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ABSTRACT
In this thesis, the polymorphism and nanoscale synthesis of metal carbonates was
explored. It is hypothesized that the stabilization of the metastable monoclinic phase in
bulk group Il metal carbonates occurs through the application of stabilizing anionic
species such as sulfates and selenates. The monoclinic 10% BaSO4 BaCO3 was found to
be stable when stored in anhydrous conditions while the monoclinic phase of 10%
SrSeO4 SrCOs was stable under atmospheric temperatures and humidity. These stabilizing
anions were successfully introduced to the carbonate structure through a heat-quench
reaction technique. The synthesis of metal carbonate nanoparticles was also explored
using a methanol precipitation technique. In this work, the successful synthesis of non-
group Il metal carbonates such as CdCO3 and FeCOs under ambient atmospheric and
anhydrous conditions resulting in the precipitation of nanoparticles under 100 nm in
lateral dimensions.
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CHAPTER 1
METAL CARBONATE INTRODUCTION AND LITERATURE REVIEW

Metal carbonates have been studied for centuries and as technology and science
continue to progress, it has become apparent that there is still much to learn about them.
With the development of nanoscience and the ability to characterize the structure and
morphology of subjects on the nanoscale, metal carbonates have had a recent boon in a
variety of research fields and applications. The study into the formation and stabilization
of the various polymorphs of carbonate species is of interest to geological and biological
sciences. Sea creatures such as clams and mollusks incorporate CaCOzand MgCOzinto the
production of shells and use them as templates for growth.

Metal carbonate mineral deposits are formed through a variety of natural
conditions. They are also commonly formed through biogenic mechanisms such as the
growth of shells by clams and mollusks as previously discussed as well as in hydrothermal
deposits deeper in the crust where the temperature and pressure are higher. Recent results
returning from the Mars rover observed carbonate species such as MgCOs on the surface
of Mars?.

Carbonates comprise a large proportion of the minerals found in the oceans and
play a big role in the geochemistry of the worlds water cycle and the natural carbon
sequestration process?. With the increased acidification of the oceans, these carbonaceous
shells and sands are at risk of reacting and decaying through acid base neutralization

reactions leading to their decomposition®. CaCOj3 alone is 4% of the earth’s crust and can



be found as a major constituent of rock types such as limestone and chalk*. BaCOs and
SrCQg, although not as abundant as CaCOs, are often found when barium and strontium
substitute for calcium in the carbonate structure which occurs in up to 27% of CaCO3

deposits®.

Applications of Metal Carbonates

Metal carbonates can be used in the carbon capture and storage cycle where they
serve as a storage medium for anthropogenic carbon emissions in a process which has been
implemented in addition to the natural carbon sequestration cycles such as tree respiration
to control the amount of free carbon species in the atmosphere®.

They also are of interest to the fields of inorganic and materials science since metal
carbonates are often used as precursor materials in applications where metal oxides are
required such as the production of high purity alloys and compounds’. Metal carbonates
decompose to form metal oxide species starting at 650° C under atmospheric conditions.
In this form they find a wide field of applications ranging from metal alloy production® to
coatings®. Strontium carbonate is used in the production of luminous paints*® we well as in
the production of drugs*! and magnets'?.

The automotive industry relies on carbonates as a strengthener for plastics®® and
rubbers'®. They have been applied in a variety of other roles ranging from cancer drug
delivery®™ to the neutralization of dangerous sulfide species released during fracking®®.
MgCOs has a wide variety of applications ranging from fireproofing and fire extinguisher
material to cosmetics and even can be found in toothpaste!’. Due to their biocompatibility,

metal carbonate species are often used in medical applications. Iron carbonate can be used



as an iron supplement to treat anemia, calcium carbonate is used as an antacid treatment
and as a calcium supplement. Metal carbonates are also used as targeted treatment of
certain illnesses such as manic-depressive disorder where LioCOz is commonly used as a
mood stabilizer'®,

Beyond their applications as carbonates, metal carbonates will decompose to form
reactive metal oxide species at elevated temperatures. Upon decomposition to their oxide
species, they are particularly useful in the synthesis of high quality metal alloys and
coatings. Metal carbonates are often used in the production of refractory ceramics and
superconductive materials. Metal carbonates are commonly used as a precursor material
for metal oxides that are highly reactive and cannot be stored as the oxide such as BaO or
SrO. By using nano particles of carbonates, fresh metal oxides of greater reactivity can be
made in situ, leading to more complete reactions and higher purity of products. This lends
itself well to industrial applications like the production of high quality optics®®.

Nanoscale carbonates are currently of interest in other industrial and medical
applications, for example, BaCOs has garnered interest to the field of cancer research?
where it has proven to be an effective and biocompatible drug delivery vehicle. Nano
carbonates are particularly desirable in medicine because of their biocompatibility and their
high surface area which can be functionalized with gene attachments and other treatments.
With higher surface area and larger surface area to volume ratio that is characteristic of
nanoparticles, we can expect the reactivity of the material to be enhanced. In this thesis,
the chemical and physical properties of metal carbonates will be examined as they are
scaled down to the nano-regime and how they compare to the properties of their bulk

counterparts.



Polymorphism of Metal Carbonates

At ambient conditions on the surface of the earth, the most energetically favored
polymorphs of metal carbonates such as SrCO3 or BaCOs are the trigonal and orthorhombic
phases?* (Figure 1). Other phases or polymorphs such as cubic, hexagonal and monoclinic
phases exist as metastable phases resulting from high temperatures and pressures like those
found in the earth’s mantle and some are synthesized by organisms, such as coral and shell
fish, which use a templating growth mechanism to achieve polymorph control.

In crystallography, alternate crystal structures which share an identical
composition, such as the orthorhombic and cubic phases of metal carbonates, are known
as polymorphs. For metal carbonates, polymorphs such as the cubic, monoclinic or
hexagonal phases may exist as metastable or high temperature phases?. There are
exceptions, some non-group Il metal carbonates such as Li>COz may be found in the
monoclinic phase in nature.? In nature, the polymorph of the carbonate structure is
controlled through the pressure and temperature of the environment in most cases but there
have also been reports of templated growth in marine animals 24,
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Figure 1: The most commonly found polymorphs for group Il metal carbonates are the orthorhombic, hexagonal and
cubic. The monoclinic phase has been reported as a high temperature/ pressure phase which is not stable at ambient
conditions®..



Traditional Syntheses of Metal Carbonates

Metal carbonates like calcium carbonate are mass produced by bubbling carbon
dioxide gas through a suspension of calcium oxide in water. The bulk solid product is then
removed from the solution and the dried, then is ground to the desired particulate size. This
reaction provides little to no control over the particle size, surface roughness, or
morphology of the resulting product, Flame spray pyrolysis, sonochemical, and
solvothermal techniques are alternative techniques which allow some amount of control
over the size and morphology of nano-scale carbonates although using organic capping
agents or reactions which are highly wasteful and toxic. Templating schemes based on
block co-polymers, upon which more complex structures of nano carbonates can be grown
have also been examined as an approach that mimics the natural carbonate growth seen in
nature. Here we will use an environmentally friendly synthetic method called the methanol

precipitation technique which will be discussed later.

Research Goals

Control over the morphology and polymorphism of metal carbonates will be
explored in two parts. The first will be the stabilization of bulk group Il metal carbonates
in the monoclinic phase through the incorporation of anions. In this work, the goal is to
incorporate sulfate, selenate and phosphate anions into the structure of BaCO3z and SrCOs
using a heated quench synthesis technique. The second is the synthesis of metal carbonate
nanoparticles using a non-traditional methanol precipitation approach. Here, the methanol
precipitation technique was applied to synthesize metal carbonates such as CdCO3, and

FeCO:s.
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CHAPTER 2

ANION STABILIZATION OF MONOCLINIC METAL CARBONATES

Nguyen, Nick. To be submitted to CrystEngComm



Abstract

Sulfate and selenate anions will be incorporated into the carbonate structure through
a heated quench synthesis technique. This approach was applied to study monoclinic
strontium and barium carbonate?® under ambient conditions (unsealed and reacted under
atmospheric air), and inert conditions (sealed under a dry argon atmosphere) to explore
the stability of their monoclinic polymorph. The stability of the monoclinic metal carbonate
polymorph was explored under atmospheric conditions as well as under a humid
environment and found to be sensitive to humidity. The incorporation of these anions to
the structure make it possible to isolate a stable monoclinic polymorph as seen on Fourier
transform infrared spectroscopy (FTIR) and powder X-ray diffraction (XRD) while having
little to no impact on the polymorphic character of the carbonate species as seen through
differential scanning calorimetry (DSC) and variable temperature X-ray diffraction (VT

XRD).
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Introduction to Anion Stabilized Metal Carbonates

The monoclinic carbonate structure is recognized as being a high temperature and
pressure polymorph for group two metal carbonates. There is very little work on the
isolation and study of metal carbonates in the monoclinic phase. One of the few reports of
monoclinic carbonates is a study done with barium carbonate by Nishino wherein barium
sulfate was incorporated into the structure of barium carbonate. The resulting monoclinic
barium carbonate polymorph was reported to be metastable, converting from monoclinic
to the room temperature stable orthorhombic phase when exposed to water or upon heating
to 700° C.

In addition to sulfates, alternative isostructural anions such selenates will be used
as the anion incorporated to isolate the monoclinic phases of group Il metal carbonates,
this work will focus on strontium and barium carbonates?. The incorporation of anions is
of interest to a variety of environmental and geochemical applications. In nature,
carbonates are abundant and they will naturally experience dissolution and
reprecipitation??, during this process, there may be some degree of exposure to anions such
as phosphates, selenates, and sulfates. This may lead to the formation of alternative
carbonate polymorphs?” which may be metastable.

The product of the ion incorporation may also result in the formation of what is
known as a solid solution® where anions or cations may substitute into the structure of the
carbonates. They may also occupy vacant sites, defect sites, or interstitial spaces within the
structure. In a solid solution, although the ions are incorporated into the crystal structure

of the carbonate, the product will still be observed as a single crystal phase.
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The introduction of metal ions into the carbonate structure may occur in nature
through another process known as sorption which occurs in two or three steps®®. The first
step is the adsorption of the ion to the surface of the mineral. Afterwards, the ion may
continue to diffuse further into the bulk of the material where it may ultimately incorporate
into the chemical structure forming a new polymorph or it may take a third step to
precipitate out again, forming deposits on the interior or exterior of the mineral.

The metal cations selected for the incorporation may be a key factor in the stability
of the polymorph as well. Larger cations such as the Sr?* (1.95 A)*, and Ba?* (2.15 A)*,
which have been selected for this study, may have different coordination numbers in the
structure than smaller cations such as Fe?* (1.35 A)*° or Mg?*(1.41 A)®. Due to their larger
ionic radii, we expect Sr and Ba cations will be more likely to successfully expand the unit
cell dimensions of the carbonate structure to achieve the monoclinic polymorph.

For the purposes of this study, the goal will be to stabilize the monoclinic
polymorph of barium and strontium carbonate using sulfates and selenates. The stability of
the metal carbonate monoclinic phase will be studied, and the polymorphism of barium
and strontium carbonate will be studied more thoroughly to examine the effects of anion

incorporation into the crystal lattice.
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Stabilization of Monoclinic Metal Carbonates with Sulfate Anions
Results and discussion

The synthesis of the monoclinic barium carbonates was done under atmospheric
conditions. 10% BaSO,4 BaCOswas explored and it was found that using the heated quench
synthesis method, the product was predominantly monoclinic under Fourier transform
infrared spectroscopy (FTIR). The same synthesis was done with 10% SrSO4 as well. In
addition, parallel studies were done using SrCOs with 10% BaSO4and 10% SrSOas. In all
four studies, it was found that by adjusting the temperature of the heating (Table 1), it was

possible to isolate a completely monoclinic product.

Table 1 The temperatures required to synthesize completely monoclinic products using the heat-quench technique.

Carbonate Species Reaction temperature
10% BaS0O4 BaCOs3 870 °C
10% SrSO4 BaCO3 885 °C
10% BaS0O4 SrCO3 885 °C
10% SrSO4 SrCO3 910 °C

The stability of the monoclinic polymorph was studied first under atmospheric
conditions, then under an induced humid environment and it was found to be stable on the
scale of hours when under atmospheric conditions with some monoclinic polymorph still
present up to weeks later (Figure 2). When stored under humid conditions, it was found
that the monoclinic phase began to diminish within minutes. Under humidity, the
monoclinic carbonates converted back to their more energetically favored orthorhombic
polymorph completely within hours of exposure.

The FTIR spectra of the group two metal carbonates has six characteristic peaks

which identify the sample as being orthorhombic. 1436 cm™, 1070 cm™, 854 cm™,
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706 cm™ and 689 cm™. Upon heating and quenching in the presence of the sulfate anions,
we see that there is a distinct shift in some of these peaks. The peak shift which is of greatest
importance is that of the peak at 854 cm™. This peak shift to 871 cm™ indicates that the
structure has been successfully converted to the monoclinic phase. In the spectra, the
sulfate stretch is present in the 1350 cm™-1450 cm™* range indicating that the sulfate anion’s
structure has been maintained after heating and quenching. Together, these vibrational
modes from both the sulfate and the carbonate confirm that the monoclinic phase of the
metal carbonate has been successfully isolated through the incorporation of the sulfate

anion.
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Figure 2: FTIR of 10% BaSO4 BaCOz under ambient conditions, after 1 week the sample is mostly orthorhombic once
more. Note the distinct peak shift from 854 cm™ to 871 cm* which is indicative of the monoclinic phase.

When characterized by powder X-ray diffraction (XRD), the pattern for monoclinic
BaCOz can be confirmed due to its characteristic peaks as confirmed through peak
matching. The first is a set of characteristic peaks occur at 25 degrees (deg.) 20, the second
set is another set of three peaks which are centered at 31 deg. 2@ under Co radiation.
Together these two peak sets are the primary indicators of the monoclinic phase. The

orthorhombic phase has an indicative peak set at around 28 deg. 20 under Co radiation.

14



Anhydrous synthesis of 10% BaSOs4 BaCOs, 10% SrSOs BaCO3, 10% BaSO4
SrCO3, and 10% SrSOs4 SrCOs were done to study the stability of their monoclinic
polymorph. The synthesis procedure was found to be successful when the ampoules were
sealed at pressures under 500 millitorr. It was found that when synthesized and stored
anhydrously, the monoclinic polymorph of all four species were stable for extended periods
of time, in the case of 10% BaSO4 BaCO3, the monoclinic polymorph was found to be the
predominant phase for weeks after the synthesis. XRD of the sample in a sealed glass
capillary showed that after 4 weeks there was only the beginnings of the conversion from
the monoclinic phase to the orthorhombic phase at all as indicated in the slight growth of

the peak set at 28 deg. 2@ (Figure 3) under Co radiation.
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Figure 3: Powder XRD of 10% BaSO4 BaCO3 showing that even after more than 4 weeks the predominate phase is still
the monoclinic polymorph.

Further studies into the polymorphism of the monoclinic barium and strontium
carbonates was done via differential scanning calorimetry (DSC) and variable temperature
X-ray diffraction (VT XRD). By cross referencing data gathered from DSC and VT XRD,

it was possible to study the polymorphism of the anion stabilized carbonate species. For
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thorough examination of the phase transitions of the samples, the temperature of the phase
transitions was gathered from the DSC plots. From there, a separate sample of the same
species was examined under VT XRD. Using VT XRD, it is possible to obtain
crystallographic data of the sample at various temperatures while under inert atmosphere.

The monoclinic 10% BaSOs BaCOgz species was first examined in DSC (Figure
4A). As the sample was heated in an argon atmosphere, the first prominent feature in the
DSC plot (Figure 4A) is an exothermic peak with an onset temperature of 541° C which
corresponds to an irreversible transition from the monoclinic phase to the orthorhombic
phase. The second feature is an endothermic peak which has an onset temperature at 745°
C corresponding to a transition from the orthorhombic phase to the trigonal/hexagonal
phase of barium carbonate. The last distinct feature has an onset temperature at 944° C

which corresponds to the transition from the hexagonal phase to the cubic phase.
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Figure 4: The DSC plot (A) and VT XRD patterns (B) for 10% BaSO4 BaCOs note that the initial peak in (A) is an
exothermic peak indicating that the conversion from monoclinic to orthorhombic is an irreversible reaction. Reference
patterns in (B) are for the various polymorphs for BaCOs under Cu radiation.

Summary of Sulfate Reactions
For the sulfate stabilized monoclinic phase of both strontium and barium carbonate

it has been proven that the monoclinic polymorph it is not an energetically metastable phase

16



as previously reported, but rather is a highly moisture sensitive phase which when kept
anhydrous can be stored for extended periods of time. Further examination through DSC
and VT XRD showed that the phase transitions for these carbonate species are not affected
by the incorporation of the sulfate anions since the transition temperatures remain within

50° C of the transition temperatures previously reported for both carbonate species.!
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Stabilization of Monoclinic Strontium Carbonate with Strontium Selenate
Results and discussion
The synthesis of the strontium selenate stabilized monoclinic barium carbonates
was done under ambient atmospheric conditions. 10% SrSeOs SrCO3z was explored and it
was found that using the heated quench synthesis method, the product was predominantly
monoclinic under XRD and FTIR. 10% SrSeO4 SrCOs required heating to 1100° C to
synthesize a completely monoclinic sample and the product presents as a white powder.
The stability of the monoclinic polymorph was studied first under atmospheric
conditions, then under an induced humid environment and it was found to be exceptionally
stable. When stored under ambient conditions, there is no sign that the monoclinic phase

is converting to the orthorhombic phase even after one month. (Figure 5)
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Figure 5: XRD pattern for 10% SrSeO4 SrCOs shows that even when stored at ambient conditions for one month the
sample has not converted to orthorhombic at all

The XRD of the product shows that there the selenate species has been completely
incorporated. The pattern for the sample matches completely to the calculated pattern for

monoclinic SrCO3z as calculated by the Beckman group at Washington State University.
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The monoclinic 10% SrSeO4 SrCOgz species has proven to be exceptionally stable even

when exposed to humid environments as can be seen in the FTIR patterns in Figure 6.

10% SrSe0Q, SrCO, Upon synthesis 10% SrSeQ, SrCO, Upon synthesis
10% SrSeO, SrCO, 30 minutes in water 10% SrSeQ, SrCO, 30 minutes in water
Orthorhombic SrCO, Orthorhombic SrCO,
T T T T T T T T T T T
1000 2500 2000 1500 1000 940 820 900 880 860 840 820
Wavenumber (cm’') Wavenumber (cm')

Figure 6: FTIR of 10% SrSeO4 SrCQOgs, the monoclinic phase has not been diminished even after the product was
saturated in water and dried.

The monoclinic 10% SrSeO4 SrCOz species was first examined in DSC (Figure 7).
As the sample was heated in an argon atmosphere, the first prominent feature in the DSC
plot is an exothermic peak with an onset temperature of 541° C which corresponds to an
irreversible transition from the monoclinic phase to the orthorhombic phase. The second
feature is an endothermic peak which has an onset temperature at 745° C corresponding to
a transition from the orthorhombic phase to the trigonal/hexagonal phase of barium
carbonate. The last distinct feature has an onset temperature at 944° C which corresponds

to the transition from the hexagonal phase to the cubic phase.
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Figure 7: DSC of the monoclinic 10% SrSeO4 SrCOs species. Note that the initial peak with an onset temperature of
682° C is an exothermic peak indicating that the conversion is non-reversible.

Experimental
Non-anhydrous Synthesis:

The reagents were hand ground in an agate mortar and pestle for 30 minutes then
transferred into an open quartz ampoule. The ampoule was then placed into a pre-heated
tube furnace and reacted for 30 minutes at which point it is carefully quenched into a salted

ice bath making sure to prevent the submersion of the open end into the ice bath.

Anhydrous Synthesis:

The reagents were weighed out and hand ground in an Ar purged glovebox. The
agate mortar and pestle should be heated in a drying oven for 30 minutes to drive off surface
adsorbed water. The reagents were hand ground for 30 minutes in the glovebox. The
sample was loaded into the ampoule which should then be sealed with a stopcock while
under inert atmosphere. Upon removal from the glovebox, the ampoule was purged and

refilled with pure argon on a schlenk line three times, then pumped down to 200 millitorr.
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At this point the ampoule (still sealed by a glass stopcock) was submerged in liquid
nitrogen bath for 15 minutes prior to having the glass ampoule sealed off. The 15 minutes
in the liquid nitrogen are essential to allow for a successful sealing of the ampoule. If done
without the cooling, the glass will fail as it softens due to the Ar gas expansion which is to
be expected when the oxygen-acetylene torch is applied to seal off the ampoule. The
ampoule was then loaded into a pre-heated tube furnace where it will react for 30 minutes

before carefully quenching into a salted ice bath.

Materials and Methods:

BaCOz (>99% purity), SrCO3(>95% purity), and IR Grade KBr (>99% trace metal
basis) from Sigma Aldrich Corp. were used as received. BaSOs (reagent grade) and SrSO4
(reagent grade) were used as received from J.T. Baker. SrSeO4 was synthesized according
to the synthetic procedure set forth by Errandonea 32 using SrCl, with NaSeO4 purchased
from Sigma Aldrich Corps. Quartz ampoules used for the reaction vessel were prepared in
house by our glass shop. The furnace used in the reaction was the Lindburg/Blue M Mini-
Mite tube furnace. 0.7 mm special glass capillaries from Charles supper were used to obtain
anhydrous XRD of the samples.

For anhydrous preparation, the reagents were hand ground, then loaded into a
schlenk vessel and capped with a teflon top. The vessel was then placed on a heating mantle
set to 110° C and heated for 3 hours as a vacuum is pulled on it by a schlenk line to drive
off humidity and produce an anhydrous reagent. The vessel was then closed tight upon

completion of the dehydration step and placed into an Ar purged glovebox.
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Non-anhydrous Characterization:
FTIR spectra were collected on a ThermoNicolet 6700 spectrophotometer using an
ATR diamond and running OMNIC software package. XRD was done on a Bruker

Advanced D8 diffractometer using Co Ka radiation.

Anhydrous Characterization:

XRD was done using a Bruker D8 Venture single crystal Diffractometer using Cu
Ka radiation in sealed special glass capillary. KBR FTIR was done on a ThermoNicolet
6700 Spectrophotometer. DSC was done on a Netzsch STA 449 F3 Jupiter under argon
atmosphere. VT XRD was done on a PANalytical XRD with an Anton-Parr 1200 heating

furnace under argon atmosphere.

Computational work for the diffraction pattern and spectroscopy of monoclinic
strontium carbonate was done by the Scott Beckman group at Washington State University

by Bo Xu and Irmak Sargin under the supervision of Professor Scott Beckman.

Results and Conclusions

The incorporation of anions into the metal carbonate structure has made the
isolation of their monoclinic polymorph possible at ambient conditions. Initial studies into
the stabilizing effect of the sulfate anion revealed that the monoclinic barium carbonate
structure was not merely an energetically or thermodynamically unfavorable phase, but

rather one which was primarily susceptible to humidity. Upon isolating it from humidity,
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the monoclinic barium carbonate could last on the scale of weeks with no sign of
conversion to the orthorhombic phase

Strontium selenate was explored as a stabilizing anion for strontium carbonate.
Strontium selenate is isostructural to strontium sulfate which made it an ideal candidate for
this application. The monoclinic product of this reaction has proven to be less susceptible
to conversion than in the sulfate studies. The monoclinic 10% SrSeOs SrCOs species was
a shelf stable product even when stored non-anhydrously for longer periods of time than
the sulfate stabilized products could withstand. Even when directly saturated with water,

the monoclinic polymorph was still the predominant phase.
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CHAPTER 3
SYNTHESIS OF METAL CARBONATE NANOPARTICLES AND

CONCLUSIONS
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Abstract

Nanoparticles of metal carbonates were successfully synthesized using an
environmentally friendly, or “green”, synthetic methodology known as the methanol
precipitation technique. The nanoparticles were found to range in size from 8-50 nm in
diameter and have a uniform oblong morphology as confirmed by transmission electron
microscopy (TEM). The crystal structure of the products was determined using powder X-
ray diffraction (XRD) and selected area electron diffraction (SAED). Through tuning of
the reaction conditions, the synthesis and characterized of non-group Il metal carbonates

were explored including CdCOz and FeCOsa.
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Introduction to Methanol Precipitation Synthesis of Metal Carbonates

Nanoparticles of non-group Il metal carbonates were explored using a methanol
precipitation technique. In this application, nanoscale refers to particle sizes which are
under 100 nm in lateral dimensions. Nanoscale metal carbonates are highly desirable due
to their enhanced surface area and performance as additives in the synthetic rubber and
plastics®. The electronics and power industries are interested in using nanoscale metal
carbonates in applications such as insulating layers in solar cells* and as sources for high
purity metal oxides for the production of field effect transistors®.

Due to their scale, nanoparticles of metal carbonates have proven to have enhanced
dispersing ability in addition to their high whiteness when used as a filler®. Since they
have higher surface area compared to their bulk counterparts, they have attracted attention
from the medical industry where researchers are looking to activate the surface of these
particles to use them as drug delivery vehicles®.

The methanol precipitation technique produces nanoparticles of metal carbonates
on the scale of 10-200 nm in diameter®”. The reaction proceeds through a dissolution-
renucleation mechanism wherein the metal salt and sodium bicarbonate are dissolved in
methanol and reacted at temperatures above the boiling point of methanol in a sealed
vessel. As the precursors react to form the metal carbonate species, the product precipitates
from the solution as the solubility of the carbonate species in methanol is lower than that
of its precursors. The precipitation occurs rapidly as the reaction proceeds which result in
the nanoscale morphologies which are of interest in this work.

This synthetic technique is highly desirable to industrial applications due to the low

levels of waste produced. The only by-products of this synthetic technique are water,
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sodium chloride and carbon dioxide gas. The precipitated product is pure since the other
byproducts are either soluble in the solvent (NaCl), are a liquid (water) or will evolve from
the solution as gas (CO2). The methanol solvent can be reclaimed and purified indefinitely
meaning that this is an exceptionally environmentally “green” reaction when compared to
alternative syntheses to produce particles of comparable dimensions.

Initial research into the methanol precipitation technique showed that it was
possible to synthesize nanoparticles of group 11 alkali earth metal carbonates. The size of
the product could be varied in size from 40-200 nm by controlling the time and temperature
of the reaction®’. In this body of work, non-group Il metal carbonates will be explored.

In this chapter, the synthesis of non-group 1l metal carbonates will be explored. The
initial screening of carbonate species included both transition and main group metals which
were stable in the 2+ charge state. The species which were explored can be found in Figure.
Here, the synthesis and characterization of CdCOzand FeCOsz will be discussed.

The synthesis of a wide variety of metal carbonate nanoparticles was explored using
a methanol precipitation technique. Initial screening of metals which are stable in the 2+
covalent state showed that it was possible to synthesize more than just group Il metal
carbonates using this technique. It was found that in the successful reactions with non-
group Il metal chloride species required heating at a minimum of 90° C for at least 3 hours.

In some cases, the metal chloride species would be reduced to the metal species
upon introduction to the methanol solvent. This is confirmed by the precipitation of the
metal solid at the bottom of the schlenk vessel within a minute of the addition. This was

found to be the case in the reactions with Pd, In, Ag and TI chlorides.
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It has been proven in the past that by using this technique, it is possible to synthesize
the monoclinic polymorph of various group Il metal carbonates. The reactions were also
done anhydrously in an Ar purged glove box to preserve any possible metastable
polymorph which may form because of the rapid formation and precipitation of the
nanoparticles.

Synthesis and Characterization of CdCOs Nanoparticles

CdCOz3 was successfully synthesized using the methanol precipitation technique.
The reaction for CdCOs took place over the span of 3 hours at 90° C. The product presents
as a soft white powder upon completion of the reaction. Anhydrous reaction formed an
identical product as confirmed by powder XRD and FTIR showing that there is no

metastable polymorph being formed in this reaction.

The diffraction pattern obtained
from powder XRD (Figure 8) indicates that
the product is pure CdCOs, matching to the
hexagonal phase of CdCOs (ICDD- 04-016-
CdCO,1CDD: 040163100|  3100) which is the energetically preferred

S 70 diffraction pattern of the sample show signs
Degrees (20)

phase for this species. The peaks in the

Figure 8: XRD of CdCOs as synthesized by the methanol of peak broadenmg’ a phenomenon which

precipitation technique o
indicates that the product has very small

grain boundaries or has very low dimensional morphology. Scherrer analysis of the peak
widths in the diffraction pattern indicate that the average particle size in the sample is 49.7

nm.
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TEM imaging of the product confirms that the product is a uniform distribution of
nanoparticles. The product does aggregate when dried during the process of preparing the
sample for imaging but measurements of the individual particles which make up the

aggregate show that the particles range in size from 9 nm to 27 nm, with dimensions of

most of the particles falling in the range of 9-15 nm
in diameter.

The variation between the Scherrer analysis
of the particle size and the measurements could be
due in part to the way the particles grow and
precipitate. As the particles grow they may be

growing in tandem, causing the orientation of their Figure 9: TEM imaging of CdCOs
nanoparticles. The particles range in size from
9-27 nm with most of the particles falling in the

crystal structures, leading to larger coherent .. oo 15nm in lateral dimensions.

scattering domains which would be more represented in the XRD pattern which is
indicative of the bulk product and may not represent the scattering domains of the smaller
particles as strongly due to their smaller contributions to the diffraction pattern of the
sample.

Varying the temperature from 90° C to 110° C and time from 3 hours to 24 hours
of this reaction had no discernable effect on the particle size or morphology. This reaction
could successfully produce CdCOs nanoparticles at an 60-70% yield which is to be
expected using this synthetic approach. The product is stable in ambient conditions as

confirmed by powder XRD and FTIR.
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Synthesis and Characterization of FeCO3 Nanoparticles
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Figure 10: XRD(A) and FTIR (B) of FeCOsshowing how adjusting the temperature of the reaction can help drive it to
completion.

FeCOs was successfully synthesized both in ambient and anhydrous conditions.
The product of the reaction is a pale green color which will begin to redden when exposed
to ambient conditions as the product oxidizes to form iron oxide species. To preserve the
initial product of the reaction, the reaction and characterization of FeCOz is done primarily
anhydrously in an Ar purged glove box. The reaction was heated at 120° C for 3 hours.

Powder XRD of the sample as taken when loaded into a glass capillary and mounted
on a powder diffraction stage show that by increasing the temperature of the reaction from
90° C to 120° C the reaction could go to completion (Figure 10). The peaks in this pattern
match to the FeCOs reference number ICDD 04-015-9760.

KBr FTIR of the product shows a match to the FeCOs reference pattern as provided
by the RRUFF database (RRUFF 1D: R040034). The characteristic peaks at 870 cm™ and
at 748 cm are present. There is a peak corresponding to NaHCOs at 1047 cm™. This
indicates that there is some residual precursor material which has been retained in the

sample.
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Further characterization of the product was done using transmission electron
microscopy (TEM) and selected area electron diffraction (SAED). The images of the
FeCOs nanoparticles shows that the particles tend to aggregate much more than the CdCOs
nanoparticles. Some aggregates were nearly a micron in lateral dimensions with some signs
of the smaller particles still discernable in the images. The particles were nm in lateral
dimensions on average. SAED of the aggregates prove that the sample is FeCOz matching

to the D-spacings from FeCOs ICDD 04-015-9760.

S
100 nm

Figure 11: TEM image (left) and SAED (right) of the inset box area. FeCO3 particles agglomerate but the individual
particles are still discernable. SAED matches to the D-spacings from ICDD reference pattern for FeCO3 04-015-9760.

Experimental
Non-anhydrous Synthesis:

The reagents for the reaction were the metal chloride species of the desired metal
carbonate and NaHCOs3 in a 1.20:2.00 molar ratio and 20.0 mL of methanol. The reagents
were added to a 100 mL schlenk vessel along with a stir bar and sealed using a teflon screw-
on top. The schlenk vessel was suspended in a silicon oil bath which was be heated to 90°

C and allowed to react for 3 hours. The time and temperature of the reaction may be
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changed, and previous work has proven that these variables may affect the product
morphology and success of the reaction. After the reaction has completed, the sample was
cooled to room temperature before opening then the product is removed from the methanol
via centrifugation and decanting of the solvent. The methanol used in the reaction may be

saved, purified through roto-vap, and reused for these reactions indefinitely.

Anhydrous synthesis:

The reagents were prepared in a 1.20:2.00 molar ratio of anhydrous metal chloride
to anhydrous NaHCOs reacted in 20.0 mL of anhydrous methanol. The stir bar and schlenk
vessel was dried overnight in an oven or flamed to drive off adsorbed water prior to
bringing into the glove box. The reaction was prepared in the glovebox, sealed then taken
out to be suspended in a silicon oil bath at a temperature of at least 90° C for at least 3
hours. The sample was washed, and suction filtered in the glovebox and all preparations
for characterization took place under argon atmosphere.

Materials:

CdCl; (technical grade), FeClz ¢ 4H20 (>99.0% purity), FeCl, (99.99% trace metal
basis) and methanol (99.8% purity) were purchased from Sigma-Aldrich Corp. and used as
received. NaHCO3 (>99.0% purity) from J.T. Baker was ground to a fine powder before
use. IR Grade KBr (>99% trace metal basis) from Sigma Aldrich Corp was used for KBr

FTIR.
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Non-anhydrous Characterization:

FTIR spectra were collected on a ThermoNicolet 6700 spectrophotometer using an
ATR diamond and running OMNIC software package. XRD was done on a Bruker
Advanced D8 diffractometer using Co Ka radiation.

Anhydrous Characterization:

Powder XRD was done using and on a Bruker D8 Bruker D8 Venture single crystal
Diffractometer using Cu Ka radiation in sealed special glass capillary by Dr, Colin
McMillen of Clemson Universities Molecular Structure Center. KBr FTIR was done on a
ThermoNicolet 6700 Spectrophotometer. TEM/SAED was done with a Technai 20

electron microscope at 200 keV.

Table 2: Initial screening of metal species which are stable in the 2+ configuration yielded mixed results. The metal
chloride species which showed some amount of carbonate production or reaction at all are included in the table here.

Metal Chloride Species
Cd Cu Mg Ni
Mn Zn Sn Ru
Fe La Co Rh

Discussion and Conclusions

Initial screening of metal species in the 2+ charge configuration saw mixed results.
The reactions with the most promising products can be found on Table 2. The most
successful reactions were the synthesis of CdCO3z and FeCOs. In the synthesis of these
products it has become clear that the methanol precipitation technique is a powerful method
of synthesizing uniform, pure nanoparticles of metal carbonates from other blocks of the
periodic table. The product of the CdCO3 synthesis matched to the diffraction patterns from

both X-ray and electron diffraction and presented as uniform oblong particles under TEM.
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The product was stable and was synthesized in the hexagonal phase which is the most
energetically favored polymorph for CdCO3 at ambient conditions.

It was also apparent that although the technique is capable of synthesizing metal
carbonate species, the product is not always stable in ambient conditions. This was clear in
the case of FeCOs where the diffraction pattern of the product matched to the reference
FeCOs pattern when characterized under inert conditions but rapidly decomposed to form
iron oxide species when stored under ambient conditions.

In conclusion, the monoclinic phase of BaCOs and SrCOs were successfully
isolated through the incorporation of anions such as sulfates and selenates. The monoclinic
phase proved to be stable at ambient conditions when strontium selenate was used as the
stabilizing anion in SrCOs even upon saturation in water. Sulfate stabilized monoclinic
BaCOz and SrCOz were proven to be highly sensitive to exposure to humidity, converting
to the orthorhombic phase over the span of hours.

Non-group Il metal carbonates were successfully synthesized using the methanol
precipitation technique including CdCO3 and FeCOz proving the versatility of the methanol
precipitation method. The products were under 50 nm in lateral dimensions when
characterized under XRD and TEM/SAED. The experimental parameters for the synthesis
of further metal carbonate nanoparticles must be optimized for the reactions to go to

completion.
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