed to Form 0′. The analysis above
demonstrates that when the solvate is placed at a reduced pressure, solvent removal will
occur, resulting in the formation of a mixture of Form 0′ and the solvate. This rationalizes
the thermal events where the exothermic peaks are followed by the endothermic peaks in
the DSC curves in Figure 4a.

3.3. PXRD Analysis of Form 0′ and Solvates

The PXRD of the solvent-free form prepared in Experiment 2.2 by method (3) as well
as the PXRDs calculated from the single crystal structures of forms 0′, I, and II are shown in
Figure 5a. The PXRD of the solvent-free form (red curve) was consistent with the calculated
PXRD of Form 0′, confirming it was Form 0′. The experimental and calculated PXRDs of
the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate are also depicted in Figure 5a.
It is obvious that the PXRDs of the three solvates are identical and basically consistent
with that of Form 0′. This indicates that the three solvates and Form 0′ are isomorphic, in
agreement with the results determined by SCXRD.

The VT-PXRD of Form 0′ in the temperature range of 30 ◦C~120 ◦C is shown in
Figure 5b. In comparison to the PXRD at 100 ◦C, three characteristic peaks of Form 0′ at
2θ = 4.601◦, 6.492◦, and 7.607◦ disappeared (marked as red circle) on equilibration at 114 ◦C.
At the same time, two characteristic peaks (marked as yellow triangle) belonging to Form II
at 10.748◦ and 11.356◦ formed. It can be seen that Form 0′ transforms into Form II at about
114 ◦C, which is consistent with that determined by the thermal analysis.

The VT-PXRD of the CLA-PAC solvate in the temperature range 30 ◦C~120 ◦C is
shown in Figure 5c. On equilibration at 110 ◦C, characteristic peaks belonging to Form II
emerged at 2θ = 8.445◦, 9.363◦, 10.748◦, and 11.356◦ (marked as an yellow triangle). At the
same time, the characteristic peaks of 2θ = 4.601◦ and 7.607◦ (green circle marks) belonging
to the CLA-PAC solvate disappeared. Upon a further rise to 120 ◦C, the characteristic
diffraction peaks of 2θ = 6.492◦ and 10.106◦ belonging to the CLA-PAC solvate disappeared
(black circle marks). It can be seen that the CLA-PAC solvate begins to transForm Into
Form II at about 110 ◦C, which is in agreement with the previous results of the thermal
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analysis. The VT-PXRDs of the CLA-IPA solvate and CLA-EB solvate could obtain similar
results, as shown in Figures S7 and S8.

Figure 4. (a) DSC of the mixture obtained after the solvate was processed by method (2). (b) DSC of
heating the CLA-PAC solvate processed by method (1) for different hours. (c) Temperature of the
exothermic peak changing with the heating duration.
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Figure 5. (a) Experimental and calculated PXRD patterns of the solvates and Form 0′. (b) VT-PXRD
patterns of CLA Form 0′ (In (b), the red circle represents the disappeared peaks, while the yellow
triangle marks represent the peaks belong to the formed crystal). (c) VT-PXRD patterns of the CLA-
PAC solvate (In (c), the yellow triangle marks represent the peaks belong to the formed crystal, while
the green and the black circle marks represent the disappeared peaks).
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3.4. Phase Transformation of Solvates and Form 0′

From the analyses above, it can be seen that the three solvates, namely the CLA-
PAC solvate, CLA-IPA solvate, and CLA-EB solvate, can transform directly to Form II at
100 ◦C~110 ◦C or first to Form 0′ at room temperature to ~50 ◦C, and then further to Form
II at near 114 ◦C, as shown in Figure 6. The effects of atmospheric pressure CO2 on the
desolvation of the solvates and polymorphic transformation of Form 0′ were investigated.
Firstly, the solvate desolvation experiment in 1 atm CO2 was carried out with CLA-PAC
as the representative, and the solvent residual in the solvate was monitored by TGA
analysis (shown in Figure S9). As shown in Figure S11, it took about 19 h for the complete
desolvation of the CLA-PAC solvate in 1 atm CO2 at 50 ◦C (marked as red circle). In an
air atmosphere under the same temperature and pressure (marked as a black square in
Figure S11, TGA curves shown in Figure S10), the solvent removal of CLA-PAC also took
about 19 h. The result of the comparative experiment indicates that CO2 has no effect on
the solvent removal of the CLA solvates.

Figure 6. Three pathways of transforming the solvates to Form II (For pathway a: the solvates are
directly transformed to Form II by heated in 100~110 ◦C; for pathway b: the solvates have the chance
to desolvate at room temperature~50 ◦C, forming Form 0′. And then by being heated in 114 ◦C,
Form 0′ transform to Form II; for pathway c: the solvates have the chance to desolvate at room
temperature~50 ◦C, forming Form 0′. With Form 0′ being heated in 50 ◦C under 1 atm CO2, Form II
is formed).

Next, the effect of the 1 atm CO2 atmosphere on the polymorphic transformation of
Form 0′ to Form II was investigated using crystalline phase monitoring by PXRD. The
PXRDs of the samples at 1 h, 2 h, 3 h, and 4 h are shown in Figure 7a. After 3 h (green
curve), the intensities of the characteristic peaks of Form 0′ at 2θ = 4.601◦, 6.492◦, and
10.106◦ decreased (marked as purple circle). At the same time, the characteristic peaks of
Form II appeared at 2θ = 8.445◦, 10.748◦, and 11.356◦ (yellow triangle marks). At 4 h, the
PXRD was in agreement with that of Form II, indicating that Form 0′ completely transforms
into Form II at this time. The results of the comparative experiments in the air atmosphere
at the same temperature and pressure are shown in Figure 7b. The PXRD pattern at 61 h
indicates that the polymorph was Form 0′ at this time. At 88 h, the characteristic peaks
of Form 0′ (2θ = 4.601◦, 6.492◦, and 10.106◦) were still present, although their intensities
became weak. Up to 108 h, no characteristic peaks of Form II were observed. The results
show that CO2 can significantly promote the polymorphic transformation of CLA Form 0′
to Form II. Based on the above results, a new pathway was designed for the preparation
of Form II with the CLA solvates, as shown in Figure 6c: the solvate (either the CLA-
PAC solvate, the CLA-IPA solvate. or the CLA-EB solvate) desolvates to form Form 0′ in
the temperature range of room temperature to ~50 ◦C, and then Form 0′ transforms into
Form II in a 1 atm CO2 atmosphere at 50 ◦C. The crystals obtained by this method were
characterized by DSC and PXRD. As shown in Figure S12, there was only one endothermic
peak at 229.3 ◦C in the DSC curve, and the PXRD pattern was consistent with that of Form
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II with no characteristic peaks of Form 0′, indicating that the crystals prepared by the new
method were pure Form II.

Figure 7. Polymorphic transformation of Form 0′ in (a) 1 atm CO2; (b) 1 atm air.

3.5. Mechanism of CO2 Promoting Polymorphic Transformation

The experiments show that it requires more than 108 h for the polymorphic transfor-
mation of Form 0′ into Form II in 1 atm air at 50 ◦C. However, at the same temperature and
pressure, CO2 can dramatically shorten the transformation duration of CLA from Form
0′ to Form II. Tian et al. [15] have reported that neither air, N2, O2, H2, CH4, C2H6, nor
C3H8 can accelerate the transformation. It is speculated that CO2 is likely to be chemically
adsorbed on the CLA molecules, which promotes the polymorphic transformation. To
confirm this hypothesis, the physical and chemical adsorption capacity of CLA for CO2
were measured. As shown in Table 2, the physical adsorption capacity of Form 0′ and
Form II for CO2 was 0.31240 mmol·g−1 and 0.24877 mmol·g−1, respectively, at 25 ◦C, and
0.12914 mmol·g−1 and 0.11153 mmol·g−1, respectively, at 50 ◦C. The decrease in adsorption
capacity with the increase in temperature reflects the character of physical adsorption. The
adsorption capacity of Form 0′ being slightly larger than that of Form II may be related to
the difference in the void structure of the two polymorphs.

The results of TPD measurement are shown in Figure 8. The results showed that two
signals appeared at 63.81 ◦C and 196.53 ◦C, respectively, during the desorption process at
higher temperature, indicating that there were two types of chemisorption sites (labeled
L and R, respectively, in Figure 8). The desorption amounts of CO2 at peaks L and R
were 0.04813 mmol·g−1 and 0.9487 mmol·g−1, respectively. The low desorption amount
corresponded to the chemical adsorption of CO2 by the groups with weak electronegativity,
while the high desorption amount corresponded to the chemical adsorption of CO2 by
the groups with strong electronegativity. Considering the incomplete peak R caused by
the sample melting when heated to 200 ◦C, the total capacity of chemisorption should
be greater than 0.9968 mmol·g−1. Obviously, the capacity of the chemical adsorption is
significantly greater than that of the physical adsorption. Therefore, the chemisorption of
CO2 plays a major role in promoting the polymorphic transformation.

151



Crystals 2024, 14, 394

Table 2. Physical adsorption capacity at 25 ◦C and 50 ◦C.

Adsorption Capacity (mol·g−1) 25 (◦C) 50 (◦C)

Form 0′ 0.31240 0.12914
Form II 0.24877 0.11153

Figure 8. TPD results of CLA Form II.

In order to identify the adsorption site of CO2, the MEPS of the CLA molecule in
Form 0′ was calculated and is shown in Figure 9. Corresponding to the negative region
displayed in the MEPS, the electronegativity of the groups in the molecular structure were
ordered from strong to weak as: O7 (hydroxyl oxygen on the 14-membered lactone ring) >
O1 (hydroxyl oxygen on the 6-membered desamine ring) > O9 (carbonyl oxygen on the 14-
membered lactone ring) > O13 (oxygen on the 6-membered cladinose ring) > O6 (hydroxyl
group on the 14-membered lactone ring) > O5 (carbonyl oxygen on the 14-membered lactone
ring). Furthermore, the groups exposed on the crystal faces of Form 0′ were analyzed.
There were four morphologically important crystal faces, (101), (002), (011), and (110) in the
Form 0′ morphology predicted by the BFDH model (as shown in Figure S13). The groups
exposed on the four crystal faces are shown in Figure S14. On faces (101) and (002), only
the dimethylamino group was exposed. On face (011), O13 (EP = −42.51 kcal·mol−1, where
EP denotes electrostatic potential) on the 6-membered cladinose ring was exposed. On
face (110), all oxygens on the 14-membered lactone ring were exposed, among which O7,
O9, O6, and O5 exhibited strong electronegativity with EP values of −47.63 kcal·mol−1,
−42.99 kcal·mol−1, −40.68 kcal·mol−1, and −39.55 kcal·mol−1, respectively. It can be
inferred that chemisorption may occur at O7, O9, O13, O6, and O5 when Form 0′ is
exposed in a CO2 atmosphere. O7, which had the most negative EP value, was taken as
the representative to construct the adsorption model (as shown in Figure S15), and the
adsorption energy of CO2 on O7 was calculated to be −8.43 kcal·mol−1. The negative
adsorption energy indicates that CO2 can be stably adsorbed at the site of O7.
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Figure 9. MEPS of the CLA molecule in Form 0′.

As shown in Figure 10a, in Form 0′, two adjacent CLA molecules along the c axis
compose a Z-shaped structure by van der Waals forces. The adjacent Z-shaped structures
along the b axis are connected by intermolecular hydrogen bond O12-H12. . .O7 to form a
one-dimensional chain. O12-H12. . .O7 is the only type of intermolecular hydrogen bond in
Form 0′, with O7 as the hydrogen bond acceptor and O12 on the 6-membered cladinose
ring as the hydrogen bond donor. The two Z-shaped structures (e.g., gray ‘Z’ composed of
molecules A (colored in light green) and A′ (colored in dark green), and pink ‘Z’ composed
of molecules B (colored in orange) and B′ (colored in rose purple), respectively) in the
up–down chains along the c axis orient oppositely and they are connected by van der
Waals forces. As shown in Figure 10b, in Form II, two adjacent CLA molecules along the
b axis form a Z-shaped structure in parallel through van der Waals forces. The adjacent
Z-shaped structures along the b axis are connected to form a zigzag molecular chain by
van der Waals forces. Along the c axis, the up–down molecular chains with opposite
orientation are connected by intermolecular hydrogen bond O12. . .H7-O7, which is the
only type of intermolecular hydrogen bond in Form II. Form 0′ is the metastable form with
a void ratio of 21.6%, while Form II is the stable form with a void ratio of 5.4%. Molecular
packing always tends to be closer and more stable. When Form 0′ is exposed in a CO2
atmosphere, CO2 will be adsorbed on O7, O9, O13, O6, and O5 of the CLA molecule.
The adsorption of CO2 changes the electronegativity of the region around O7, resulting
in the break of the hydrogen bond O12-H12. . .O7, which connects the two ‘Z’ structures
in a molecular chain extending along the b axis. In the boc plane, the two molecules A
and A′ (colored in light green and dark green, respectively) composing the ‘Z’ structure
in the upper molecular chain (gray) rotate counterclockwise, while the two molecules
B and B′ (colored in orange and reddish-brown, respectively) in the lower molecular
chain (pink) rotate clockwise. Molecule A and its upper adjacent molecule B form an
intermolecular hydrogen bond O7-H7. . .O12 through the OH on the 14-membered ring of
molecule A and the O on the 6-membered cladinose ring of molecule B. At the same time,
molecule A and its lower adjacent molecule B form another hydrogen bond O7-H7. . .O12.
Similarly, molecule A′ connects to its upper and lower adjacent molecule B′ through two
hydrogen bonds O7-H7. . .O12. The molecules reassemble into a densely packed zigzag
arrangement structure (see Figure 10b). In this way, Form 0′ transforms into Form II after
CO2 activation.
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Figure 10. Molecular arrangements in Form 0′ (a) and Form II (b).
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4. Conclusions

The currently reported methods of preparing Form II by CLA solvates require high
temperature, high pressure, or vacuum, which means a large amount of energy cost. In this
work, a new method for the conversion of CLA solvates to Form II promoted by 1 atm CO2
was proposed. The mechanism of the effect of CO2 was revealed through experiments and
theoretical calculations.

First of all, three channel CLA solvates were prepared that are easy to remove solvents,
namely the CLA-PAC solvate, CLA-IPA solvate, and CLA-EB solvate. The single crystal
structures of the three solvates and Form 0′ were resolved for the first time by using SCXRD.
The results showed that these are isomorphic. In the crystal structures of three solvates,
the solvent molecules located in the channel did not form hydrogen bonds with the CLA
molecules, only weak van der Waals forces. This is the reason why the solvent removal
of the three solvates was easier than that of the CLA-Eth solvate. Thermal analysis and
PXRD showed that the three solvates could desolvate in the temperature range of room
temperature to 50 ◦C to Form Isostructural Form 0′. Form 0′ and Form II are monotropic,
related to Form 0′ transforming into Form II at nearly 114 ◦C. Subsequently, the comparative
experiment of the phase transformation in the air atmosphere and 1 atm CO2 atmosphere
showed that CO2 had no obvious effect on the desolvation process of the solvates, while
it could dramatically accelerate the polymorphic transformation of Form 0′ to Form II. In
the 1 atm CO2 atmosphere, the conversion time was only 4 h, which was much less time
than that in the air atmosphere. In addition, through the combination of the measurement
of adsorption capacity, MEPS calculation, and crystal structure analysis, the mechanism
of the CO2 effect on the polymorphic transformation was uncovered. The chemisorption
of CO2 on O5, O6, O7, O9, and O13 of the CLA molecule with stronger electronegativity
exposed on the crystal surfaces of Form 0′ changed the electronegativity of the region near
O7, resulting in the break of the only type of hydrogen bond, O12-H12. . .O7, in Form 0′,
and the formation of the hydrogen bond O7-H7. . .O12 to reassemble the molecules into
Form II. Finally, a new pathway for the preparation of Form II from the CLA solvates was
designed. Step 1: The solvates desolvate and transForm Into the structurally similar Form
0′ in 1 atm air. Step 2: Form 0′ transforms into the more stable Form II in 1 atm CO2. This
work provides a successful case for the application of CO2 as an accelerator or alternative
energy in the phase transformation of APIs, and also provides a new idea for the study of
the mechanisms of polymorphic transformation.
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DSC curve of CLA raw material; Figure S5: HSM snapshots of CLA-PAC solvate; Figure S6: DSC
curve of the sample after the observation experiment by HSM; Figure S7: VT-PXRD of CLA-IPA
solvate; Figure S8: VT-PXRD of CLA-EB solvate; Figure S9: The solvent residual in the sample after
heating at 50 ◦C and 1atm CO2 for different duration; Figure S10: The solvent residual in the sample
after heating at 50 ◦C and 1atm air for different duration; Figure S11: The change of solvent residual in
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Figure S13: The morphology of CLA Form 0′ predicted by BFDH model; Figure S14: Molecular
arrangements on crystal faces (101), (002), (011) and (110) of Form 0′; Figure S15: The model of the
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