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ABSTRACT: Understanding the basics of d-electron configuration and

the spin state of coordination complexes are essential elements of - Ru(acac);
undergraduate inorganic chemistry. However, students in these courses %
find it difficult to conceptualize the ideas. Here, we have developed an % % + ¢
undergraduate laboratory experiment that allows students to systemati- - L %
cally evaluate the spin state of a set of coordination complexes composed
of different ligands, metals, and the charge on a metal. Students assessed
magnetic susceptibility and the number of unpaired electrons present on L % e
the metal centers of various complexes using the Evans method for NMR ~ * Av 8
spectral data. They then identified the spin state of the complexes. L] N "l + % % ¢
Examining a series of complexes systematically leads students to discover - - T T Tt g4
three key factors that affect the spin state of coordination complexes: the

type of ligand, the type of metal center, and the charge on the metal. A detailed description of the approach provided here can be
implemented in inorganic and physical chemistry teaching laboratory settings.
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B INTRODUCTION

Electronic spin states of coordination complexes are a
fundamental concept in an undergraduate inorganic chemistry
course because they describe the physical and chemical
properties of coordination complexes. Students typically learn

rigorous analysis of spectroscopic data using appropriate
Tanabe—Sugano energy-level diagrams.3

Determining the number of unpaired electrons on the metal
centers of coordination complexes through the magnetic
susceptibility measurement could be another effective labo-
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that the d-electron configuration and the spin state of metal
complexes can be explained by the crystal field theory (CFT)
and the ligand field theory (LFT)."” However, it is often
difficult for undergraduate students to grasp these concepts
and ideas merely through lectures. By using experimental
methods, students can relate molecular level changes to
spectral changes, thus gaining a better understanding of the
concepts as compared to traditional lecture-based exercises.”’ >
Therefore, laboratory experiments associated with spin states
are valuable components to actively engage students through
hands-on experimentation to learn spin states and the factors
that contribute to them. For example, several laboratory
experiments have been reported, which adopted UV—vis
spectroscopy characterization of various coordination com-
plexes to generate a spectrochemical series and evaluate d-
orbital splitting.”* These experiments are suitable to discuss
the effect of ligands on d-orbital splitting, although the

identification of the spin state of the complexes requires a
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ratory activity to compare the spin states of a series of
complexes.” As the magnetic susceptibility of transition metal
complexes is closely related to the number of unpaired
electrons, the number of unpaired electrons present on the
metal center can be calculated from the magnetic susceptibility
of the complexes. Although there are a few different methods
to measure magnetic susceptibility,"”® the use of the Evans
method is a highly attractive analytical technique in an
undergraduate laboratory course’ because nuclear magnetic
resonance (NMR) spectroscopy is readily available for many
teaching laboratories. Indeed, the Evans NMR method has
been adopted into inorganic laboratory courses to analyze
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coordination complexes,”” most commonly metal acetylacet-
onates.® In addition, for some complexes, the energy difference
between the high-spin and the low-spin states is very small;
thus their spin states can be changed by an external stimulus,
such as heat or pressure.'” These are called spin-crossover
complexes, and several laboratory experiments based on Fe(II)
complexes have been reported for teaching laboratory
courses.'~'? However, an experiment that evaluates only
one or a few complexes with a single type of ligand can prove
to be insufficient at fully communicating the concept of spin
states. It is because of multiple factors, including the type of
ligand, the type of metal center, and the charge on the metal,
which all affect the d-electron configuration and the spin state
of the complexes.

Here, we developed a laboratory experiment that is designed
to lead students to discover those three key factors mentioned
above (Figure S1). First, students examined the magnetic
susceptibility of various metal acetylacetonate complexes with
different transition metal centers and determined the number
of unpaired electrons of the complexes. Next, they investigated
various metal aqua and metal cyanide complexes. Finally, they
analyzed and compared the spin states of the investigated
complexes with different ligands, metals, and charge on the
metals. Through the comprehensive analysis of the obtained
results, students identified various factors that affected the spin
state of the complexes and acquired a deeper insight into
coordination chemistry.

Learning Outcomes for Students

The experimental activity reported here would be suited for an
undergraduate inorganic chemistry and physical chemistry
teaching laboratory course. The learning outcomes students
would obtain through this experiment and the postexperiment
discussion activities are as follows:

(1) Acquire basic experimental skills and safety precautions
to synthesize metal coordination complexes.

(2) Identify the oxidation state and d-electron configurations
of the metal centers.

(3) Explain the geometry of coordination complexes and
their coordination numbers.

(4) Describe the difference between the high- and low-spin
states and draw d-orbital splitting diagrams of coordi-
nation complexes.

(5) Analyze what factors contribute to the spin state of
coordination complexes.

(6) Interpret NMR data to assess magnetic susceptibility
and the number of unpaired electrons of measured
complexes.

(7) Describe the experimental approach to analyze the spin
state of coordination complexes.

B EXPERIMENTAL SECTION

Synthesis and NMR Measurement of Metal
Acetylacetonate Complexes

In the first part of the laboratory experiment, students analyzed
magnetic susceptibilities and the number of unpaired electrons
of various metal acetylacetonate (acac) complexes (Cr(acac)s,
Mn(acac);, Fe(acac);, Co(acac);, and Ru(acac);) (Figure
S2a). Among these complexes, Mn(acac); was synthesized® by
students, thereby acquiring basic experimental skills and safety
precautions to synthesize metal coordination complexes.
Because of time constraints, other complexes were purchased

from Fisher Scientific, Tokyo Chemical Industry, or Sigma-
Aldrich. The 'H NMR peak shift due to the presence of a
paramagnetic compound was examined by using two
chemicals, tetramethylsilane (TMS) and CHCl,, as internal
reference compounds to monitor the 'H NMR peak shift due
to the presence of a paramagnetic complex. The detailed
procedures of the sample preparation and NMR measurements
are given in the Supporting Information.

Preparation and NMR Measurement of Metal Aqua and
Metal Cyanide Complexes

In the second part of this experiment, students prepared and
analyzed various metal aqua complexes ([Fe(IIT)(H,0),]*",
[Co(I1)(H,0)s]*", and [Co(I1T) (H,0)]**) and metal cyanide
(CN) complexes ([Fe(II)(CN)4]*, Fe(III)(CN)¢]*", and
Co(II1)(CN)e]*") (Figure S2b and c). Solutions of [Co(II)-
(H,0)4)*", [Co(II)(H,0)e]*, and [Fe(II)(H,0),]*" were
prepared by adapting previous reports with minor modifica-
tions.”'*'> Two NMR reference compounds, sodium 3-
(trimethylsilyl)-1-propanesulfonate (DSS) and H,O, were
used to monitor the 'H NMR peak shift. The detailed
procedures of the sample preparation and NMR measurement
are given in the Supporting Information.

NMR Measurement

The magnetic susceptibility of the various coordination
complexes was determined by the Evans NMR method. An
NMR tube with a coaxial insert (Chemglass, C-NISCCI-B)
was used for the measurement. Approximately 150 uL of a
sample solution containing each coordination complex and 600
UL of the reference solution without the coordination complex
were added into the coaxial inner tube and the outer tube,
respectively (Figure S3). NMR spectra of sample solutions
were collected with a 300 MHz NMR spectrometer (Bruker
Fourier 300 spectrometer; Billerica, MA). The detailed
procedure is available in the Supporting Information.

Data Analysis

Molar magnetic susceptibility of a dissolved coordination
complex, yy (in units of cm*®/mol), can be determined by the

Evans method with the following equation:®'®'”
= Av 1000
M S, c (1)

where Av is the observed peak shift of a reference compound
in hertz between those in the outer tube and in the coaxial
inner tube containing a coordination complex as a solute (here,
the downfield peak shift due to a paramagnetic complex is
considered as positive Av), v, is the frequency of the NMR
spectrometer in hertz, and ¢ is the molar concentration of
solute (in units of mol/L). S¢in eq 1 is the shape factor of the
magnet used in the NMR spectrometer.”'*'*~* In the case of
conventional NMR spectrometers with permanent magnets or
electromagnets, which create a magnetic field perpendicular to

the long axis of the sample tube, S becomes _TZ”, while modern

high-field NMR spectrometers equipped with superconducting
solenoids, which generate a magnetic field parallel to the long
axis, correspond to S; = 4{.16’21 In this experiment, a 300 MHz
NMR with superconducting solenoids was used for the

measurements; thus §; = 4?” was applied for the data analysis.
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Measured magnetic susceptibility of a compound yy, is the
sum of paramagnetic contributions, x§;, and diamagnetic
contributions, y47, with the following equation:m’22

dia
+ A (2)

__ . para

M= In
Paramagnetic contribution arises from unpaired electrons on a
metal center of a coordination complex, whereas the
diamagnetic component arises from the sum of paired
electrons of the inner core of the metal and the ligands
coordinated to the metal. In this study, diamagnetic correction
factors of the transition metals and various ligands were
obtained from previous literature (Table $1).*** The effective
magnetic moment, g can be obtained from yf;® with the

following equation: ">’
_ para
He =8y T (3)

where T is the temperature of the measurement in kelvin.
Assuming that only unpaired electrons in a coordination
complex contribute to the magnetic moment, the number of
unpaired electrons on the metal center of a coordination
com;lﬂzeéz,9 n, can be determined with the following equa-
tion: "™

He = \n(n +2) (4)

It should be noted that for some metal complexes such as the
second- and third-row transition metal complexes, the orbital
angular momentum of electrons can also contribute to the
magnetic properties of the complexes.z’6 Nevertheless, the p.¢
provides a useful approximation to determine the number of
unpaired electrons and works well for the Ru(acac); in this
experiment.2’5’6

B HAZARDS

Proper personal protective equipment (PPE), including gloves,
goggles, and lab coat, should be used at all times. Reactions
should be performed in a well-ventilated area. Students should
understand laboratory safety and how to handle hazardous
materials. A copy of the SDS for each hazardous chemical
should be available, and potential hazards should be discussed
before performing any experiment. Hydrogen peroxide, nitric
acid, and perchloric acid are highly corrosive and can cause
irritation to the eyes and mucous membranes. In case of
contact, rinse the affected area with water for at least 15 min.
Chloroform and its deuterated counterpart are very volatile
and can be dangerous if inhaled. TMS is highly flammable and
should not be used near an open flame. When Mn(acac); is
synthesized, acetylacetonate should be added slowly to avoid
the reaction overflowing its container. Chemicals should never
be poured down the drain and should be appropriately
disposed of according to appropriate laboratory practices set
by each institution. Additional notes for waste collection are
available as the instructor’s notes in the Supporting
Information.

B RESULTS AND DISCUSSION

Metal Acetylacetonate Complexes

Representative 'H NMR spectra of the sample solutions
containing various metal acetylacetonate complexes are shown
in Figure la. For these complexes, deuterated chloroform was
used as the solvent, and TMS and chloroform were used as
reference compounds to determine Av (Table la). The 'H

(a) Acetylacetonate complexes

CHCl, T™MS
Ru(acac); Ru(acac);
z - z
@ Co(acac) @ Co(acac).
3 3
= A =
[ [
2 Fe(acac)s 2 Fe(acac)s
© & fe———»
jo} — Q N—
14 24
Mn(acac); Mn(acac),
S
Cr(acac); Av Cr(acac); Av
< >h Je——
71T 1T 171" — T T T T T T
8.8 8.4 8.0 76 7.2 1.2 0.8 0.4 0.0
8 (ppm) 8 (ppm)
(b) Aqua complexes
H,O DSS
[Co(ll)(H0)el** [Co(II(H0)el**
. . N -
2 2
£ £
o [ColHOM*  fg g [CollHO) I,_,
® \ ®
[0} [0}
14 14
[Fe(ll(HO)e]** [Fe(ll)(Hz0)]**
) w2
T T T T T T T T 1 T 1 T LI T T LI T 1
55 50 45 10 08 06 04 02 00 -02
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(c) Cyanide complexes
H,O DSS
[Co(lNCN)e]* J [Co(lN(CN)el*
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< =
% [Fe(llN(CN)]* Av % [Fe(llN(CN)e]*
@ & -
[Fe(I(CN)e]* [Fe(I(CN)*
o e e e S e e e o |
55 5.0 45 10 08 06 04 02 00 -02
3 (ppm) 8 (ppm)

Figure 1. 'H NMR spectra of reference compounds with various
coordination complexes: (a) acetylacetonate complexes, (b) aqua
complexes, and (c) cyanide complexes. TMS and DSS in the coaxial
outer tube appear at 0 ppm. CHCIl; and H,O in the outer tube appear
around 7.26 and 4.80 ppm, respectively. These compounds in the
inner tubes appear downfleld in the presence of paramagnetic
compounds. Small triplet peaks around 0.6 ppm in the DSS graphs are
attributed to the hydrogen of CH, in DSS.

NMR peaks attributed to TMS and chloroform in pure solvent
(the outer tube) appeared at 0.00 and 7.26 ppm, respectively.
The 'H peaks of these two standard compounds arising from
the coaxial inner tube, in which approximately 20 mM of a
metal acetylacetonate complex was dissolved, appeared down-
field with broader peak widths, except the sample containing
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Table 1. Summary of Representative Students’ Data Including Magnetic Susceptibilities and the Number of Unpaired
Electrons Calculated from the Observed Peak Shifts of Reference Compounds Due to the Presence of Various Coordination
Complexes: (a) Acetylacetonate Complexes, (b) Aqua Complexes, and (c) Cyanide Complexes

(a) Acetylacetonate Complexes

TMS chloroform
compd conc (mM) A (ppm) 282 (em® mol™) n A (ppm) 28 (em® mol™) n
Cr(acac), 22.1 0.58 6.36 X 1073 3.02 0.59 6.47 X 1073 3.05
Mn(acac), 21.1 0.88 1.01 X 1072 3.99 0.87 1.00 X 1072 397
Fe(acac), 19.54 1.18 1.46 X 1072 4.98 1.18 1.46 X 1072 4.98
Co(acac), 20.5 0 0 0 0 0 0
Ru(acac), 20.1 0.14 1.83 X 1073 1.32 0.19 243 x 1073 1.60
(b) Aqua Complexes
DSS H,0
compd conc (mM) A (ppm) 28 (cm® mol ™) n A (ppm) 28 (cm® mol ™) n
[Fe(H,0)¢* 5.0 026 1.26 x 1072 4.57 0.36 1.74 x 1072 5.53
[Co(H,0)¢]** 5.7 0.18 7.59 x 1073 3.37 0.21 8.87 X 1073 3.70
[Co(H,0)¢)%* 54 0 0 0 0 0 0
(c) Cyanide Complexes
DSS H,0
compd conc (mM) A (ppm) R (cm® mol ™) n A (ppm) R (cm® mol ™) n
[Fe(CN)4]* 21.5 0 0 0 0 0 0
[Fe(CN)¢*~ 21.9 0.18 2.08 X 1073 1.44 0.17 191 x 1073 1.36
[Co(CN)4]>~ 20.2 0 0 0 0 0 0

Co(acac), complex, which did not show a detectable peak shift
(Figure la). This result indicates that Cr(acac);, Mn(acac),,
Fe(acac);, and Ru(acac); are paramagnetic compounds,
whereas Co(acac); is a diamagnetic compound. The degree
of the peak shift increased in the order of Ru(acac)s,
Cr(acac);, Mn(acac);, and Fe(acac); under the same
concentration of complexes. In addition, the peak shift of
Ru(acac); was significantly less than that of Fe(acac); despite
the fact that both complexes are d° metal complexes with
identical ligands. As is discussed later, it is because the
Fe(acac); complex takes a high-spin state, whereas the
Ru(acac); complex takes a low-spin state. Magnetic suscept-
ibility and the number of unpaired electrons of each compound
were calculated as described in the Data Analysis and as
summarized in Table la (in the Supporting Information, a
student handout table is provided where students can
summarize the results, including the d-orbital splitting
diagrams). It should be noted that the Av values of the two
reference compounds, TMS and chloroform, in the same
sample are nearly identical. Measuring the two reference
compounds simultaneously gave the students confidence in
their results. The number of unpaired electrons of Cr(acac)s,
Mn(acac),, Fe(acac);, Co(acac);, and Ru(acac); complexes
calculated from the NMR results (the average value obtained
from TMS and chloroform) were 3.0, 4.0, 5.0, 0, and 1.5,
respectively. This supports the theoretical values of 3, 4, 5, 0,
and 1, respectively. From this result, students could identify
that Mn(acac); and Fe(acac); complexes take a high-spin state
(ie., the electron configuration of t2g3eg1 and tzdg3eg2,
respectively) rather than the low-spin state (i.., t7_g4eg and
tzgsego, receptively). However, Co(acac); and Ru(acac),
complexes take a low-spin state (i.e., the electron configuration
of t2g6ego and tzgsego, respectively), although the coordinated
ligands are identical in the four complexes. From this result,
students discovered that the type of the metal center affects the
d-electron configuration and spin state of the complexes.

Because Cr(acac); is the d® metal complex, there is no
distinction between high-spin and low-spin states, and the
complex takes only one electron configuration (i.e., tzg3eg°).

Metal Aqua and Metal Cyanide Complexes

The sample solutions containing various metal aqua complexes
and metal cyanide complexes were also analyzed with 'H NMR
spectroscopy (Figure 1b and c). D,0O was used as the solvent
for these complexes, and DSS and H,O were supplemented as
reference compounds to determine Ao (Table 1b and c). The
number of unpaired electrons of [Fe(III)(H,0)4]*, [Co(II)-
(H,0)4]**, and [Co(III)(H,0)¢]*" estimated from the NMR
measurements were S, 3, and 0, respectively. This result
indicates that [Co(II)(H,0)¢]*" is a high-spin compound,
whereas [Co(IIT)(H,0)¢]*" is a low-spin compound, demon-
strating that the charge on the metal center is another factor
that affects the spin state of complexes. Similarly, the number
of unpaired electrons of [Fe(II)(CN)¢]*", [Fe(III)(CN)]*,
and [Co(III)(CN)4]*>~ was estimated as 0, 1, and O,
respectively, indicating that all three complexes take the low-
spin state. By comparing the spin state of Fe(acac),,
[Fe(1I1) (H,0)]**, and [Fe(III)(CN)¢]*", students recognized
that the type of ligand is another factor that affects the spin
state of the complexes; cyanide ligand induces a larger d-orbital
splitting than do acetylacetonate and aqua ligands and thus
results in taking the low-spin state.

Assessment of Learning Outcomes

This laboratory experiment was initially developed in the
semester of Spring 2020 through the collaboration of
undergraduate students and faculty members. The exper-
imental procedure was implemented in an inorganic chemistry
teaching laboratory course in the Spring 2022 (13 students)
and Spring 2023 (15 students) semesters in person as one of
the laboratory projects. Students conducted this experiment
and analyzed the data in groups of three or four students per
group. They completed this experiment in three weeks (two
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separate three-hour laboratory sections per week), followed by
one additional section for discussion (Table S2). To assess the
learning outcomes in the four categories (Table 2), quizzes

Table 2. Learning Objectives Assessed by Quiz Questions

question
category evaluating point for each category
1 identify the oxidation state of metal center and its d electron
counts
2 identify coordination number and geometry of coordination
complex
3 distinguish between high-spin state and low-spin state and draw
the d-orbital splitting diagram of coordination compounds
4 discuss factors that affect the spin state of coordination

compounds

were given to the students pre- and postlaboratory in the
semester of Spring 2023. The results of the assessment are
shown in Figure 2. Although all students in the lab course had

1004 Pre-Lab Quiz
@ Post-Lab Quiz

80+

60

Score (%)

40

20

0_ L
C1 Cc2 Cc3 C4
Figure 2. Comparison of the results of the pre- and postlaboratory
quizzes that aim to evaluate students’ achievement in the four
categories of learning objectives.

taken an inorganic chemistry lecture course and learned about
coordination chemistry before enrolling into the lab course,
most of the students had relatively weak knowledge of
coordination complexes in all four categories before conduct-
ing this experiment. The quizzes to evaluate the achievement
of each learning objective significantly improved after this
experiment, indicating that this experiment is effective in
advancing students’ understanding of the important concepts
in coordination chemistry.

The students’ feedback also strongly supported that this
experiment serves as a promising teaching laboratory project
for deepening students’ understanding of d-electron config-
uration and the spin state of coordination complexes. One
student commented in a free-writing section of a postlab
survey form that “My understanding of d-orbital splitting and
spin states has grown by synthesizing and studying complexes
and then determining the number of unpaired electrons. This
has further solidified the concept of d-orbital splitting and spin
states because the link between unpaired electrons and
paramagnetic properties was tangible and much more apparent
than reading about it in literature.” Another comment
included, “Changing a couple of factors and seeing what
happens really helped me see not only the link between
complexes and their properties but also how a chemist

approaches a problem and tweaks factors in order to
understand a concept.”

B CONCLUSIONS

This laboratory experiment was developed to demonstrate the
effect of three key factors on the spin state of coordination
complexes, the type of ligand, the type of metal center, and the
charge on the metal, and was successfully implemented in an
inorganic chemistry teaching laboratory course. Students
investigated the magnetic susceptibility of various coordination
complexes using the Evans method, calculated the number of
unpaired electrons, and identified the spin state of the complex.
Through a systematic approach, students discovered that all
three factors contribute to the d-electron configuration and
spin states of the coordination complexes. The insights
students acquire through discovery-based laboratory learning
enhanced their understanding of some key concepts of
coordination chemistry.
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