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Abstract

The development of effective, renewable and environmentally friendly energy sources
is essential to supply the growing global energy demands. The use of fossil fuels to fulfill those
energy demands have led to the increase of greenhouse gases and water contamination. The
extraction of oil and gas requires a large amount of pressurized water, resulting in contaminated
water as a byproduct. Meanwhile, ensuring access to clean water is one of the greatest global
challenges of this century.

The following study is presented in three sections. In the first section, a bimetallic
system with open coordination sites that can be used as a platform for the activation of small
molecules has been synthesized. Small molecule activation is important to synthesize more
energy dense compounds that can later serve as chemical fuels. A quadruply bonded complex
W,(DippF),K, with a W»(0) core was synthesized and structurally characterized. The observed
W-W distance of 2.407(1) A, which is longer than previously reported quadruply bonded
complexes. DFT calculations were used to elucidate the electronic structure of the
unprecedented complex having a Dy, symmetry, resulting in a molecular orbital configuration
of a’n’n’575°5** where the HOMO is the 5*.

To prepare future generations for the development of new energy sources, we have
designed a four-hour physical chemistry laboratory to introduce upper division students to
electrochemistry concepts, including mixed-valency and electron-transfer (ET), using cyclic
and differential pulse voltammetries. In this laboratory practice, students use a ferrocene dimer
consisting of two ferrocene centers covalently bonded through a dimethylethylene bridge as a
platform for the measurement of inner-sphere ET. The degree of electronic communication
between the ferrocene redox centers is measured by the magnitude of the equilibrium constant
of the comproportionation reaction that yields the mixed valent ferrocene dimer. Students
measure the difference in E,, from the electrochemistry of the ferrocene dimers and categorize

these ferrocene dimers according to the Robin-Day classification.
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The use of fossil fuels have left a negative environmental impact in sources of fresh
water. Water contamination is the result of the use of fracking techniques to extract oil and
gas. In an attempt to approach this issue a series of highly efficient water contaminant
adsorbents were developed using Ni3(BTC), and Co3(BTC), metal-organic frameworks
(MOFs) and Fe;O4 magnetic nanoparticles (MNPs) to functionalize graphene oxide (GO).
XRD results show high crystallinity of the prepared nanomaterials and the successful
decoration of Ni3(BTC), and Co3(BTC), MOFs over the GO substrate (BTC = benzene-1,3,5-
tricarboxylic acid). SEM and TEM imaging show the successful formation of nanoscale MOFs
and Fe;O4 MNPs over GO. IR spectroscopy supports the characterization and successful
preparation of the Fe;04/MOF@GO hybrid nanocomposites. The prepared adsorbents were
used to sorb methylene blue (MB) as a model for common organic pollutants in water and
common ions from a brackish water model (Na®, Ca’", Mg2+, SO, 72, SiO5?). The adsorption
capacity for methylene blue of the prepared nanocomposites is improved by an average of
30.52 and 13.75 mg/g for the Co and Ni composite, respectively, when compared to the MOFs
parent materials. The adsorption capacity for sulfates improves by 92.1 mg/g for the Co
composite and 112.1 mg/g for the Ni composite, when compared to graphene oxide. This
adsorption capacity enhancement is attributed to suppressed aggregation through increased
dispersive forces in the MOFs due to the presence of GO, formation of nanoscale MOFs over
the GO platform, and the hindering of stacking of the graphene layers by the MOFs. Leaching
tests show that the release of Co and Ni ions to water is reduced from 105.2 and 220 ppm,
respectively, in the parent MOF materials to 0.5 and 16.4 ppm, respectively, in the
nanocomposites. These findings show that the newly developed adsorbents can sorb organic
pollutants, and target sulfate and silicate anions, which makes them suitable candidates for

water and wastewater treatments
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Chapter I: Introduction
The global energy demand is increasing daily due to rapid growth in population,

urbanization, industrialization, among other reasons.' In 2012 the world energy consumption was
of 160,000 TWh, which is the equivalent of having 25 billion horses constantly working for us.”
Currently, fossil fuels provide 85% of our energy needs. The use of fossil fuels is accountable for

the emission of greenhouse gases such as CO,. Since the industrial revolution, the concentration

History 2012 Projections
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Figure 1.Consumption timeline for different types of energy resources.

of CO; in the atmosphere has risen from 278 ppm to more than 400 ppm today. Remarkably,
75% of this rise has been observed since the 1950s. ' In addition, the increasing demand of
fossil fuels has led to the development of hydraulic (fracking) techniques. This process requires
pressurized water and sand to be injected into wells to fracture shale rock and extract oil and gas.
This process results in the contamination of large water bodies.” In order to avoid the
environmental impact that the use of fossil fuels entitle, it is necessary to move to cleaner
sources of energy, such as solar energy. One of the biggest challenges solar power is facing
these days is that once solar energy has been harvested it is difficult to store it.' Nature has been

able to store solar energy for millennia, where plants use water, carbon dioxide and sunlight to



produce sugar where energy is stored in the form of chemical bonds.* This process requires the
transfer of multiple electrons. Therefore, the study of multi-electron redox chemistry is a
promising pathway for making this and other processes (such as the production of ammonia and
the generation of chlorine gas) more efficient. Important multi-electron redox reactions such as
the Fischer-Tropsch process,’ the reduction of carbon dioxide,’ hydrogen generation,” and
hydrocarbon cracking,® require a heterogenous catalyst. Up to date, it is challenging to obtain
mechanistic information of processes that require a heterogeneous catalyst, yet, the
understanding of the fundamentals is central to the advancements of these processes. Hence,
molecular systems that perform similar reactions can be use as platforms to understand the basic

activation chemistry of small molecules with energy implications.

The role of the catalyst can be studied by moving the focus from the reactivity on the

bulk materials to the molecular level. In order to this, on the first study of this dissertation we

Figure 2.Molecular orbital for a bimetallic complex with a Dy, symmetry



have decided to use bimetallic centers with open coordination sites in the D, conformation. The
molecular arrangement of bimetallics with D,;, symmetry is characterized by one ¢ orbital arising
from the interaction of two d,” orbitals, two & orbitals coming from the lateral interaction of two
dy, and two dy, orbitals and two & orbitals originating from the face to face interaction of a dyy
and dxz_y2 orbitals with their corresponding antibonding orbitals.” The electronic configuration of
group six bimetallics is suitable for the formation of complexes with a D, conformation, thus the
chemistry of dichromium and dimolybdenum complexes is very rich.'”!! On the other hand, the
chemistry of ditungsten complexes is modest, in part, because of its more difficult synthetic
pathways and increased reactivity. Formamidinates have been successful ligands used to

12-14

synthesize bimetallic complexes. They have been the focus of interest due to their high

basicity, which allows them to stabilize bimetallics units with high oxidation states.'>'®

Herein,
we present a quadruply bonded ditungsten [W,(0)] complex supported by two bis-

diisopropylphenyl formamidinate bridging ligands.

In order to continue the exploration of new and clean sources of energy, it is important to
teach future generations about multi-electron redox and other related energy production
processes. The study of inner-sphere electronic communication is useful to understand how
multi-electron redox process are carried out when two systems are covalently bonded to a linker.
In these types of systems, the electron passes through a linker in order to be transferred from one
metallic center to another. In some cases, the process has an intermediate species which consists
of a mixed-valent complex, that is, two atoms of the same element coexist in different oxidation
states.'” For this dissertation, we used a previously reported differocene complex to illustrate the
concept of inner-sphere electron transfer.'® This experiment is focused on students coursing

junior year of college. This work was done when a deficit in educational literature addressing



this concept was observed. In order to fully explain the concept of inner-sphere electron transfer,
a laboratory practice was developed for physical chemistry and inorganic chemistry courses.
This laboratory practice was implemented in a physical chemistry course at The University of
Texas at El Paso during the 2014-2015, 2015-2016, 2016-2017 and currently the 2017-2018

academic years.

Finally, water contamination resulting from oil and gas extracting processes is an important
environmental and social issue. The worldwide problems connected with the lack of fresh water
are vast. Today, 12 billion people lack access to safe drinking water, 2.6 billion people have little
or no sanitation, meanwhile 3,900 children a day die from diseases transmitted through unsafe

19-21
water.

The removal of contaminants such as heavy metals and toxic organic chemicals from
water sources is critical. A decade ago nanotechnology made a revolutionary change on traditional
atomic chemistry. By thinking in a scale bigger than a molecule, interesting properties became a
promising solution to various issues such as the energy crisis, cybersecurity, chemotherapy and
environmental remediation.”> Properties such as increased surface area, selective absorptivity,
catalytic activity, magnetism, among others have opened the window to a new interest in
engineered nanomaterials with increased intricacy and functionality comparable (or even better)

to those existing technologies currently being used. Nanotechnology is being currently studied as

a medium for environmental remediation.” The exponential growth of the population, the fracking

D Absorptive material (MOF)

Q
Qo Qo
) FesO, - APTES
oo
e
Q

. Graphene Oxide -GO

Figure 3. Three layered nano-engineered composite for water remediation.



industries, increased energy need, among other practices have increased the need for new, efficient

and affordable technologies for water purification.

Our objective was to develop a nanoengineered material witth the following properties: (1)
high adsorptivity towards different types of water pollutants, (2) high stability towards different
types of stresses conditions in the environment, and (3) intrisic magnetic character for its easy
removal from different kind of medium. In this dissertation, we present a novel three-layered
nanocomposite consisting of graphene oxide acting as a supporting platform,** metal-organic

frameworks as an adsorptive entity”°

and finally iron oxide (magnetite) nanoparticles acting as
the magnetic component.”” We studied the synergistic effect of the afore mentioned components
idealized in a novel nanocomposite, where graphene oxide is functionalized with M3(BTC), MOFs
(M = Co and Ni) and iron oxide nanoparticles (Fe3;O4). The syntheses and characterization of these

composites is shown as well as an analytical study of their efficiency in removing methylene blue,

and their performance in targeting specific ions found in brackish water



Chapter II: Unprecedented W,(0) quadruply bonded complex supported by 7-
donor ligands

2.1.Introduction
The chemistry of W, complexes has recently been the subject of renewed interest by many

28-34 .
However, in

research groups due to its potential in small molecule activation reactions.
contrast to the rich chemistry of the other two group 6 bimetallics (Cr, and Moy), the chemistry
of W, complexes has been characterized by their propensity to be easily oxidized. In fact, W»
compounds are so easily oxidized that tetragonal compounds bridged by guanidinate ligands are

the most easily ionizable complexes measured to date, and have potential uses as strong

reductants. ** Bimetallic complexes bridged by m-acceptor ligands such as CO allow the

K(1) N |28 IN@)

- \ K(2)
/ w(1) W(2)
N(3)
\ N(4)
Ve
\

0
/ \ Y

Figure 4.ORTEP diagram of 3 plotted at the 50% probability value. W(1)-W(1) distance
2.407(1) A, W1-N(1) distance 2.08(2) A.

" This chapter has previously appeared as an article in Chemical Communications. The original citation
is as follows: K. Ventura, J. R. Prat, L. M. Aguirre Quintana, A. Goos and D. Villagran; Unprecedented
W,(0) quadruply bonded complex supported by n-donor ligands ChemComm,2016, 52, pp.3974-3976



formation of singly-bonded staggered complexes such as Mny(CO);o, Re2(CO)19, MnRe(CO);

and Co,(CO)s,> 7"

whose chemistry has been well-studied. These bimetallic complexes supported by m-acceptor
ligands can be considered as being formed by two M(CO)s fragments that are isolobal with the
methyl radical and behave accordingly,”’ yet no W, complexes of this type are known to exist.
While m-acceptor ligands can help stabilize electron rich metals thanks to back-bonding, ligands
of increased basicity, such as n-donors, are needed to support bimetallic complexes with higher
oxidations states. The most common ligands of this type are carboxylates, formamidinates, and

. 32,38
guanidinates.””

The lowest oxidation state of W—W bonded complexes when bridged by n-donor ligands is
W(II)-W(II). In contrast, dichromium and dimolybdenum bimetallic systems have been isolated
with oxidation states of Cr(I)-Cr(I) and Mo(I)-Mo(I). Currently, no ditungsten analogs are
known, in part, due to the difficulty of their synthesis. While the W(I)-W(I) complex is still
unreported (but still pursued by us and others), herein we report the synthesis and
characterization of an even more highly reduced W(0)-W(0) bimetallic complex (Figure 4)
supported by two DippF ligands (DippF = bis-diisopropylphenyl formamidinate) and its

precursors.

2.2.Experimental
2.2.1. Materials and Methods

2.2.2. General Procedures

Standard vacuum line, dry-box, and Schlenk techniques under nitrogen atmosphere were used

for the synthesis of all compounds. All solvents were dried and degassed using a Pure Process



Technology solvent purification system prior to use. Tungsten tetrachloride and HDippF were

synthesized according to previously reported literature procedures.’”*

2.2.3. Physical Measurements

"H NMR spectrum was recorded in a J. Young NMR tube on a Bruker 400 MHz NMR
spectrometer. The proton chemical shifts (8) of 1 and 3 were referenced to the residual THF (5 =
1.72, 3.58) in d-THF solvent. Raman Spectrum was recorded on a Thermo ScientificTM DXR
SmartRaman spectrometer using a 780 cm ' filter. Electrochemical analysis was performed in
THF using a CHI760D potentiostat with a 2 mm diameter Pt working electrode, Pt mesh
auxiliary electrodes and Ag/Ag" (AgCl) reference electrode. All potentials were subsequently

internally referenced to the ferrocene/ferrocenium couple by adding ferrocene to the sample at

Scheme 1. Synthetic pathway for W»(DippF).K,

l. 2WClg + W(CO)g 3WCl, +6 CO

Chlorobenze

Il 2WCl, +2KCs —fr W.Clg + 2 KCI

/\N
RS el E!f?

Iv. ‘E' G +xsli —» w2

.
N. E .
\/ N\V/Nﬁ

N A
| \c | el i
YRS e TR S
N. N WY NL LN
4 \.)f\\ A4

the end of each run. The X-band (~ 9.5 GHz) EPR spectrum was obtained using a

BrukerEMXplus spectrometer with an ER073 magnet at room temperature.
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2.2.4. Preparation of W,(DippF),Cl4 (1).

WCl4 (0.500 g, 1.50 mmol) was reacted with KCg (0.417 g, 3.00 mmol) in 30 mL of THF at —
94°C (liquid N, and acetone bath) under N, atmosphere until deep green coloration was
observed. In a separate flask, LiDippF was prepared by reacting HDippF (0.557g, 1.50 mmol)
and methyllithium (1.05mL, 1.68mmol) in 10 mL of THF at 0°C. The lithium formamidinate salt
formed upon warming the solution to room temperature. It was then slowly added with a double
tipped needle (cannula), for a period of 2 min, to the reduced ditungsten solution. The color
turned dark blue after c.a. 1.5 h then the solution was filtered through a medium coarse filter
packed with Celite®. The solvent was removed under reduced pressure, and the obtained red
solid was washed thoroughly with diethyl ether and hexanes, and dried under vaccum. Isolated
yield 0.830g, 25.85%. 'H NMR spectroscopy (d-THF): § 7.42 (s, 2H N-CH-N), 6.92-6.72 (m,
12H, i-Pr,-CsH3), 3.62(septet, SH, CHMe,), 1.12 (d, 48H, (CH(CH3),). CV (V vs. Fc/Fc): B’ ypi—

1.271, B’ p:i=1.287, E’1p: —1.279, E”¢,:—1.898, E”3p:=2.206, E”;:—2.720, E”1p: —2.46.
2.2.5. Preparation of W,(DippF),CLLi (2).

0.475g of compound 1 was reacted with 0.475g of Li metal in a Schlenk flask in THF. The
solution was heated to reflux and left to react for ~ 1 hr. and filtered with a medium coarse filter.
The solvent was removed under reduced pressure and extracted with hexanes. Yellow crystals

were grown from a concentrated solution of THF. Isolated yield 0.471 g, 98.6%. EPR: g=1.86.
2.2.6. Preparation of W,(DippF):K; (3).

Compound 1 (0.200 g) was dissolved in 30 ml of THF. Potassium metal (1.00 g) was added to
the resulting solution. The mixture was heated to reflux for two hours and then filtered through a

medium coarse filter. The solvent was removed under reduced pressure and the product was



extracted with diethyl ether. Amber- red crystals were grown from a concentrated solution of
diethyl ether at —10°C. Isolated yield 0.027g, 13.58%. "H NMR spectroscopy (d-THF): & 7.48 (s,
2H N-CH-N), 6.87-6.61 (m, 12H, i-Pr,-CsH3), 3.62(septet, 8H, CHMe), 1.10 (d, 48H,

(CH(CHs),). ESI-MS [M-CH3]": Caled. 1157.4 found 1157.3 m/z.

2.3.Computational Details

Density Functional Theory (DFT)*"*

calculations were performed with the hybrid Becke-3
parameter exchange functional®** and the Lee-Yang-Parr nonlocal correlation functional®
(B3LYP) implemented in the Gaussian 09*° (Revision C.01) program suit. Double-{-quality

basis sets (D95) were used on nonmetal atoms (carbon, nitrogen and hydrogen). An effective

core potential (ECP) representing the 1s2s2p3s3p3d core was used for the tungsten atoms along

Figure 5. Molecular orbital diagram plotted at the 0.04 isodensity value for a
dianionic model of 3.
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with the associated double-( basis set (LANL2DZ). The convergence criterion for the self-
consistent field cycles on all calculations was increased from the default value to 10°°. All the
calculations were performed on a dianionic full-atom model of 3 with no simplifications.

Geometry optimization calculations were found to be minima in the potential energy surface as

5%/ )

LUMO +16 LUMO +14

LUMO +4 HOMO -7

HOMO -19

Figure 6. Select molecular orbital plots for orbitals showing strong n
interactions
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evidenced by the lack of imaginary vibrations in the frequency calculations. Raman calculations
were performed by using the keyword freq=raman in Gaussian. All calculations were performed
in a 44-processor PowerWolf PSSC supercomputer cluster running Linux Red Hat 4.1.2-54

located at the University of Texas at El Paso.

2.4.Crystallography

2.4.1. X-ray Crystal Structure of 2, W,(DippF),Cl4Lie4THF

A yellow block specimen of CsoH7oC14N4W2Ci6H3,Li104, approximate dimensions 0.100 mm x
0.100 mm x 0.050 mm, was used for the x-ray crystallographic analysis. The x-ray intensity data

were measured.

The frames were integrated with the Bruker SAINT software package using a narrow-frame
algorithm. The integration of the data using a monoclinic unit cell yielded a total of 71366
reflections to a maximum 0 angle of 24.18° (1.00 A resolution), of which 5451 were independent
(completeness = 99.4%, Riy = 11.40%, Ry, = 10.15%) and 4689 (86.02%) were greater than
26(F?). The final cell constants of a =23.7527(9) A, b= 12.0648(5) A, ¢ =25.981(1) A, p =
113.065(1) °, volume = 6850.2(5) A’, are based upon the refinement of the XYZ-centroids of
4689 reflections above 2 o(I) with 3.72° <26 <48.36°. Data were corrected for absorption
effects using the multi-scan method (SADABS). The ratio of minimum to maximum apparent
transmission was 0.788. The calculated minimum and maximum transmission coefficients (based

on crystal size) are 0.5875 and 0.7453.

The structure was solved and refined using the Bruker SHELXTL Software Package, using the
Space group C 2/C, with Z = 4 for the formula U.l’lit, C50H70C14N4W2‘C16H32Li04. The final

anisotropic full-matrix least-squares refinement on F* with 354 variables converged at R1 =

12



10.15%, for the observed data and wR2 = 21.53% for all data. The goodness-of-fit was 1.226.
The largest peak in the final difference electron density synthesis was 7.456 ¢/A” and the largest

hole was -3.690 ¢/A* with an RMS deviation of 0.265 ¢/A>. On the basis of the final model, the

calculated density was 1.485 g/cm® and F(000), 3108 ¢

Table 1. Sample and crystal data for 2, (W,(DippF),CL4Li).

Name
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system

Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient

F(000)

W (DippF),CLLi
CsoH70CLNsW,+C 1 ¢H3,LiO,
1531.94 g/mol
100(2) K
0.71073 A
0.100 x 0.100 x 0.050 mm

clear yellow block

monoclinic
C2/c
a=23.7527(9) A o =90°
b= 12.0648(5) A B=113.065(1)°
c=25.981(1) A y=90°
6850.2(5) A®
4
1.485 g/cm’
3.559 mm”
3108
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Table 2.Data collection and structure refinement for 2, (W,(DippF),Cl4L1)

Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F
A/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

1.86 to 24.18°
-27<=h<=27, -13<=k<=13, -29<=1<=29
71366
5451 [R(int) = 0.1140]
99.4%
multi-scan
0.7453 and 0.5875
direct methods
SHELXT-2014/7 (Sheldrick, 2014)
Full-matrix least-squares on F*
SHELXL-2014/7 (Sheldrick, 2014)
Y w(F,’ - B2
5451/361/354
1.226
0.002
4689 data; >20(I) R1=0.1015, wR2=0.2071
all data

R1=0.1170, wR2 =0.2153

w=1/[6*(F,2)+(0.0410P)*+632.5916P]
where P=(F,*+2F.)/3

7.456 and -3.690 eA”

0.265 eA™
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Figure 7. ORTEP diagram of 2 plotted at the 50% probability value. W(1)-W(1) distance
2.280(1) A, W1-N(1) distance 2.130(1) A.

2.4.2. X-ray Crystal Structure of 3, W,(DippF).K

An amber- red plate-like specimen of C;16H176K4NgO4W3, approximate dimensions 0.100 mm x
0.100 mm x 0.200 mm, was used for the X-ray crystallographic analysis. The X-ray intensity

data were measured.

The total exposure time was 8.55 hours. The frames were integrated with the Bruker SAINT
software package using a narrow-frame algorithm. The integration of the data using a triclinic
unit cell yielded a total of 28893 reflections to a maximum 0 angle of 20.84° (1.00 A resolution),
of which 6451 were independent (average redundancy 4.479, completeness = 96.6%, Rin =
9.71%, Rsig = 7.40%) and 4600 (71.31%) were greater than 26(F?). The final cell constants of a =

10.879(2) A, b=13.364(3) A, ¢ = 23.272(5) A, a. = 96.119(6)°, P = 99.340(6)°, y = 105.700(6)°,
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volume = 3173.4(11) A®, are based upon the refinement of the XYZ-centroids of 7004 reflections
above 2 o(I) with 5.862° <20 <41.61°. Data were corrected for absorption effects using the
multi-scan method (SADABS). The ratio of minimum to maximum apparent transmission was

0.781. The calculated minimum and maximum transmission coefficients (based on crystal size)

are 0.3140 and 0.5190.

The structure was solved and refined using the Bruker SHELXTL Software Package, using the
space group P -1, with Z = 1 for the formula unit,C;;6H;76K4NgO4W4. The final anisotropic full-
matrix least-squares refinement on F* with 603 variables converged at R1 = 7.40%, for the
observed data and wR2 = 24.46% for all data. The goodness-of-fit was 1.113. The largest peak in
the final difference electron density synthesis was 2.715 ¢/A” and the largest hole was -2.428 ¢
/A® with an RMS deviation of 0.282 ¢/A®. On the basis of the final model, the calculated density

was 1.377 g/cm’ and F(000), 1326 ¢".

Table 3. Sample and crystal data for 3, (W2(DippF).K>).

Name W,(DippF),K,

Chemical formula C116H76KuNO,W 4

Formula weight 2638.44 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.100 x 0.100 x 0.200 mm

Crystal habit Amber red plate

Crystal system triclinic

Space group P-1
a=10.879(2) A a=96.119(6)°

Unit cell dimensions b=13.364(3) A B = 99.340(6)°
c=23272(5) A v =105.700(6)°

Volume 3173.4(11) A°

Z 1

Density (calculated) 1.377 g/em’

Absorption coefficient 3.791 mm

F(000) 1326
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Table 4. Data collection and structure refinement for 3, (W,(DippF).Kb>).

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

A/Omax

Final R indices

Weighting scheme
Largest diff. peak and hole
R.M.S. deviation from mean

2.39 to 20.84°

-10<=h<=10, -13<=k<=13, -23<=]<=23
28893

6451 [R(int) = 0.0971]

96.6%

multi-scan

0.5190 and 0.3140

direct methods

SHELXT-2014/7 (Sheldrick, 2014)
Full-matrix least-squares on F°
SHELXL-2014/7 (Sheldrick, 2014)
T w(F,> - F2)

6451/661 /603

1.113
0.004
4600 data; [>20(1) R1=0.0740, wR2 =0.2002
all data R1=0.1165, wR2 =0.2446

w=1/[6*(F,)+(0.1196P)*+135.4914P]
2.715 and -2.428 eA™
0.282 eA”

Table 5. Calculated and experimental data for compound 3

Calculated Experimental Experimental Calculated
Model Atoms Distance Distance T?I;a;ri:gy Raman Raman (cm-
A) (A) (cm-1) 1)
3 W(1)-W(1A) 2.21 2.407(1) -2302.17584346 299.4 313 (W-W)
W(1)-N(1) 2.13 2.120(1)
W(1)-N(2A) 2.13 2.110(1)
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2.5.Results and Discussion

The multi-step synthesis of the title compound starts with WClg as a starting material, which is
reacted with W(CO)s to form WCly, as depicted in Scheme 1. Reduction of WCl, with KCg in the
presence of stoichiometric amounts of the lithium salt of DippF, yields the bimetallic precursor 1
(26% yield) which has a W,®" core. A cyclic voltammogram (CV) of 1, Figure 11, shows a
reversible reduction at -1.28 V (vs Fc/Fc") followed by an irreversible reduction at -1.89 V. A

third reversible reduction event at -2.28 V is also observed.

Reduction of 1 with one equivalent of lithium metal in THF yields 2 in 99% yield. Compound 2

has been characterized by x-ray crystallography, and has a W-W bond distance of 2.280(1) A.

421.8 343.7
=]
g,.,=1.86 © \& \\
4 &
®
c
2
=
I I I 1 ' Il I Il | 'l
440 400 360 1 320
3400 3500 3600 3700 Wavenumber cm”

q Figure9. Raman spectra for 3. The v(W-W) cane be
observed at 299.4 cm™'. Strong hgand vibrations
were observed at 343.7 and 421.8 cm™

Figure 8. EPR spectrum of compoun:
2 showing an isotropic signal with a g
value of 1.86

This distance is consistent with a bond order of 3.5.*” NMR spectroscopy shows broad signals
consistent with having a paramagnetic sample. EPR spectroscopy shows an anisotropic signal

with g = 1.86 (Figure 8) also in agreement with similar W—W complexes with bond order of

931,48
3.5
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Reduction of 1 in refluxing THF with excess potassium sand yields 3 in 14% yield (Scheme
1.V). Crystals grown at —10 °C from a concentrated solution of 3 in ether were analyzed under

single-crystal x-ray diffraction. The structure of 3 is shown in Figure 4.

The W—W bond distance of 2.407(1) A is longer than the range of classical *n*5> quadruply
bonded complexes (spanning distances between 2.155(2) A and 2.375(1) A).>* The bond
distances between the metal center and the N atom in the ligand are between 2.081(2) — 2.121(2)
A. The distances between the potassium cations and the isopropyl groups of the ligand fall in the
range of 3.262(6) — 3.303(4) A. On the other hand the distances between the isopropyl groups

and the W atoms are between 2.216(2) — 2.223(6) A.

DFT calculations were performed on a geometry optimized dianionic model of 3 to gain
insight into its electronic structure. The top six highest occupied molecular orbitals of the model
of 3 shows that they all are metal based (Figure 5). Starting from HOMO-5 and going up in
energy until the HOMO, we see the molecular orbital manifold of bimetallic systems with D5,
symmetry,”>*>* namely a c-orbital (HOMO-5, 93% metal character), two m-orbitals close in
energy (but not degenerate) (HOMO-4 and HOMO-3, 82 and 96% metal character, respectively),
a distorted 8-orbital composed by two dy” orbitals (HOMO-2, 87% metal), a second 8-orbital
formed by two dy orbitals (51% metal), and finally a 6* antibonding orbital as the HOMO (79%
metal). The HOMO has a large s orbital contribution to the MO (22% s orbital character vs 20%
d orbital character) also consistent with previous calculations on similar W, systems.’® This
molecular orbital manifold shows that the net bond order of this system is four and it is
consistent with the experimentally observed long W—W distance. The electronic spectrum of 3
shows a broad signal from 600 to 350 nm (Figure 10) suggesting the availability of low-lying

excited states.’*
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Figure 11. Cyclic voltammogram of 1 depicting Figure 10. UV-vis spectrum of
two reversible redox events and one non- compound 3.

reversible oxidation

The strong © interactions between the metal and the ligand are described pictorially in Figure 12.
The 7 system of each DippF ligand yields three orbitals composed of different combinations of
the NCN pz orbitals, namely a bonding combination (all pz orbitals in phase), a non-bonding (no
pz character in the central C atom) , and an antibonding orbital combination (left side of Figure
12, from bottom to top). Since there are two DippF ligands, the in-phase and out-of-phase
interactions of each are expected. In an idealized Dy, symmetry each combination has the
following Mulliken labels: bs,, by, for bonding, a,, b,g for non-bonding and bsg, by, for
antibonding. The bonding and nonbonding orbitals are occupied, while the antibonding orbital is

no‘[.55

The out-of-phase combinations of the bonding, non-bonding and antibonding (bsg, a,, and bz,
respectively) interact with one set of the 6 and 6*. The ligand based antibonding b, interacts
with the bz, 6 orbital. The empty n* bs, stabilizes the delta bs, in a back-bonding interaction. In

the potassium salt of the deprotonated DippF ligand the carbon-nitrogen distances of the NCN &
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system are 1.312(3) and 1.319(3) A.>® When DippF is associated to the ditungsten core, W, in 3

those distances increase to 1.37(3) and 1.36(3) A, suggesting that the bs, antibonding ligand

orbital is occupied, and consistent with the depicted molecular orbital in Figure 12.%

Three signals of different intensity were observed in the Raman spectrum of 3 (Figure 9). We

assigned these vibrations with the aid of DFT calculations. Strong signals at 343.7 and 421.8 cm™

" are attributed to ligands vibrations while a signal centered at 299.4 cm ' corresponds to the

tungsten-tungsten vibration which is in the range of quadruply bonded systems.’
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Figure 12.Molecular orbital depicting ligand-metal interactions of compound 3
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2.6.Conclusion

To the best of our knowledge, compound 3 is the first example of a M, core with a metal center
in the zero oxidation state with n-donating ligands. Moreover, the low oxidation state of the
metal centers makes this an unprecedented electron rich metal core. We are currently working on
oxidizing 3 to yield the W(I)-W(I) analog to those of the Cr, and Mo, quintuply bonded

32,50,52

complexes, as well as exploring its reactivity.
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Chapter III: Introducing students to inner sphere electron transfer concepts
through electrochemistry studies in diferrocene mixed-valence systemsT

3.1.Introduction
Electrochemistry is an important topic in undergraduate chemistry, since it deals with the

fundamental basis of all chemical reactions: the transfer of electrons across an interface.”®
However, to our knowledge, few laboratory practices for third year undergraduate students, deal
with electrochemistry and the effects of inner-sphere (through bond) and/or outer sphere
(through space) electron transfer.” Fundamental studies of electron transfer (ET) are critical for
our understanding of the basic chemistry of energy conversion.”” The electron transfer rate, a
critical property in this context is simply defined as the rate at which an electron can move from
one system (electron donor) to another (electron acceptor). This rate is explained in detail by the

Marcus Theory.*!

Ever since evidence of their existence was presented more than 40 years ago, the
electronic structure of mixed-valence complexes has become one of the most studied fields in
physical chemistry. In 1969, a historical report from Creutz and Taube described an inter-valence
charge transfer band in a symmetrical mixed-valance system, in which the initial and final
electronic states were degenerate.®® This system is known as the Creutz-Taube ion
([(NHs)sRu(pyrazine)Ru(NH;)s]*) where each Ru is considered to have an oxidation state of

2.5+ (Figure 13). ©

" This chapter has previously appeared as an article in the Journal of Chemical Education. The original
citation is as follows: Karen Ventura, Mark B. Smith, Jacob R. Prat, Lourdes E. Echegoyen and Dino
Villagran; Introducing Students to Inner Sphere Electron Transfer Concepts through Electrochemistry

Studies in Diferrocene Mixed-Valence systems. J. Chem. Edu,2017, 94, pp.526-529
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Figure 13. The famous Creutz-Taube ion studied as a platform for the study of inner-sphere
electron transfer. Henry Taube was awarded the Nobel Prize in 1983.

The Creutz-Taube ion and its analogs provide an excellent platform for studying inner-
sphere electron transfer mechanisms. Like the original, analogs of the Creutz-Taube ion are
composed of two redox active centers bridged by an organic linker.**”' Comparing
electrochemical data corresponding to the redox events of the mixed valence system to that of
the reactant neutral and doubly oxidized species, we can obtain equilibrium constants that relate

the degree of electronic communication (electronic coupling) between the redox centers.'’

The complexity of the chemical compounds needed and the lack of proper
instrumentation may be reasons for the few available experiments in teaching laboratories that
discuss ET. However, through cyclic (CV) or differential pulse voltammetries (DPV) we can
obtain basic information about the degree of electronic communication between two redox
centers, M*" and M*", by determining the equilibrium constant of the comproportionation

reaction shown in eq. 1.

K
Eq 1 [M3+ _ M3+] + [M2+ _ M2+] (_(; 2[M3+ _ M2+]

We can use the Nernst equation to determine the equilibrium constant (K.) of a system using

equation 2.

Eq.2 K, = e( RT )
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where F and R are the Faraday and gas constants, respectively, and T is temperature.

Once Kc is known, the Robin-Day classification can aid us in determining the degree of

electronic communication between systems:

Class | Kc < 10?
Class 11 10°<Kc<10°
Class 111 Kc>10°

We present here a simple experimental procedure to determine ET rates in mixed-valence
compounds using two diferrocene platforms joined through a dimethyl alkene bridge. These
experiments may be implemented in upper division physical chemistry and/or synthetic

inorganic chemistry laboratories at the undergraduate level.

3.2.Laboratory description

The experiment described herein has been part of the first semester physical chemistry (junior

level) laboratory at the University of Texas at El Paso since Spring 2014. The average class size

is 15 students, divided in two sections of 7-8 students. The students were required to work in

groups of two. A step-by-step procedure, laboratory report requirements, and a sample quiz can

be found in the Supplementary Information. We prepare students for the lab experiment with an

interactive presentation that provides background on ET, a fundamental explanation of the

electrochemical methods to be used and a detailed explanation of the experimental procedure. A

quiz prior to the start of the presentation incentivizes students to be prepared and to understand
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the concepts to be studied before the laboratory practice. Assessment results of this laboratory

practice are shown in table 1.

Table 6. Comparison of the Assessment Results for the Pre-lab Quiz and Lab Report

Evaluation Score by Year %
Instrument 2014, 2015, 2016, Total,
N=20 N-=I13 N=13 N =46
Quiz 67.20 65.77 79.28 70.21
Lab Report 70.45 89.50 89.88 81.33

To study inner-sphere ET, we use two Creutz-Taube analogs, (E) and (Z)-
dimethylferrocenylethylene, 2 and 3 respectively (Figure 14). Both compounds consist of two

ferrocene molecules linked by a dimethylethylene linker. Each ferrocene center initially is

o -,
Fe Fe Fe Fe
== <= = =
1 2 3

Figure 14. Diferrocene complexes used in this laboratory practice

divalent. Upon a one-electron oxidation, a mixed-valent complex is formed. Upon a second
electron oxidation the comproportionation reaction shown in equation 3 below describes the
equilibrium between the Fe*"-Fe*" and the Fe’*-Fe’* species that yields a mixed-valent complex.
The extent of the electronic communication between the two ferrocene centers can be studied by

measuring the equilibrium of the comproportionation reaction of 2 (or 3).

K,
Eq. 3 [Fe3t — Fe3*] + [Fe?t — Fe?t] & 2 [Fe3*t — Fe?t]
q

The electronic communication between the redox centers was measured via cyclic (CV) and

differential pulse voltammetry (DPV) methods using a 760 CH Instrument (CHI) potentiostat.
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We used a standard 10 mL single-compartment electrochemical cell equipped with a stir bar
whose cap is designed to prevent the electrodes from touching each other to avoid shorting the
circuit (Figure 15). A standard three-electrode cell consisting of a freshly polished platinum
working electrode (2 mm diameter), a platinum wire counter electrode and a Ag/AgCl reference
electrode were used for all measurements. The cell was purged with a flow of nitrogen for 5
minutes before each initial run, and for about 30 seconds between each subsequent measurement.

A scan rate of 100 mV per second was used.

The dimers were prepared by the instructor or teaching assistant prior to the laboratory
practice (for details on the synthetic procedures refer to the Supplementary Information) and
were given to the students in a capped vial. However, this laboratory can be coupled with an
advanced inorganic or organometallic synthesis lab, where students synthesize, separate and
characterize the dimers. The modified synthesis we report is simple and can be finished in two

three-hour sections.'® We prepare these complexes through a McMurry coupling reaction

Figure 15. Experimental setup for the electrochemical measurements. The cap is
designed to hold the working electrode (Green), the reference electrode (white), the
counter electrode (red) and a purging needle

between two acetylferrocene molecules in the presence of zinc powder under a nitrogen

atmosphere.”” Purification via column chromatography gives a mixture of both isomers, which
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can be separated by taking advantage of the difference in their solubility in benzene. Compound

2 is much less soluble in benzene, making it easy to isolate in good yields (51%).

For the mixed-valency studies, students prepare a 10 mL dichloromethane solution of 2
(1.0 mM) and tetrabutylammonium hexafluorophosphate as the electrolyte (0.1 M). The solution
is transferred to the electrochemical cell and nitrogen gas is bubbled for one minute to remove
oxygen. Figure 15 shows the three-electrode set up used with each electrode connected to the
potentiostat via alligator clips. Students repeat the same experimental set up with compound 3,
and finally, they do it again with ferrocene (1) as the reference experiment. If needed, this
experiment may be further simplified by using only one of the two isomers since the
electrochemical data of 2 and 3 are similar. Because 2 is easier to purify, it may be chosen over

3.

1.0 0.8 0.6 0.4 0.2 0.0 -0.2
V vs FeCp,/FeCp,

Figure 16. Cyclic voltammogram and differential pulse voltammogram of 2
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3.3.Materials and methods
3.3.1. General.

Standard vacuum line and Schlenk techniques under nitrogen atmosphere were used for the first
part of the synthesis of 1 and 2. Titanium (IV) chloride, ferrocene, and acetylferrocene were
purchased from Aldrich and were used as is. Zinc powder purchased from STREM was activated
with 1% aqueous HCI; washed with distilled water, ethanol, and ether; and dried in an oven
(140°C) prior to use. THF was dried and degassed using a Pure Process Technology solvent

purification system prior to use.
3.3.2. Physical Measurements.

A 760 CH Instruments (CHI) potentiostat with the capacity to perform CV and DPV was used.
A 10 mL single-compartment electrochemical cell equipped with a stir bar was used for all
measurements. The cap of the cell is designed to simplify the setup of the electrodes. It is
important to ensure that the electrodes do not come into contact with each other or other metallic
parts such as clamps. A freshly polished platinum working electrode (2 mm diameter), a
platinum wire counter electrode and a Ag/AgCl reference electrode were used for all the
measurements described. The cell was purged with a flow of nitrogen for 5 minutes before each

run.
3.3.3. Synthesis of E and Z-dimethylferrocene dimers.

The E and Z-dimethylferrocene dimers were synthesized prior to the scheduled laboratory
practice using a modified version of a previously published procedure.'® In a Schlenk flask a
mixture of zinc powder (1.6 g, 24 mmol, CAS: 7440-66-6) and 40 mL of THF were cooled down

to —94°C (acetone and liquid N, bath). Once cooled, TiCls (1.3 mL, 12 mmol, CAS: 7550-45-0)
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was slowly added with a syringe. The suspending mixture was warmed to room temperature and
stirred for 0.5 h, then heated to reflux for 2.5 h. The resulting mixture was again cooled down to
0°C (ice bath) and a solution of acetylferrocene (0.96 g, 4.2 mmol CAS: 1271-55-2) in 15 mL of
THF was slowly added. The reaction was heated to reflux once more until the carbonyl
compounds were consumed. The reaction was then quenched with a 10% K,COs (CAS: 6381-
79-9) aqueous solution and the dimers extracted with CH,Cl,. The crude was subject to
chromatographic separation on a neutral alumina column. Elution with a mixture of
hexane:dichlomethane (10:1 v/v) afforded a light orange band for 1 and 2. The separation of the
dimers was possible due to the fact that the E isomer is much more soluble in benzene.  'H
NMR spectroscopy for 1 (signals for 2 are shown in parenthesis) (CDCls): 6 4.32 (4.32) (t, 2H,
m-Cp), 4.23 (4.23) (t, 2H, 0-Cp), 4.17 (4.07) (s, SH, Cp), 2.16 (2.12) (s, 3H, CH3). ESI-MS

[M+H]": Calcd. 424.16, found 425.30 m/z.
3.4.Hazards

MSDS data indicates that (1) acetyl ferrocene may cause eye and skin irritation, and it is
poisonous if swallowed; (2) dichloromethane causes skin, eye and respiratory tract irritation,
may cause central nervous system effect, and possible cancer after chronic exposure; (3)
ferrocene is hazardous when ingested. Therefore, the use of googles, gloves and lab coat is
advised. If students perform the synthesis of 2 and 3, extreme caution must be exercised when
refluxing the mixture due to elevated temperatures and pressures. Hoses connected to the

condenser must be properly secured in order to avoid any potential accidents.
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3.5.Results and Discussion

3.5.1. Electrochemistry

The cyclic voltammogram of 2 and 3 reveal that each compound has two reversible redox events
as shown in Figures 16 and 17. For 2, the E, ), for the first event is found at 0.451 V and the
second at 0.609 V. The differential pulse voltammogram (DPV) for compound 2 shows two

oxidation events, E,, at 0.472 and 0.656 V (Figure 16). For 3, the first redox event has an E;; of

T
T20uA Vi
' I 1 I 1 I 1 I 1 I 'l I
12 10 08 06 04 02 00

V vs FeCp,/FeCp,

Figure 17.Cyclic voltammogram and differential
pulse voltammogram of 3.

0.537 V while the second redox event has an E;; of 0.717 V. Two oxidations are observed in the
DPV of compound 3 at 0.512 and 0.724 V (Figure 17). We can measure the equilibrium constant
of the reaction of both compounds by using equation 2. This results in K¢ = 4.7 x107 for
compound 2 and K¢ = 1.1 x10° for compound 3, in agreement with literature values. Both

compounds fall under Class II for the Robin-Day classification system.”” "¢

3.6.Conclusion

We present here the use of two diferrocene dimer isomers as platforms for the study of ET in

mixed valence systems. By determining the equilibrium constant of the comproportionation
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reaction that yields the mixed-valence complex we can measure the electronic communication
between the ferrocene centers and catalogue these complexes according to the Robin Day
classification. We can compare and contrast the electronic communication with respect to simple
ferrocene. Comproportionation constants, Kc, of 4.7 x10? and 1.1 x10® were obtained for
dimers (E) and (Z) (1 and 2 respectively), which correspond to Class II in the Robin-Day
classification. These complexes are stable in air, making their handling appropriate for upper

division teaching laboratories
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Chapter IV: Superparamagnetic MOF@GO Ni and Co based hybrid
. . t
nanocomposites as efficient water pollutant adsorbents

4.1.Introduction

Mesoporous materials and metal-organic frameworks (MOFs) are used in various fields such
as gas storage, gas separation and purification, electrode materials, drug delivery,

polymerization, catalysis, carriers for nanomaterials, luminescence, magnetism, membranes,

77-85

imaging and water remediation. In the past decade, there has been increased interest in the

use of MOFs as adsorbents in the removal of hazardous and toxic pollutants due to their high
specific surface area, numerous pore openings, as well as functional groups, which are useful for

. . 86-89
selective adsorption.

MOFs are high surface area materials made of metal ions or metal
clusters coordinated to organic ligands (linkers). The specific interest in MOF materials arises
from their shape and pore size distribution tunability from the microporous to the mesoporous
scale. These factors depend on the connectivity of the central metal and ligands as well as in the

nature of the linkers used.””®!

The properties of MOFs can be further enhanced by grafting
active groups,”” changing organic ligands,”' and making composites of MOFs with appropriate
materials; as such, MOF research is expanding towards improving their absorption properties

though synergistic effects.””

However, the compositing of MOFs with appropriate materials
requires further understanding of the synthetic methods,” corresponding reaction kinetics, as

well as resulting morphology'® and physicochemical properties.*””'*""' Among the most

* This chapter has been submitted as an article in ACS Omega. The original submission is as
follows: Karen Ventura, Vahid Jabbari, Roy A. Arrieta, Camilah D. Powell, Reagan Turley,
Amanda W. Lounsbury, Jonathan G. Gracida, Jerrin S. Philip , Julie B. Zimmerman, Jorge
Gardea-Torresdey, Michael S. Wong, Dino Villagran.; Superparamagnetic MOF@go Ni and Co
bades hybrid nanocomposites as efficient water pollutant adsorbents. ACS Omega, Submitted.
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suitable materials on which to assemble MOF-based composites is graphene oxide (GO), where

GO nanolayers are introduced as a support for MOFs synthesis.”>'**'%

The advantages of using a GO substrate in MOF formation include the increase of dispersive
forces within MOFs and the directed structural growth of MOFs.'*"'> Pure MOF structures are
full of void and free spaces in between the nanocrystals due to weak dispersive forces, which has
an adverse effect on the retention of small molecules. In contrast, GO has a nonporous structure
with arrays of layers. Thus, by combining the synergistic features of these materials, hybrid

d.""1% It is also hypothesized,

nanocomposites with less inter-MOFs void space are produce
though no yet shown, that graphene layers within GO can direct the structural growth of MOFs
during synthesis, by controlling the morphology and size of MOFs during their
formation.”*'"'% Recently, the synthesis of MOF-5 decorated GO (MOF-5@GO) resulted in
retention of the porosity of MOF-5 with added flexibility and a well-developed functionality.”*
These enhancements were associated with the presence of GO during the formation of the MOF
and the possible alternation of the GO sheets embedded with the MOF. A recent report of a Cu-
BTC@GO nanocomposite shows that the nanocomposite has similar porosity in comparison to
the individual MOF.” In gas adsorption studies, it was observed that adsorption of NH; and H,S
improved by 10% and 30%, respectively, for Cuz(BTC),@GO compared to that of the parent
MOF.”"!% Composites of GO with Zn-containing MOF, reported by Huang et al.,'"’
demonstrated enhanced gas adsorption after GO was functionalized with MOFs. MOF-4 and Cu-
BTC MOFs composites were reported with greater gas CO,/CHy4 selectivity and H, uptake

93,108

compared to the MOFs alone. In addition, superparamagnetic iron (III) oxide nanoparticles

(FesO4 MNPs) are helpful in magnetic recovery and separation of adsorbent materials used in

109,110

water and wastewater treatments. Due to the strong magnetic nature of Fe;O4 MNPs, its
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loading over MOF@GO can further improve these adsorbents by making them magnetic. In
addition, several studies have proven that Fe;O4 nanoparticles are a natural adsorbent and are
helpful in the removal of arsenic, fluoride among other heavy metals, which may add additional

111,112

adsorptive properties. Further, we have recently reported the use of Cuz(BTC), based

'3 Therefore, the present work

magnetic nanocomposite for the removal of methylene blue (MB).
expands the scope of these original adsorbent materials to include improved synthetic

methodologies based on Co and Ni MOFs and in the study of their adsorption properties of dyes
and common ions. In addition, we are interested in exploring whether the synthetic manipulation
of these composite materials affect the superparamagnetic properties of the Fe;O4 nanoparticles.

This work describes the syntheses of novel adsorbents based on magnetic Niz(BTC),@GO and

Co3(BTC),@GO hybrid nanocomposites.

Several important factors were considered for this study: (1) the synthesis of nanocomposites
based on MOF and GO is a growing area of research for the development of new nanoengineered
materials with different potential applications; (2) previous work shows that in GO-MOFs
composites, MOFs are the leading component, and result in admixtures rather than covalently
bonded composites. We are interested in having the GO substrate as the dominant component in
order to grow chemically-bonded nanoscale MOFs over the platform; (3) although there are
reports on the application of MOF@GO materials which only address air purification and toxic

93107199 44 the best of our knowledge, (aside from our earlier work)'" no study

gases adsorption,
addressing adsorption of organic pollutants and common ions from brackish waters has been
reported; (4) The decoration of MOF@GO with Fe;O4 MNPs has not been fully explored. Thus,
studies on the synthesis of magnetic adsorbents of Fe;04/Ni3(BTC),@GO and

Fe;04/Co3(BTC),@GO and in their application as an organic pollutant adsorbent has not been
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reported. The prepared hybrid nanomaterials were characterized by powder X-ray diffraction
(pXRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscope (SEM) ,
transmission electron microscope (TEM), and infra-red spectroscopy (IR). The pollutant
adsorption capacity of the nanomaterials was tested using methylene blue as an organic pollutant

model and as a surrogate for environmental contaminants,**"!!*11¢

Due to the synergistic
effects of three different components in the composite, the adsorption capacity of ions from
model brackish water was also tested. We believe the present work provides useful insight into
the synthesis of magnetic MOF-based nanomaterials of Ni3(BTC),@GO and Co3(BTC),@GO,

and their application in the adsorption of hazardous and toxic compounds. These composites can

also be used as a reference in designing other types of MOF@GO hybrid materials.

4.2.Experimental

4.2.1. Materials and Methods

All the reagents, purchased from commercially available sources, were used as received.
Standard Schlenk techniques were used to synthesize Fe;0, nanoparticles.''” Milli-Q water was
used for all the analytical tests and the preparation of the model brackish water, and reverse
osmosis water was used for synthetic procedures. Pollutant adsorption experiments were
conducted using methylene blue (MB) as an organic pollutant model. A typical measurement
consisted of treating 10 ml of Milli-Q water with different concentrations of MB (12.5, 25, 50
and 100 ppm) with 5 mg of the adsorbents. The resulting mixture was vigorously stirred for 12 h.
The nonmagnetic adsorbents were centrifuged and the magnetic adsorbents were magnetically
separated from the suspension. The concentration of the remaining dye was analyzed through
UV-vis spectroscopy (Figure 27 and 28). All of the adsorption experiments were run three times

and the results were averaged. For the leaching and adsorption studies the same mass and volume
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as the methylene blue studies were used. All tubes were sonicated for five minutes in order to
break up any nanoparticle agglomeration, and then mixed for 24 hours on a tube rocker. After
mixing, the tubes were removed from the rocker and centrifuged at 5000 rpm for 20 minutes to
separate the samples from the solution. Since none of the samples are soluble in water, only
suspended nanoparticles were intended to be removed through centrifugation. After
centrifugation, 7.5 mL of each test solution was removed and added to a clean tube. 2.5 mL of a
12% nitric acid solution was added to each tube to bring the acid content to 3% by volume within

each tube for ICP-MS and ICP-OES analysis.
4.2.2. Physical Measurements

Crystalline powder of the prepared samples were analyzed by X-ray powder diffractometer
(XRD, Bruker D8 Discover X-ray Diffractometer). Morphological characterization of all
samples was performed by using imaging techniques such as transmission electron microscopy
(TEM, Hitachi H-7650), and scanning electron microscopy (either a SEM, Hitachi S-4800or a
Hitachi SU8230 UHR Cold Field Emission (CFE)). Samples were prepared as dilute suspensions
of particles that were drop-coated onto carbon coated copper mesh (TEM) or silicon chips
(SEM). IR spectroscopy was performed on a PerkinElmer® Universal ATR instrument in the
range of 650-4000 cm . X-ray photoelectron spectroscopy (XPS) tests were monitored by
Omicron XPS/UPS system with Argus detector, which uses Omicron's DAR 400 dual Mg/Al X-
ray source. The extent of MB removed by adsorbents was measured via a Shimadzu UV-1800
UV-Vis spectrometer. Adsorption analysis of ions was performed on a Perkin Elmer OPTIMA
4300 DV ICP-OES and leaching analysis was performed on a Perkin Elmer ELAN DRC II ICP-
MS instrument. All magnetic measurements were performed using a Superconducting Quantum

Interference Device (Quantum Design Magnetic Property Measuring system) at 300 K.
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4.2.3. Synthesis of Graphene Oxide, 1

Graphene oxide was synthesized according to a previously reported method with slight
modifications.'"®

Graphite + KMnO, n Graphene Oxide (GO)
2

—_—
S04 /H3PO,

9:1

12 h

Graphite flakes (3.0 g) were added to a 9:1 mixture of concentrated H,SO4/H3PO4 (180 mL:20
mL). To this suspension, KMnO4 (18.0 g) was added slowly over a period of 5 minutes to avoid
overheating. The reaction mixture was then heated to 50 °C and stirred for 12 hours. The mixture
was cooled to room temperature and poured into ice (200 mL) with 30% H,0O, (3.0 mL). The
remaining solid material was then filtered through a 150 mL M grade filter and washed with
water, HCI, and ethanol three times. The remaining solid was washed with diethyl ether and

dried under vacuum at room temperature.
4.2.4. Synthesis of Fe;O4 nanoparticles, 2

Fe;04 magnetic nanoparticles were synthesized according to a previously reported method with

slight modifications.'"’

FeCly - 4H,0 + 2 FeCly - 6H,0 + 8 NH,OH ——> Fe30, + 4 NH,Cl + 20 H,0
2

85°C
N, atm

Fe;0,4 magnetic nanoparticles were prepared by chemical co-precipitation of Fe’* and Fe** ions
with a molar ratio of 2:1. FeCls-6 H,O (5.838 g) and FeCl,-4 H,O (2.147 g) were dissolved in
100 mL distilled water at 85°C under N, atmosphere and mechanically stirred. Then 10 mL of
25% NH4OH were quickly injected into the reaction mixture. The formation of Fe;O4 black

precipitate upon addition of the base was immediately observed. The reaction continued for 30
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minutes and was cooled at room temperature. The Fe;O4 black precipitate was washed with 200
mL of water five times, a 0.02 M NaCl solution twice, and ethanol three times. All the washings
were performed through magnetic decantation. The resulting magnetic powder was vacuum dried

overnight at room temperature.
4.2.5. Synthesis of amino-silane functionalized Fe;O4 nanoparticles, 3

Functionalization of Fe;O4 nanoparticles with amino-silane was performed according to a

previously reported method with slight modifications.'"

Fe304 + APTES ——— Fe30,/APTES

RT
12 h

Fe;04 nanoparticles (2.0 g) were dispersed in 100 mL of ethanol via sonication for 30 minutes.
The resulting dispersion was bubbled with N, gas for 15 minutes and 4 mL of (3-

aminopropyl)triethoxysilane (APTES) were added while stirring. The mixture was left to react
for 12 h at room temperature. The desired product was collected through magnetic decantation

and washed with water, DMF, and ethanol. The product was dried overnight under vacuum.
4.2.6. Synthesis of magnetic graphene oxide (Fe;04/GO), 4

Magnetic graphene oxide (Fe;04/GO) was synthesized according to a previously reported

method with slight modifications.'"

Fe304/APTES + GO — Fe;0,/APTES /GO
2

rt
24 h

For the synthesis of magnetic graphene oxide 2.0 g of Fe;04/APTES and 0.5 g of graphene oxide
were completely dispersed in 80 mL of water respectively. The GO suspension was poured into

the Fe;O4/APTES suspension under mechanical stirring. After stirring at room temperature for
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24 hours, the prepared product was magnetically separated from the unreacted material and
washed with water for three times. Finally, the composite was washed with ethanol three times

and dried under vacuum overnight.
4.2.7. Synthesis of Co3(BTC),;* 12 H,O MOF, 5

Co3(BTC),¢ 12 H,O was synthesized according to a previously reported method with slight

modifications. '%°

3 Co(NO3), 6 Hy,0 + 2 H3BTC Co3(BTC), - 12 H,0 + 6 HNO3 + 6 H,0

_—
DMF /H,0/EtOH
90°C
24h

For the synthesis of Co3(BTC)," 12 H,O0, first Co(NOs),- 6 H,O (3.7857g) and H3;BTC (1.8223g)
were dissolved in a 45 mL mixture of DMF/water/ethanol (1:1:1) aided by sonication. The
resulting dark pink-purple clear solution was transferred to a glass pressure vessel. The solution
was heated at 90°C for 24 hours. A thick layer of pink-purple Co3(BTC),-12 H,O crystals formed
at the bottom of the vessel. The vessel was allowed to cool at room temperature. The solvent was
subsequently decanted and the solid washed with DMF and ethanol. The product was exposed to

a slight flow of air, and after six hours, the pink-purple needle crystals were dried.
4.2.8. Synthesis of Niz(BTC);*12 H,O MOF, 6

Ni3(BTC),+12 H,O was synthesized according to a previously reported method with slight

modifications. !

3 Ni(CH3C00), - 4 H,0 + 2 H3BTC —— Niz(BTC), - 12 H,0 + 6 CH;COOH
2

150°C
12h

Ni(CH3COO),* 4 H,O (1.3885 g) and H3BTC (0.7817g) were dissolved in 25 mL of water
respectively aided by sonication. The two solutions were mixed and the resulting green clear
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solution was transferred to a glass pressure vessel. The solution was heated at 150°C for 24 h. A
thick layer of green Ni3(BTC),*12 H,O crystals formed at the bottom of the vessel. The vessel
was allowed to cool at room temperature. The solvent was subsequently decanted and the solid
washed with DMF and ethanol. The product was exposed to a slight flow of air and after 6 hours

the light green crystals were dried.

4.2.9. Synthesis of Composite Fe;04/GO/Co3(BTC);* 12 H,0, 7

Fe30,/GO + 3 Co(NOs), - 6 H,0 + 2 HyBTC Fe30,/G0/Co3(BTC), - 12 H,0 + 6 HNO5 + 6 H,0

e ——
DMF /H,0/EtOH
90°C
24h

Co(NOs3), - 6 HyO (300 mg) and H3;BTC (145 mg) were dissolved in a 45 mL mixture of
DMF/water/ethanol (1:1:1) aided by mechanical stirring in a glass pressure vessel. Fe;04/GO
(500 mg) was added to the solution mixture solution and was heated to 90°C for 24 hours under
slight mechanical stirring to avoid precipitation of the composite and to obtain a uniform sample.
The resulting product was cooled to room temperature. Subsequently the solvent was decanted
and washed with DMF, water, and ethanol. All the washings were performed through magnetic

decantation. Finally, the product was vacuum dried overnight at room temperature.
4.2.10. Synthesis of Composite Fe;04/GO/Niz(BTC),: 12 H,0, 8

Fe;0,/GO + 3 Ni(CH3C00), -4 H,0 + 2 Hy3BTC —> Fe30,/GO/Niz(BTC); - 12 H,0 + 6 CHy;COOH
2

150°C
12h

Ni(CH3COO); 4 H,0 (215 mg) and H;BTC (105 mg) were dissolved in 45 mL DI H,O aided by
mechanical stirring in a glass pressure vessel. Fe;04/GO (500 mg) was added to the solution and
was heated to 150°C for 12 h under slight mechanical stirring to avoid, precipitation of the
composite and to obtain a uniform sample. The resulting product was cooled to room

temperature. The solvent was then decanted and the materials were washed three times with
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DMF, water, and ethanol. All the washings were performed through magnetic decantation.

Finally, the product was vacuum dried overnight at room temperature.

Scheme 2. Synthesis of compound 8 and 7.

1 3 .

H,0
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l Fe,O,/APTES
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4.3.Results and Discussions
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Figure 18. XRD spectrum of the Co nanocomposite, 7 (top) compared to the spectra of the parent
materials (Fe;04@GO, 4; Co3(BTC),, 5; GO, 1).

XRD patterns of the prepared Niz(BTC), MOF-based hybrid nanocomposite, 8, as well as the

Co3(BTC), MOF-based hybrid nanocomposites, 7, are shown in Figures 18 and 19. When
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comparing the spectra of the parent materials against the spectra of the synthesized

nanocomposites, the latter contains characteristic peaks of the spectra of the parent materials.

MMWM
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Figure 19. XRD spectrum of the Ni nanocomposite, 8 (top) compared to the spectra of the
parent materials (Fe;04@GO, 4; Ni3(BTC),, 6; GO, 1).

This suggests that all three components are present in the final samples, even after several

intense washes. Therefore, strong interactions among components is expected.

Morphologies of the prepared hybrid nanomaterials and their parent materials were studied by
SEM, and TEM and are shown in Figures 20 and 21. The images demonstrate the successful
formation of the layers during formation of the 5 and 6 results in nanoscale MOFs, which may
be more suitable for small molecule adsorption. Presence of GO during the MOFs formation
have several advantages such as increased dispersive forces in the MOFs, suppressed MOF

aggregation, as well as formation of small pores between the GO and the MOFs.'*'"7 We

Figure 20. TEM images for GO-nanocomposites. (a) Go coated with Fe;O4 nanoparticles. (b)
GO-Co3(BTC), magnetic nanocomposite. (¢) GO-Ni3(BTC), magnetic nanocomposite.
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believe that due to the in situ formation of the MOFs using M*" salts and BTC ligand precursors,
5 and 6 are formed and grown over layers of 1 through chemical bonding between the GO

functional groups and the

Nanoparticles. (d) Fe;O4 nanoparticles functionalized with APTES

MOFs. Formation of the M*" MOF between the GO layers also benefits the separation of the GO
sheets and inhibits stacking of the layers resulting in higher surface availability for adsorption.
The elemental composition of the prepared magnetic hybrid 7 and 8 nanocomposites was
verified through XPS analysis. As shown in Figures 22, 23 and 24, the signals corresponding to
C, O, Fe, and Ni are observed as follows: Cls at 285 eV, Ols at 531 eV, Fe2p3/2 at 711 and 725

eV, and Ni2ps); at 856, 861, and 873 eV. For Fe;04/GO/Co3(BTC),, the characteristic peaks of
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Cls (285¢eV), Ols (531 eV), Fe2ps» (711 and 725 eV), and Co2p3/2 (856, 861, and 873 eV)

were observed corroborating synthesis of the magnetic nanocomposite.

711 eV 725 eV 782 eV CO 2p3/2
& )
c =
= =
° 0
(& (&
Fe 2p3,2
a) b)
705 . 7:| 0 ‘ 715 ' 720 - 725 ' 730 775 780 785 790 795 800 805
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2 &
f= [=
= =}
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c) d)
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Figure 22. XPS spectra for a) Co Composite Fe2ps,, with peaks at 711 and 725 eV. b) Co 2p3/2.
c¢) Ni Composite Fe 2p3/2 with peaks at 711 and 725 eV and d) Ni 2p3/2 at 853, 861 and 873 eV.

The IR spectra of 2, 5 and 6 over 1 further verifies successful formation and decoration through
the characteristic signals of GO assigned to the O-H, C=0, C=C, and C-O vibrations observable,
in Figure 25, at 3166 em ', 1716 em™, 1617 cm ™', and 1025 cm ™, respectively. When the GO is

functionalized with 3 a peak is visible at 540 cm™'. 5 shows peaks at around 1617 and 1541 cm™'
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Figure 23. XPS complete spectra as well as carbon and oxygen spectra of the prepared
FC3O4/GO/Ni3(BTC)2

(asymmetric vibrations in -CO»-); 1438 and 1358 cm ™' corresponding to the asymmetric and
symmetric stretching vibrations of the BTC carboxylate groups. A signal at 713 cm™' was
assigned to the C—O—Ni vibration. Presence of these peaks provides clear evidence of the
successful formation of Co3;(BTC), MOF. Because 5 and 6 are isostructural, the IR spectrum of
6 shows similar features as those discussed above. The IR signals at 1617 and 1541 cm ™' and
1438 and 1358 cm™' for 5 and 6 experience a hypsochromic shift when observed in the

nanocomposites which confirm chemical bonding between the parent materials in 7 and 8. This
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hypsochromic shift is due to the interactions between BTC ligands and the functional groups of

the GO platform, as well as possible distortion of the MOFs structure deriving from introduction

of GO. '
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Figure 24. XPS complete spectra as well as carbon and oxygen spectra of the prepared
FG304/GO/CO3(BTC)2

The synthetic manipulation of these composite materials could potentially change the
superparamagnetic properties of the Fe;O4 nanoparticles. Thus we performed a series of
magnetic measurements to test their magnetic properties as composites. The magnetization

curves for all magnetic samples, 2—4, 7, and 8 are shown in Figure 26. The magnetic remanence,
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Figure 25. Infrared spectra comparison of parent materials and graphene oxide
nanocomposites

coercivity, and magnetic saturation shown in Table 7 confirm that the bare magnetite
nanoparticles, Fe;Os, 2, are superparamagnetic. The APTES coated Fe;O4 nanoparticles, 3, show
an increase of the magnetic saturation compared to the bare Fe;O4 nanoparticles 2 (from 45.9
emu/g to 52.9 emu/g). The APTES coating in 3 serves as a protective coating and prevents Fe;O4

to undergo surface oxidation. Thus, 3 maintains its magnetic integrity overtime, while 2, lacking

60

M (emu/g)

5

o

N hAhWN

Figure 26. M vs. H curves at 300 K for: Fe;O4 NPs 2, Fe;04 NPs coated w/ 3-aminopropyl
triethoxysilane 3, Fe;O04 NPs coated w/ 3-aminopropyl triethoxysilane on GO nanosheets 4,
Ni(II) MOFs and Fe;O4 NPs coated w/ 3-aminopropyl triethoxysilane on GO nanosheets, 8,

the APTES coating, does not.
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Graphene oxide is diamagnetic.'** However, loading GO with 3 yields GO/Fe;04, 4, which
shows superparamagnetic properties (Table 7). The magnetic saturation of 4 is lower than that of

3 due to the increase in diamagnetism because of the presence of GO.'*

The superparamagnetic properties of 4 are maintained with the addition of the Ni(II) and Co(II)
MOFs. The magnetic properties of 4 and 8 are very similar indicating that the addition of the
Ni(II) MOFs to the GO decorated with APTES covered Fe;O4 MNPs has little effect on the
magnetic properties. Addition of the paramagnetic Co(Il) MOFs to 4, increases the magnetic

saturation from 46.2 emu/g to 56.4 emu/g, as expected.

Table 7. Summary of magnetic studies for the Ni and Co composites

Sample Magnetism Ms (emu/g)*  Hc (Oe)®  Mr (emu/g)
Fe;04 2 Superpara- 459 17.5 1.43
Fe-APTES 3 Superpara- 52.9 16.5 1.55
GO-Fe 4 Superpara- 46.2 16.0 1.49
Co Comp 7 Superpara- 56.4 16.0 1.73
Ni Comp 8 Superpara- 47.0 17.0 1.53

*Ms is the magnetic saturation value
b . P

Hc is the coercivity value
‘Mr is the magnetic remanence value

4.3.1. Methylene Blue Adsorption

The adsorption capacity (Q.) of the prepared nanomaterials was calculated using Eq. 1 as

follows;

Eq. 1 Q. = (—

where Cy and C, are initial and equilibrium concentration of the pollutant (mg L),

respectively, m is the adsorbent mass (g) and V is the mixture volume (L).
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Table 8. Absorption capacity of parent materials and composites at different concentrations of
methylene blue

Q. (mg/g)
Sample 12.5 ppm 25 ppm 50 ppm 100 ppm
GO 1 23.43+2.75 50.13£5.16 | 73.41+7.68 134.58 £19.24
GO-Fe 4 22.31+0.17 35.17+0.33  31.84+10.2 33.05+17.36
Co;3;(BTC), 5 470 £ 0.62 8.75+1.43 21.48 £2.36 37.36 £ 8.72
Ni;(BTC), 6 3.51+0.91 7.10+1.83 11.80 £0.53 45.87 £6.78
Co Comp 7 18.52 £4.50 42.67+4.21 67.56 £4.24 65.57+1.64
Ni Comp 8 14.77 £ 1.72 21.12 £0.55 33.25+3.55 54.12 + 6.40
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Figure 27. UV-Vis spectra of the adsorbed methylene blue dye at different concentrations using
the parent materials

50



The pollutant adsorption capacities of the prepared hybrid nanomaterials are shown in Table 8.
Nanocomposite 7 shows higher adsorbance compared to that of 8 in all concentrations. For both
nanocomposites, an improvement in the adsorption capacity for methylene blue was observed
compared to that of the parent materials 5 and 6. Enhanced dye adsorption capacity of the hybrid
nanomaterials compared to their MOF parent materials may be derived from synergetic effects

105106199 1¢ i5 also hypothesized that

among the individual components in a composite setting.
by in-situ formation and decoration of the MOFs over GO through chemical bonding, new small

pores are formed between the MOFs and GO which are useful for adsorption of small molecules

0.30 05
. ——GO ——GO-Fe,0,
025} — NiComp —— Ni Comp
—— Co Comp 0.4 —25 ppm
——GO-Fe,0, —— GO
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Figure 28. UV-Vis spectra of the adsorbed methylene blue dye at different concentrations using
the prepared nanocomposites
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and ions.'*''% Overall, it was found that the MOFs/GO composites have improved absorption

capacity versus the parent MOFs but not when compared to GO.
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Figure 30. Langmuir isotherms (Type I) of
methylene blue onto Co and Ni magnetic
nanocomposites
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Type I and II Langmuir isotherms plots for the adsorption of methylene blue by 7 and 8 are

shown in Figures 29 and 30. These isotherms were obtained by using equation 2 and 3 as

follows,
Ce _ ( 1 ) 1
Eq.2 L= (L), +
1 Qe dm € KaQm
1 1 1 1
Eq. 3 — = ( )— + —
Qe Kaqm/ Ce dm

where g 1s the maximum absorption capacity corresponding to complete monolayer coverage

on the surface and K, is the Langmuir constant (L/mg).l24,125

Table 9 shows the saturation absorption capacities of methylene blue for 7 and 8. The fitting of
the data shows that methylene blue adsorption by these composites is best described by the Type
I Langmuir isotherm. Thus, the maximum absorption capacities of 7 and 8 are 65.78 and 70.42

mg/g, respectively.

Table 9. Langmuir maximum absorption capacities for the Co and Ni hybrid nanocomposites.

Langmuir
Sample Plot qm (mg/g) R’
7 Ce/Qc vs C. | 65.78 0.9999
7 1/Q. vs 1/C.  62.50 0.9927
8 Ce/Qc vs C. | 70.42 0.9373
8 1/Qc vs 1/C.  44.05 0.8997

Regeneration studies were performed on the composites and the parent materials. After the initial

methylene blue adsorption test each sample was rinsed with acetone and heated to 100 °C for
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Figure 31. Absorption capacity of parent materials and composites of methylene blue at 12.5,
25, 50 and 100 ppm

12h."2%'*” The adsorption tests were repeated following the same initial procedure using the
regenerated samples. It was found that 2, 3, and 6 did not regenerate. However, 5 adsorbed 9% of

the initial adsorbance capacity after regeneration, 1 regenerated to 46%, 8 to 14%, and 7 to 47%.
4.3.2. Brackish water treatment

The concentration of the calcium, magnesium, sulfates, and silicon analytes was measured by
ICP-OES to determine adsorption capacity of 1-8. A summary of the adsorption capacity results
is shown in Table 11. The adsorption capacities of the composited ranged from less than 100 mg

per gram adsorbent to 224 mg per gram adsorbent across the samples tested.

Leaching analysis show a strong stabilization of the MOFs by the combination with GO-Fe. This
was shown by a much lower dissolution rate of the composite nanoparticles as compared to the
naked MOFs. 1, 2, and 3 have very low dissolution rates in water and are stable in solution. As
shown in Table 12, dissolution of nanoparticles decreased by ten-fold for 8 versus 6, and there

was almost a complete reduction of dissolution for 7. The adsorption capacity for calcium and
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magnesium ions was fairly consistent throughout the samples. Meanwhile, the absorption
capacity of silicates and sulfates (SiOs> and SO4”) increased by almost five and seven times
respectively for the prepared hybrid nanocomposites when compared to that of the graphene

oxide.

Table 10. Initial Concentration of Analytes in Test Water

Constituents Conc. Conc.
(mg/L) (mM)
Bicarbonate 242 4
(HCO5)
Calcium (Ca™) 159 4
Chloride (CI) 1,295 37
Magnesium (Mg”") 63 3
Sodium (Na") 764 33
Silicate (SiO;™) 223
Sulfate (SO4) 249

Table 11. Adsorption capacity for tested nanomaterials and composites per analyte.

0. (mg/g)

Sample Ca® Mg” SO/ SiOy”
GO 1 58.1 157 178 33
Fe;04 2 53.8 10.5 432 16.5
GO-Fe |4 59.8 156 57.7 8.7
Co3(BTC), | 5 42.9 106 79.4 11.0
Ni;(BTC), | 6 36.0 9.8 59.9 73
Co Comp |7 57.5 127 1099 13.2
Ni Comp |8 64.1 144 1296 15.7
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Table 12. Average ion concentration due to dissolution of nanomaterials in test solutions.

Average ion concentration (ppm)

Sample Co
Co3(BTC), |5 105.2
Co Comp 7 0.5
Ni3(BTC), |6 -
Ni Comp 8 --

Ni

Table 13. Adsorption capacity and percent removal of ions for tested nanomaterials and
composites per analyte.

Q. (mg/g)
(1) (1) (1) (1)
Sample Ca™ remﬁ)ved Mg2+ remﬁ)ved SO"Z_ remﬁ)ved st y rem{;)ved

GO 1 | 58.1 18.3 15.7 12.5 17.8 3.6 3.3 0.7
Fe304 2 | 538 16.9 10.5 8.3 43.2 8.7 16.5 3.7
GO-Fe 4 | 59.8 18.8 15.6 12.4 57.7 11.6 8.7 2.0
Co3(BTC), | 5 | 42.9 13.5 10.6 8.4 79.4 15.9 11.0 2.5
Niz(BTC), | 6 | 36.0 11.3 9.8 7.8 59.9 12.0 7.3 1.6
CoComp | 7 | 575 18.1 12.7 10.1 109.9 219 13.2 3.0
NiComp | 8 | 64.1 20.2 14.4 11.4 129.6 25.9 15.7 3.5

Table 14. Adsorption capacity and percent removal of methylene blue for tested nanomaterials

and composites per analyte

Sample

GO
GO-Fe
Co;(BTC),
Niz(BTC),
Co Comp
Ni Comp

56

0. (mg/g)
12.5 ppm % 25 ppm % 50 ppm % 100 ppm %
1| 23.43+2.75 93.8 50.13£5.16 100 7341+7.68 734 134.58+19.24 673
4| 22.31+0.17 89.2 3517+033 703 31.84+10.2 31.8 33.05+1736 16.5
5| 470+0.62 18.8 8.75+1.43 17.5 21.48+236 215 3736+8.72 18.7
6| 3.51+£0091 14.04 7.10+1.83 142 11.80+0.53 11.8 4587+6.78 229
7 | 18.52+4.50 74.1 42.67+4.21 853 67.56+424 676 6557+1.64 32.8
8| 14.77+£1.72 59.08 21.12+0.55 422  3325+3.55 333 5412+ 640 27.1



4.4.Conclusions

Two sets of efficient magnetic adsorbents, 7 and 8, hybrid nanocomposites were synthesized by
using a simple solvothermal method. The synthesized samples were characterized by XRD,
SEM, TEM, XPS, and IR. The crystallinity of the samples was verified by XRD. SEM, and TEM
imaging show the successful synthesis and decoration of nanoscale 5 and 6, as well as 3 onto
graphene oxide nanosheets. IR spectroscopy confirms the successful coalescing of the MOFs,
Fe;04 MNPs, and GO parent materials. The prepared hybrid nanocomposites were used in
adsorption of MB as an organic pollutant model and in model brackish water for the adsorption
of common ions. It was determined that the hybrid nanocomposites have higher methylene blue
adsorption capacity, when compared to the MOFs parent materials, and the adsorption capacity
for silicates and sulfates is improved by about seven times when compared to graphene oxide.
The improved pollutant adsorption capacity is attributed to the synergetic effect of compositing
the parent materials. The magnetic Fe;04/Co3(BTC),@GO nanocomposite, 7, shows the highest
dye adsorption capacity among the prepared materials, whereas the highest sulfate and silicate
adsorption capacity was observed by the magnetic Fe;04/Ni3(BTC),@GO nanocomposite, 8.
These newly developed magnetic hybrid nanomaterials are suitable for environmental

applications such as water and wastewater treatments by adsorption of pollutants.
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Chapter V: Conclusion

In this dissertation, we were able to synthesize a bimetallic system with open coordination sites.
This is a step closer to understand the fundamentals of small molecule activation for the
development of clean and renewable energies. Future generations can learn about these
fundamentals and other electrochemical processes though the developed physical chemistry
laboratory practice here presented. In this practice, the basics of inner-sphere electron transfer are
discussed. Similar bimetallic system can be functionalized with other materials such as, graphene
oxide and magnetite to achieve water remediation. These composites have shown to be effective

for the adsorption of methyelene blue, silicates and sulfates.

The bimetallic system, W»(DippF),K,, with open coordination sites was successfully synthesized.
This compound is the first example of a M, core with a metal center in the zero oxidation state
supported by commonly known n-donating ligands. The unusual electron rich core results in the
longest quadruply bonded ditungsten bond ever reported. These qualities makes W(DippF).K; a
suitable candidate for the study of small molecule activation. The six electron difference between
Wa(DippF),Cly and W(DippF):K, is fitting for the potential conversion of N, to NHs by the

following reaction.
N, + 3H,+ 6e™ > 2NH;

Currently our group is carrying out studies of the reactivity of the dianionic specie, where small

molecules as well as simple organic complexes are used (Figure 32)
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Figure 32. Digram of the currect reactivity studies being carried out using W(DippF).K»

Zn(Me),

Future generations of young scientists are studying the fundamentals of electron transfer. Process
that require electron transfer processes are commonly found in nature and in important industrial
procedures. Important examples of ET mechanism include processes inside the body. For example
the mitochondria, which is the center of cellular respiration, carries out the Kreb’s Cycle, in which
an electron transport chain is key for oxygen consumption. In plants, ET reactions can be found
during photosynthesis when obtaining chemical energy from solar energy. The production of
ammonia from inert nitrogen gas found in the atmosphere, known as the Haber-Bosch process, is
widely used in industry for the production of fertilizers. A deficiency of laboratory teaching
courses in literature drove our interest to develop a physical chemistry laboratory practice that has
been implemented at The University of Texas at El Paso for students at the junior college level. In
this laboratory exercise, the students use two diferrocene dimer isomers as platforms for the study
of electron transfer in mixed valence systems. The electronic communication among the ferrocene

centers was determined by calculating the equilibrium constant of the comproportionation
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reaction. These complexes were sorted according to the Robin Day classification. For dimers (E)
and (Z) equilibrium constants, Kc, of 4.7 x10% and 1.1 x10° were obtained, corresponding to Class

II in the Robin-Day classification.

The use of fossil fuels resulted in adverse effects on the environment. The practice of fracking
techniques for the extraction of oil and gas have caused the contamination of bodies of fresh water.
The resulting contaminated water, for the most part contains a wide range of different types of
contaminants from organic materials to toxic metal ions. In an effort to aid the water crisis that has
resulted from the extraction of oil and gas, we have developed two sets of efficient magnetic
adsorbents, capable of adsorb two different types of contaminants, using simple solvothermal
methods. The resulting nanocomposites consists of three layers; (1) Graphene oxide nanolayers as
supporting platforms (2) Metal-organic frameworks of the nature M3(BTC), (where M = Co or Ni)
as adsorbents and (3) iron oxide nanoparticles (magnetite) as a magnetic component. These
composites were successfully synthesized, characterized and morphologically studied using XRD,
SEM, TEM, XPS, and IR. In addition, the hybrid nanocomposites were used in the adsorption of
methylene blue as an organic pollutant model and in model brackish water for the adsorption of
common ions. The nanocomposites showed higher methylene blue adsorption capacity, when
compared to the MOFs parent materials, and the adsorption capacity for silicates and sulfates was
improved when compared to graphene oxide. The synergetic effect of compositing the parent
materials. improved the pollutant adsorption capacity. Fe;04/Co3(BTC),@GO shows the highest
dye adsorption capacity among the prepared materials, meanwhile the highest sulfate and silicate
adsorption capacity was observed by Fe;O04/Ni3y(BTC),@GO. These newly developed magnetic
hybrid nanomaterials are suitable for environmental applications such as water and wastewater

treatments by adsorption of pollutants.
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Student Handout

Inner Sphere Electron Transfer in Diferrocene Mixed-Valence Systems

Introduction

Electron Transfer (ET) reactions are fundamentally important in chemistry. Typically in these
reactions, no bond cleavage or formation takes place during the development of products from reactants.
This unpretentious act of transferring an electron from one molecule to another is a crucial process found
in nature, and it is also critical to many current industrial chemical processes.'” An excellent example of
an everyday ET reaction can be found inside the human body. Mitochondria, the center of cellular
respiration, carries out the Kreb’s Cycle, in which an electron transport chain is key for oxygen
consumption. In plants, ET reactions can be found during photosynthesis when obtaining chemical energy
from solar energy.'” The production of ammonia from inert nitrogen gas found in the atmosphere, known
as the Haber-Bosch process, is widely used in industry for the production of fertilizers.

In order to fully understand all of these processes we first need to understand the fundamentals.
The objective of this experiment is to explore the transfer of electrons in mixed-valent (MV) compounds
utilizing electrochemical methods. Two covalently bonded ferrocene dimer molecules will be used as
models for these studies.

Electron Transfer

In chemistry, the process of oxidation refers to the loss of electrons, while the process of reduction
involves the gain of electrons. These two processes cannot occur separately, since the electron has to reside
either in the products or the reactants. In order for electron transfer to take place, an oxidation center
(electron donor) and a reduction center (electron acceptor) are needed. These processes are commonly
known as oxidation-reduction reactions or redox events.

There are two types of electron transfer: inner sphere and outer-sphere. In outer-sphere electron
transfer, the center of reduction and the center of oxidation are not bonded to each other, meaning that the
electron transfer occurs through the space between the two centers. This type of ET is the most common
for redox reactions in a typical synthetic laboratory. In inner-sphere electron transfer, the redox centers
are covalently bonded to a linker and the electron is passed through that bond. However, in some instances
the bond can be transient and the transfer can occur in the intermediate species. Thanks to the discovery of
the mechanism of inner-sphere ET, Henry Taube was awarded the Nobel Prize in chemistry in 1983."*
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Mixed-Valence Compounds

A Mixed-Valent compound is a molecule containing oxidation and reduction centers consisting of
atoms of the same element that co-exist in different oxidation states (Figure 1). Mixed-Valent compounds
serve as suitable models for the study of the inner-sphere ET mechanisms by using electrochemical and
spectroscopic techniques.

M3+ _ M2+

Figure 1. A mixed valent compound with two metal atoms in different oxidation states.

Most mixed-valent compounds are composed of two metallic (M) redox centers bridged by a linker
molecule (L). A simplified example of this system is shown in figure 2.

M3+ _L_M2+

Figure 2. A mixed valent compound with two metal atoms in different oxidation states bridged by a linker molecule.

In this laboratory practice we will be studying the electron transfer in mixed-valent complexes in
which the electron donor and acceptor moieties are ferrocene centers. We will use cyclic voltammetry in
order to measure the thermodynamic equilibrium of the comproportionation reaction (K.) depicted in
equation 1.

Eq. 1 [Fe3* — Fe3*] + [Fe?t — Fe?*]

2[Fe3t — Fe?*]

The degree of electron transfer in the mixed-valent complex can be inferred by measuring K.. A large
equilibrium constant means that the concentration of the products will be favored. In contrast, a small value
for K. means that the equilibrium lies to the left (reactants).

The first compound analyzed in this experiment, to be used as reference, is ferrocene. Ferrocene is
composed of a single iron ion sandwiched between two cyclopentadienyl ligands (Figure 3a). To measure
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electron transfer in a mixed-valent compound, two ferrocene dimers will be used. These diastereoisomers,
E-dimethylferrocenylethylene and Z-dimethylferrocenylethylene (Figures 3b and 3c respectively), consist
of two ferrocene centers linked by an alkene in an E and Z conformation.

¢
ik
_@I

N ()
F Fe Fe Fe
== = = <

a) b) C)

Figure 3. Drawing of the molecules used in this practice; a) Ferrocene in staggered conformation, b) E-
dimethylferrocenylethylene, c) Z-dimethylferrocenylethylene.

Electrochemistry

The electrochemical methods used in this practice are cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). In cyclic voltammetry, a potential that increases linearly as a function of time is
applied to the molecule. In differential pulse voltammetry a potential is pulsed (as opposed to being
scanned) for a specific time window. DPV is typically more sensitive than CV, but CV can give useful
information more quickly. The applied potential occurs at the working electrode, which may be a cathode
or an anode depending on the direction of a scan. When performing an electrochemical reduction, the
potential is scanned towards more negative values (or in the cathodic direction) relative to the “open circuit
potential”. The open circuit potential is the potential difference between the anode and the cathode in the
absence of external voltage applied. Ifan electron is removed from the electrode and given to the molecule,
a current in the cathodic direction is observed in the cyclic voltammogram. This peak describes a reduction
event of the sample. The shape of the wave (i.e. first increasing, then reaching a plateau, and finally
decreasing in current) is due to the charging of the electrode surface with the sample substrate followed by
reaching a diffusion limit, and then depletion of the substrate near the electrode.

When the same process is performed in the reverse direction, that is, when the potential is scanned toward
positive values, an electron may be removed from the molecule towards the anode, resulting in the sample
getting oxidized. This oxidation event creates a current that is shown as a peak in the anodic direction. An
example of a CV is shown in Figure 4.
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Figure 4. Example of a cyclic voltammogram with one redox event.

The peak reduction potential is labeled E,. (for peak-cathodic) and the peak oxidation potential is labeled
E;. (for peak-anodic). The average between the peak reduction potential and the peak oxidation potential
gives the half-wave potential, E,,, which is the redox potential of the electrochemical event, and can be
calculated using Equation 2.

Epc + Epa

Eq.2 E1/2 = 5

With cyclic voltammetry, the relative degree of electronic communication between redox centers in a
molecule (electron transfer rate) can be analyzed. To compare the electronic communication abilities of
two redox centers, two redox events corresponding to the first and second electron transfers, need to be
observed in the cyclovoltammogram. An example of a CV with two redox events is shown in Figure 5. A
molecule capable of electron transfer exhibiting strong electronic communication is one that has a CV
where the two different redox events are well defined or separated by a good distance. A molecule with
weak electron transfer (poor electronic communication) is one where the two redox events are not well
defined on the CV, or they are very close to each other. This is a way to qualitatively evaluate electron
transfer and electronic communication.
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Figure 5. Example of a cyclic voltammogram with two redox events.

To find the half-wave potential in the cyclovoltamogram, one must find the half-wave potential of the first
(I) and the second (II) redox event using equation 2. Then, one should use Equation 3 to find the difference
between the half-wave potentials of both redox events.

II I
Eq.3 AEi;, =By, —Ey )

In differential pulse voltammetry the potential is held at a value and then stepped instantaneously to a
second value. Sometime after the pulse is applied the current is then measured and as a function of
potential®'. An example of a DPV with two events is shown in Figure 6.

T2upA

"
B e E.
L 1 1 1 | L | L 1 1 |

08 07 06 05 04 03
Potential (V vs Ag/AgCl)

Figure 6. Example of a differential pulse voltammetry depicting two oxidations.
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Equilibrium Constant

Once the half-wave potential (AE;,,) are obtained from the cyclic voltammetry experiments, the equilibrium
constant can be calculated using the Nernst equation (Equation 4);

FAE]_/Z

Eq.4 K = exp (—

)

Where T is the temperature, R is the gas constant, and F is the faraday constant.
ET classification

The Robin-Day classification system is used to differentiate the types of electronic communication
in mixed valent systems. The scheme divides molecules into three different classes, Class I, Class 11, and
Class III. A Class I molecule has the least amount of electronic communication with a value of K, < 10°.
Class III molecules have a value of K. < 106, therefore having the best electronic communication. Class II
molecules have intermediate electronic communication and K. lies between 10? and 10°.

The difference in degree of electronic communication between or within molecules depends on
how the redox centers are linked to each other. In a molecule with two redox centers linked covalently
(Figure 7a), one redox center gains an electron for an initial reduction. If there is sufficient electron
delocalization within the system, the second redox center will be affected by the added electron. With better
electronic communication between the redox centers a second reduction will be more challenging to obtain.
In a cyclic voltammogram this added difficulty will be proportional to the potentials at which the redox
events occur. The greater the energetic barrier associated with the second reduction, the larger the difference
in potentials at which the events occur. This can be quantified by the difference in half wave potentials,

AE ).

A molecule not directly linked to the second redox center (Figure 7b) would have weak electronic
communication and a second electron would be added with greater ease. The molecule with weak electronic
communication will have a cyclic voltammogram in which the redox events are not well defined and the
potential difference is smaller, resulting in a lower AE,.

"o>® ‘0

a) b)

Figure 7. Example of two molecular systems; a) A system with large electronic communication will show a greater AE;,, b) a
system with a poor electronic communication will show a small AE,.
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Procedure

Turn on the CH Instrument Electrochemical Workstation. Wait about twenty second for the instrument to
warm up. Go to “Start” and “Run” and type: “C:\CHI”. Choose “CHI760D (Electrochemical Software)”. If
a dialog boxer appear, press “OK” until you see the software open. Next, choose “Setup” ->"System," and
make sure COM 3 is selected. Press “OK,” and choose "Setup"->"Hardware Test." You should hear a
clicking sound and a dialog box should appear. At the end of each of the six tests, you should see "OK" If
you see something other than "OK" after any of those tests, wait a minute and run the Hardware Test again.

AN

10.
11.

12.

13.
14.

Pour 10 mL of a 2 mM E-dimethyldiferrocenylethylene /1 M TBAPF¢ solution in dry DCM
into the provided electrochemical cell containing a stir bar and place it on a stir plate.
Bubble the solution with nitrogen for about 5 minutes.

Next, gently feed the platinum wire through the smallest opening on the cap provided.
Place the cap on the cell such that the platinum wire rests on the bottom of the beaker.
Remove the yellow cap off the platinum working electrode. Place the platinum working
electrode in the larger opening, and place the white non-aqueous Ag/AgCl reference
electrode in the smaller opening.

Attach the green alligator clip to the working electrode, the white alligator clip to the
reference electrode, and the red alligator clip to the flat end of the platinum counter
electrode.

Connecting the alligator clips may cause the electrodes to move. Make sure none of the
electrodes touch, for this will cause a short circuit. Bubbles may form around the
electrodes; if so stir the solution to remove them.

To check if you have properly set up your electrochemical cell, choose "Control"->"Open
Circuit Potential."

Open the “CV Par.bin” file with the CH Instruments software. This will load the
experimental parameters.

Choose “Control”=>“Run Experiment.”

When the run is over, choose “Graphics”—>“Present Data Plot.” Make sure to “Save As”
and save your file to your U: drive as “your initials_ferrocene CV.”

Run the experiment two more times (steps 1 -10) for Z-dimethyldiferrocenylethylene and
ferrocene.

Record the half-wave potential AE; ;, and calculate K, for each compound.

Report your data and calculations in a lab report with an ACS style format. Turn in the lab
report in one week.

Report

Your report must include the following information:

1. An introduction (in your own words!) of what electronic communication is and how
physical chemists have measured it, other than through electrochemistry.
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2. A well written account of the procedures that you performed in this laboratory

3. A results section that describes what you observed, including your calculated K, and
AE; /.

4. A discussion section describing the significance of your results. What systems show
strong, weak, or no electronic communication?

5. A conclusion summarizing the key take home points of this laboratory practice

References for student handout:

(1

Yuan Jang, C.; Dung-Shien, P.; Chi-Fa, C.; Jia-Xin, S.; She JIng, L.; Keh Shin, K. Inorg.

Chem. 2000, 39 (5), 953.

2
(€))
C))
©)

Perkins, R. I. J. Chem. Educ. 1985, 62 (11), 1018.

Berg, J.; Tymoczko, J.; Stryer, L. Biochemistry, Sth ed.; W H Freeman: New York, 2002.
Sutin, N.; Creutz, C. J. Chem. Educ. 1983, 60 (10), 809.

Osteryoung, J. J. Chem. Educ. 1983, 60 (4), 296.
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Figure 35. Hysteresis loop studies for a) Fe;O4, b) GO-Fe;04, ¢)Fe;O4-APTES, d) Co

composite, €) Ni composite
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