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ABSTRACT: Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) spectroscopy is an incisive technique
for the characterization of paramagnetic centers in inorganic, bioinorganic, and organic molecules and materials. These
measurements are enabled with the help of paramagnetic species, such as organic free radicals and ions, electronically excited
states, and metal−ligand compounds, some of which with biological importance. In this experiment, analogues of histidine−
copper coordination compounds are investigated to show students how ESR line shapes depend on the complexed copper ion
electronic structure as well as how the spectral features elucidate the coordination environment of copper. These coordinated
compounds play an important role in metal ion coordination in proteins and peptides. The experiment has two parts. First,
three copper−imidazole complexes that mimic copper−histidine compounds in the human body are synthesized. Second, the
ESR spectrum of each complex is obtained at 77 K from frozen chloroform/methanol and acetonitrile/methanol matrixes and
used to elucidate the ligand arrangement of the Cu2+ ion and the effect on the unpaired electron density.

KEYWORDS: Upper-Division Undergraduate, Biochemistry, Physical Chemistry, Hands-On Learning/Manipulatives,
Biophysical Chemistry, EPR/ESR Spectroscopy, Laboratory Equipment/Apparatus, Laboratory Instruction, Organometallics

Electron spin resonance (ESR) or electron paramagnetic
resonance (EPR) spectroscopy is an invaluable technique

with applications that span all branches of natural sciences.
ESR detects species with unpaired electron spins and is
increasingly used to probe the structure and function of spin
labeled macromolecules. Pulsed ESR techniques can measure
distances between two unpaired electrons on the order of 2−
16 nm with angstrom level resolution.1−11 The lack of size
limitation, high sensitivity, and ability to conduct experiments
under various conditions like micelles, vesicles, cells, and
nanodiscs add to its advantage. Moreover, the rare presence of
other unpaired electrons, besides the ones placed as a probe,
minimizes unwanted background signal in the ESR signal. ESR
can also be used to monitor radical formation in chemical
reactions and in degradation processes. As a biophysical tool,
ESR has been extensively used for probing structure and
dynamics of proteins and nucleic acids1,2,12−25 as well as
protein−nucleic acid complexes.26−31 Hence, ESR plays an
important role in advancing the field of biophysics. The wide-
reaching applications and unique information about electron
density and chemical structure provided by ESR make it an
important magnetic resonance spectroscopy technique to be
covered in the undergraduate chemistry curriculum. Several
ESR laboratory experiments designed for upper level under-
graduate courses have been reported in this Journal. Some
focus on kinetic studies,32−34 others focus on coordinated
compound structure,35−41 and two show direct application to
bioinorganic chemistry.42,43 The experiment described here
also has a direct application to biochemistry while providing
learning opportunities on the correlation of electron density to
changes in metal−ligand structure. In this designed laboratory
experiment, ESR spectra are used to elucidate the coordination

environment of Cu(II).44 It is important to discriminate
between the different coordination modes in order to better
understand the biological role in several metal−protein
complexes.45−47 For example, changes in Cu(II) coordination
play a crucial role in the formation of aggregates of the protein
amyloid-β, which is responsible for Alzheimer’s disease.44,48−50

In this experiment, three Cu2+ complexes with different
numbers of imidazole ligand are first synthesized and then
investigated to compare systematic changes in ESR spectra,
specifically the g-tensor (g∥) and hyperfine coupling (A∥)
values. This experiment is appropriate for biochemistry,
inorganic chemistry, and physical chemistry undergraduate
laboratory courses. The experiment can be completed by two-
person lab groups in a 4 h lab period, provided that the
fundamentals of ESR spectroscopy are covered in a prelab
lecture, activity, or assignment. The experiment is appropriate
for any upper level laboratory course that has physical
chemistry lecture as a prerequisite or co-requisite.

■ BACKGROUND

Copper Biochemistry

Copper is an essential element for all aerobic organisms. It
plays an important role as a cofactor in a number of important
enzymes. Copper cycles between cuprous and cupric states by
exchanging electrons, and this property has made it an essential
component for catalyzing a wide variety of biochemical
processes. In other systems, such as amyloid-β (Aβ), prion,
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and α-synuclein, modified copper homeostasis can lead to
generation of toxic aggregates resulting in several neuro-
degenerative diseases, such as Alzheimer’s and Parkinson’s
diseases.51−58

Histidine is one of the strongest metal ion coordinators in
proteins. Histidine contains an imidazole ligand with two
nitrogen atoms to which Cu2+ can bind. Copper-containing
proteins often have binding sites with irregular geometries
containing one or more histidine ligands.59−61 In amyloido-
genic proteins, small changes in coordination affect the rate of
aggregation, aggregate morphology, and other chemical
mechanisms.44,51,54,55,62,63 For all these reasons, significant
efforts by researchers have been put into understanding the
structural details of metal coordination in order to understand
the chemical basis of function.
ESR

The following basics of ESR spectroscopy are presented in an
abridged manner, and coverage is limited to those aspects
specifically required to complete the described experiment. For
a more complete discussion of ESR fundamentals and theory,
readers are encouraged to review the texts by Weil and
Bolton,64 and by Lindon.65

A continuous wave (CW) ESR instrument is a commonly
used experimental method. A CW-ESR spectrum is obtained
by placing a sample with unpaired electrons in a microwave
field of constant frequency (ν) and sweeping the external
magnetic field (B). When the energy of the applied microwave
radiation (hν) matches the energy separation between the
spin-states, absorption occurs. The transitions in a CW
experiment can be better understood by examining the
dominant terms in the electron spin Hamiltonian (eq 1).

∑β̂ = | | ⃗ · ⃡ · ̂ + ·̂ ⃡ · ̂
=

B g S S A IH
i

k

ie
1 (1)

The two terms on the right-hand side of the equation are the
electron Zeeman interaction and the hyperfine interaction.
Here, ⃗B is the magnetic field vector, and Ŝ and I ̂ are the
electron and nuclear spin angular momentum operators,
respectively; βe is the electron Bohr magneton, ⃡g is the

electron g-tensor, and A⃡ is the hyperfine tensor. Both ⃡g and A⃡
are second-order tensors, and further details on the nature of
these values are provided in the Supporting Information. The
Hamiltonian in eq 1 ignores nuclear Zeeman and nuclear
quadrupole interactions, since they are comparatively small and
do not significantly affect the CW spectrum. Similarly, for
simplicity, we consider only the dominant terms that typically
affect CW line shape, i.e., the electron Zeeman and the
hyperfine interaction with the Cu(II) nuclei.
The electron Zeeman interaction is the interaction between

the electron spin and the external magnetic field. The electron
spin also experiences a magnetic field induced by the
interaction of the orbital angular momentum with the applied
magnetic field and from spin−orbit coupling.66 This induced
magnetic field depends on the shape of the orbital in which the
unpaired electron is delocalized, and on the orientation of the
molecule in the magnetic field. On the other hand, the
dominant hyperfine interaction is the interaction between the
unpaired electron spin and the nuclear spin of Cu2+. Additional
information and details on these fundamental aspects of ESR
are provided in the Supporting Information. The energy level
diagram for Cu2+ is shown in Figure 1. The Cu2+ ion has an

electron spin of 1/2 (mS = +1/2, −1/2) and a nuclear spin of
3/2 (mI = +3/2, + 1/2, −1/2, −3/2), where mS and mI are the
quantum numbers for the z-components of electron spin
angular momentum and nuclear spin angular momentum
operators, respectively. Hence, following the selection rules of
ΔmS = ±1 and ΔmI = 0, four hyperfine transitions are
observed.
At low temperature and in a frozen matrix, the Cu2+ CW

ESR spectrum provides relevant information about the
coordination environment of the metal ion. First, consider
the case of the g-tensor only. We restrict our discussion to the
case of axially symmetric tensors. In a sample, all the molecules
are randomly oriented as illustrated in Figure 2B. The
resonance occurs at

ν θ β=h g B( ) e (2)

where h is Planck’s constant and g(θ) is given as67

θ θ θ= +⊥g g g( ) sin cos2 2 2 2
(3)

The subscripts ⊥ and ∥ refer, respectively, to the xx/yy and zz
molecular axes (Figure 2).
Since the sample is frozen, all θ angles will be captured

(Figure 2B), giving a range of resonant magnetic fields.
However, statistically there are more molecules whose xx,yy-
axes will be aligned with the magnetic field than the zz-axis.
Hence, the intensity of the spectrum increases sinusoidally
from when the zz-axis is parallel to the magnetic field (θ = 0°)
to when the xx,yy plane is parallel to the field (θ = 90°) (trace I
of Figure 2C). Trace II of Figure 2C shows the first derivative
of the absorption spectrum, which is how a CW-ESR spectrum
is recorded for instrumental reasons, which is beyond the
scope of this paper.64

The hyperfine interaction leads to splitting of the line shape
shown in Figures 1 and 2C. Thus, for a particular θ, the
resonance condition is

ν θ β θ= +h g B A m( ) ( )e I (4)

where A(θ) is given as67

θ
θ θ

θ θ
=

+

+
⊥ ⊥

⊥

A
A g A g

g g
( )

sin cos

sin cos

2 4 2 2 4 2

2 2 2 2
(5)

Figure 1. Energy level diagram of Cu2+.
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The resultant CW-ESR spectrum is shown in Figure 2D.
The g∥ and A∥ are usually better resolved and, hence, are used
to determine the coordination environment of Cu2+.
At low temperature (∼77 K), the Cu2+ solution is frozen,

and all possible orientations of θ are sampled. Cu2+ has one
unpaired electron in the dx2−y2 orbital and thus shows axial
symmetry, which leads to gxx = gyy ≡ g⊥ and gzz ≡ g∥ (Figure
2A). Similarly, the components of the A-tensor for Cu2+ are Axx

= Ayy ≡ A⊥ and Azz ≡ A∥.
The coordination environment of Cu2+, a d9 system, often

forms a distorted octahedral geometry (axial elongation) with
ligands, due to Jahn−Teller distortion. This means that the
four ligands present in the equatorial plane are strongly bonded
to the Cu2+ ion, while the two axial ligands, perpendicular to
the equatorial plane, have longer bond lengths and thus are
weakly coordinated to Cu2+. As a result, the interaction
between the unpaired electron and the axial ligands is relatively

weak with regard to affecting the ESR signal. Conversely,
directly coordinated equatorial ligands have a stronger
interaction with the unpaired electron. The electron with-
drawing strength of the equatorial ligands around the copper
ion affects how unpaired electron density diffuses in the d
orbital, which in turn affects the g∥ value. Similarly, the A∥
value is also dependent on the directly coordinated ligands.
Refer to the Supporting Information for a more detailed
discussion on g∥ and A∥.

■ EXPERIMENTAL PROCEDURE

For this experiment, analogues of three copper−histidine
complexes, dienimidazolecopper(II) diperchlorate (1-imida-
zole), bis(2-methylimidazole)copper(II) diacetate (2-imida-
zole), and tetrakisimidazolecopper(II) sulfate (4-imidazole),
are used to investigate and identify ligand arrangements
(Figure 3). The complexes are first synthesized and then

Figure 2. (A) Unpaired electron in Cu2+ present in the dx2−y2 orbital. Type II Cu
2+ shows axial symmetry whereby gxx = gyy = g⊥ and gzz = g∥. The

angle θ is the angle between the applied magnetic field and the molecular zz-axis. (B) A sample of randomly oriented molecules with random θ
values. (C) For a sample with random orientations, there will be higher probability for the molecules to be at θ = 90°than θ = 0°. As such, the
intensity corresponding to θ = 90° will be the highest as shown in trace I. Trace II shows the first derivative of the absorption spectrum, as seen in
CW-ESR. D) CW-ESR spectrum of Cu2+ at low temperature.

Figure 3. Equatorial coordination of Cu2+ in the model complexes: (a) dienimidazolecopper(II) diperchlorate (1-imidazole), (b) bis(2-
methylimidazole)copper(II) diacetate (2-imidazole), and (c) tetrakisimidazolecopper(II) sulfate (4-imidazole). The axial water ligands are not
shown.
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analyzed through ESR to identify ligand arrangements and
changes to the unpaired electron density. The synthesis
methods are based on published work with modifications to
simplify and expedite the process for students.44,68−70 The 1-
imidazole is prepared at room temperature by mixing
equivalent mole amounts of copper(II) perchlorate hexahy-
drate, diethylenetriamine, and imidazole in a methanol/
acetonitrile solvent. The 2-imidazole requires heating a 2:1
mol ratio of 2-methylimidazole to anhydrous copper(II)
acetate in a chloroform/methanol solution for 45 min at 50
°C. The 4-imidazole requires mixing a 4:1 mol ratio of
imidazole to copper(II) sulfate pentahydrate in water. All
compound solutions are diluted with a 25% glycerol/methanol
solution to concentrations that provide good resolution and
intensity of ESR absorption peaks. 2,2-Diphenyl-1-picrylhy-
drazyl organic radical (DPPH) is used as a standard for
determining the g-factor value of an electron free from any
orbital momentum coupling. A materials list and detailed
procedure for synthesis are available in the Supporting
Information.
While the complexes must be analyzed in the frozen state,

DPPH can be analyzed at room temperature. Obtaining the
DPPH spectrum first allows students to become familiar with
ESR instrument operation without the complication of a low
temperature study. It also allows them to confirm the free-
electron g-factor value and be certain of proper field center
setting of the spectrometer, instrument operation, and g-factor
calculations. DPPH has an unpaired electron diffusely
distributed throughout the molecule. As a result, the coupling
constants are very small, and the spectrum is typically viewed
as one peak. The complexes are analyzed at liquid nitrogen
temperature (∼77 K) through the use of a finger Dewar
inserted into the ESR cavity. A field sweep width of
approximately 700 G on an X-band ESR spectrometer is
necessary to observe the entire spectrum.

■ HAZARDS

Standard laboratory safety procedures were followed, including
wearing goggles and gloves. The synthesis and sample
preparation were performed in fume hoods. Methanol,
acetonitrile, chloroform, and diethylenetriamine liquids are
flammable and toxic if inhaled or ingested. The organic solids
DPPH, imidazole, and 2-methylimidazole, as well as the
copper(II) sulfate pentahydrate, copper(II) acetate, and
copper(II) perchlorate hexahydrate salts, can cause skin and
eye irritation and are toxic if ingested. In addition, copper(II)
perchlorate hexahydrate is a strong oxidizing solid. While this
salt is relatively stable and safe to use in the teaching
laboratory, explicit instructions for safe handling practices
should be provided to the students. All of these chemicals,
especially the copper(II) perchlorate hexahydrate, should be
kept in tightly sealed containers in a dry and well-ventilated
space. Liquid nitrogen is a cryogenic fluid that can cause severe
freezing of skin and asphyxiation. Appropriate personal
protection equipment was used when handling liquid nitrogen
in a well-ventilated area.

■ RESULTS

Figure 4 shows a typical spectrum acquired for the 2-imidazole
complex. Three of the peaks used to determine A∥ are well-
resolved. The last peak (highest field) is partially obscured by
A⊥ peaks. Therefore, the A∥ value needed for analysis is
obtained by averaging the field difference between the first and
second peaks and second and third peaks. The B∥ field
position, correlating to g∥, can be found by adding (3A∥/2) to
the first (most low field) peak or (A∥/2) to the second peak.
The B∥ field value is converted to a corresponding unitless g∥
value through eq 6, where hν is the microwave radiation energy
and βe is the electron Bohr magneton.

βΔ = =E hv Bg e (6)

If obtaining a precise instrument frequency value is not
possible, as is the case with an older Varian ESR, DPPH can be

Figure 4. ESR spectrum for bis(2-methylimidazole) copper(II) diacetate (2-imidazole). While the fourth peak for A∥ is partially resolved in this
spectrum, it is typically obscured by the A⊥ peaks and not used to determine A∥ and g∥. The B∥ value is converted to the g∥ value using either eq 6
or eq 7.
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added to each sample and the ratio of the DPPH field
absorption peak to the B∥ field value of the complex can be
used to determine g∥ through eq 7:

=g g
B
B,complex DPPH

DPPH

,complex (7)

While modeling the ESR spectrum to obtain these values
would be best, students have consistently obtained values very
similar to modeling data using this simplified analysis method.
However, the relative comparison of the A∥ and g∥ among the
three complexes is more important than absolute accuracy of
each of these values. The hyperfine values, given here in Gauss,
can also be converted into units of energy such as MHz or
cm−1 (see Supporting Information).
As shown in Table 1, the changes in the Cu2+ coordination

environment are directly reflected in the A∥ and g∥ values.71

These trends are similar to that noted in the literature.44,71

Note that there are two nitrogen and two oxygen atoms
(referred to as 2N2O) that coordinate to Cu(II) in the 2-
imidazole complex whereas four nitrogen atoms (referred to as
4N) are bonded to Cu(II) for the 1- and 4- imidazole
complexes (Figure 3). Such a difference in the local
coordination environment led to changes in A∥ and g∥ values.
The g∥ values are strongly dependent on the coupling between
the spin and the orbital angular momentum. See the
Supporting Information for a detailed discussion. A greater
spin−orbit coupling (SOC) leads to a greater deviation in the
g-value from the free-electron g-factor value. When Cu2+ is
coordinated to nitrogen, the covalency of the bond increases,
thereby decreasing the SOC and consequently decreasing g∥.
Thus, as the Cu2+ coordination is 4N for the 1- and 4-
imidazole complexes (Figure 3), the g∥ values are lower than
that of the 2-imidazole complex which has a 2N2O direct
coordination.

An inverse relation of the A∥ and g∥ is observed in this data.
Increase in covalency of the metal−ligand bond leads to
greater delocalization of the electron density. As a result, the
interaction between the electron and nuclear spin increases,
thereby increasing the A∥ value (cf. eq S8 in Supporting
Information). Thus, the electron density at the Cu2+ nucleus
decreases on going from a 4N to a 2N2O coordination, as the
covalency is greater for nitrogen than oxygen. Consequently,
the 2-imidazole complex (2N2O) has a lower A∥ value than the
1- or 4-imidaole complex (4N).
Often there are distinct features in the A⊥ region which are

due to a superhyperfine interaction44 between the electron spin
of Cu2+ with the nuclear spin of the directly coordinated
nitrogen. The features due to this interaction become more
distinct as the number of directly coordinated imidazole rings
increases.

■ IMPACT ON LEARNING

This experiment has been performed by 105 students working
in groups of two for the past three semesters in our physical
chemistry laboratory I course required for all chemistry majors.
Additionally, some chemical engineering majors take this
course as an elective. The lab consists of seven experiments
conducted in a round robin fashion. There are up to 12
students in a laboratory section and four to five different
experiments are scheduled each week with students working in
pairs. Student groups not scheduled to perform an experiment
in a specific week are expected to work on data analysis and
reports for experiments conducted in prior weeks. There are no
prelab lectures for the experiments. Instead, students are
expected to complete a reading assignment specific to the
particular experiment, review the lab manual procedures, and
complete a prelab assignment before conducting the experi-
ment. During the laboratory session, instructors facilitate
students with experiment logistics and procedure as well as
answer questions about the fundamental aspects of the
technique and related chemistry. The relatively small number
of students in a lab section allows for more personalized and
frequent interaction with the instructor. For example,
instructors are able to discuss ESR fundamentals, such as
Zeeman splitting, g-factor, and hyperfine interaction, with
students as these particular aspects and questions arise during
the lab session.

Table 1. Measured Values for A∥ and g∥
a

Compound g∥ A∥ (G)

1-Imidazole 2.216 192.2
2-Imidazole 2.315 154.4
4-Imidazole 2.269 180.4

aThe DPPH reference molecule is isotropic with g = 2.0037.

Figure 5. Cumulative data over three semesters (N = 105). The pre (blue) and post (orange) results of (a) the opinion survey and (b) the
multiple-choice ESR knowledge assessment. The opinion survey shows a significant increase in the mean Likert scale value of 1.87−3.34 (P < 0.05).
Performance on the formal assessment of ESR knowledge also significantly increased from 29.7% to 42.0% (P < 0.05).
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The impact of this ESR experiment on both perceived and
formally assessed knowledge was quantified through two pre-
and postassessments. The opinion survey included seven
questions asking students to rank their knowledge on various
ESR topics compared to their peers on a Likert scale (1 = poor
to 5 = excellent). A 10-question multiple choice quiz was used
to objectively evaluate their ESR knowledge. Both assessments
were administered on the first class meeting of the semester in
order to obtain baseline data for student opinion and
knowledge of ESR before any formal exposure to the subject
or experiment. Once all of the groups had completed the ESR
experiment and report, the same assessments were adminis-
tered again near the end of the semester to determine both the
impact and changes in opinion and knowledge of ESR
fundamentals. Both assessments are provided in the Support-
ing Information.
Opinion survey data indicated that, before the lab, most

students ranked their ESR knowledge at an average of 1.87
correlating to below average to poor compared to the
knowledge of their peers (Figure 5a). This result shifted to a
majority of students ranking their knowledge as being average
to above average after completing the lab, with the mean Likert
value of 3.34. The multiple-choice assessment on ESR
knowledge shows a similar trend as the distribution of scores
shifts from an average of 29.7% before conducting the
experiment to an average of 42.0% (Figure 5b) after
completing the experiment and laboratory report. Both the
student opinion survey and the knowledge assessment
increases were statistically significant (P < 0.05). While the
average score on the postsemester knowledge assessment is a
concern, it should be noted that this is the only experiment in
the laboratory curriculum where the fundamental principles are
not covered in the prerequisite physical chemistry lecture
course. As such, the first experience students have on the ESR
topic is this experiment. Given the situation, students do make
adequate gains in learning this complicated topic through the
assigned reading, conducting the experiment, and writing the
report. Further, they complete their undergraduate education
with more understanding and appreciation for ESR spectros-
copy than they otherwise would have without this experiment.

■ CONCLUSION
In this laboratory experiment, students carried out the
synthesis of three copper(II) complexes with varying numbers
of imidazole ligands. ESR was used to analyze the coordination
of the synthesized compounds from the g∥ and A∥ values
obtained from the ESR spectrum. The data was used to draw
conclusions pertaining to the ligand effects on the metal
unpaired electron density and coordination environment.
Students gained knowledge and confidence in their abilities
pertaining to ESR theory, technique, instrumentation, and
application. While the impact on learning assessment results
indicates a significant increase in understanding of ESR
fundamental concepts and knowledge, there is still room for
growth. Incorporating additional exposure to ESR prior to
conducting this experiment through the physical chemistry
lecture course or formal prelab lecture could provide students
with a solid theoretical background that this experiment could
build upon. Regardless of whether the fundamentals of ESR are
covered in a formal lecture course, students still gain an insight
into the interdisciplinary applications of ESR, a better
understanding of ESR, and an appreciation for the
instrumental technique through the laboratory experiment.
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