
Teaching Inorganic Photophysics and Photochemistry with Three
Ruthenium(II) Polypyridyl Complexes: A Computer-Based Exercise
Claudio Garino,† Alessio Terenzi,‡,§ Giampaolo Barone,‡ and Luca Salassa*,∥

†Department of Chemistry and NIS Centre of Excellence, University of Turin, via P. Giuria 7, 10125 Turin, Italy
‡Dipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche, Universita ̀ di Palermo, Viale delle Scienze,
Edificio 17, 90128 Palermo, Italy
§Institute of Inorganic Chemistry, University of Vienna, Waḧringer Strasse 42, A-1090 Vienna, Austria
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ABSTRACT: Among computational methods, DFT (density functional theory)
and TD-DFT (time-dependent DFT) are widely used in research to describe,
inter alia, the optical properties of transition metal complexes. Inorganic/physical
chemistry courses for undergraduate students treat such methods, but quite often
only from the theoretical point of view. In the calculation exercise herein
described, students are guided step by step through the computational study of the
photophysics and photochemistry of polypyridyl Ru(II) d6-metal complexes. In
particular, by means of DFT and TD-DFT calculations, they are asked to examine
and interpret a set of experimental data describing the absorption, emission, and
photochemical behavior of three structurally related ruthenium complexes,
namely, [Ru(bpy)3]

2+ (1), [Ru(tpy)2]
2+ (2), and [Ru(bpy)2(py)2]

2+ (3). These
complexes are particularly suitable for an educational purpose since they exhibit
distinct optical and photochemical properties despite being structurally akin to
each other. In the computational chemistry laboratory, the instructor progressively guides students through the preparation of
DFT and TD-DFT inputs and the use of software for the analysis of output files, including visualization of optimized geometries,
absorption spectra, orbitals, and spin density surfaces. The exercise covers training of students in several key concepts concerning
the photophysics and photochemistry of transition metal complexes. These include Franck−Condon transitions and the role
of 3MLCT (metal-to-ligand charge transfer) and 3MC (metal-centered or ligand-field) states in luminescence and ligand
photodissociation processes. Notably, the mixed character of this exercise allows its integration with theoretical and experimental
activities and the design of truly multidisciplinary courses.

KEYWORDS: Upper-Division Undergraduate, Graduate Education/Research, Continuing Education, Inorganic Chemistry,
Laboratory Instruction, Physical Chemistry, Calculator-Based Learning, Hands-On Learning/Manipulatives, Photochemistry,
Coordination Compounds

■ INTRODUCTION

The study of the photophysical and photochemical properties
of transition metal complexes is pivotal for training under-
graduate students in inorganic and physical chemistry. In fact,
we base a great variety of new applications on the excited-state
chemistry of metal complexes, especially compounds bearing
polypyridyl ligands. Among these, Ru(II) complexes have been
intensively studied for use in photoredox catalysis,1 as caging
scaffolds for the light-controlled release of neurotransmitters in
neurons,2 and as effective photoactivatable anticancer pro-
drugs.3 Such promising advances have been fostered by
continuous improvements in the understanding of their excited
state dynamics. Ultrafast time-resolved techniques have been
fundamental for such evolution, including X-ray based
methods, which now capture molecular movies of transition
metal complexes in the excited state by portraying their atomic
motions.4,5

Likewise, computational methods, in particular those based on
density functional theory (DFT), had a strong impact in the
study of the optical features of transition metal complexes. They
have been employed to characterize absorption and emission
properties,6 to improve light-induced electron transfer from
metal-based dyes to semiconductor materials in dye-sensitized
solar cells,7 and also to explain photochemical transformation in a
range of derivatives.8

DFT9,10 and TD-DFT (time-dependent DFT)11 are by far the
most used methods in the case of systems containing transition
metals, as they provide accurate descriptions of several ground-
and excited-state properties at a reasonable computational cost.
These computational approaches are widely adopted in

research, however their educational use is often limited. Instead,
exposing students to DFT and its practical application to
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photophysics and photochemistry can provide meaningful
learning experiences, such as gaining first-hand knowledge on
electronic spectroscopy and chemical reactivity, and visualize
abstract concepts or short-lived molecular species (e.g.,
molecular events and chemical entities), which typically remain
elusive for the majority of students. Several articles in this journal
have applied similar approaches for teaching various aspects of
the chemistry of transition metal complexes.12−14 Furthermore,
computational chemistry is a powerful tool for students to
interpret experimental data they collect in laboratory experi-
ences, and simultaneously train them to handle computer-based
research, nowadays a mandatory approach in many fields and
work environments.
Herein, we describe a computer-based exercise specifically

designed to introduce students to the use of computational
methods in coordination chemistry, and particularly in the
study of the photophysics and photochemistry of polypyridyl
d6-ruthenium complexes.
The exercise was carried out at the Chemistry Department

of the University of Palermo (Italy) in the framework of
an undergraduate course of 25 students on the photochemistry
of transition metal complexes. After lecture-only classes, (second
and third year) students with no direct experience in com-
putational chemistry and photochemistry were involved in
practical sessions, where DFT and TD-DFT calculations were
employed to determine key excited-state features of prototypical
Ru(II) polypyridyl complexes.
The exercise is derived from state-of-the-art research

approaches and aims at stimulating active learning by en-
couraging students to acquire and analyze their own data,
generate hypotheses, and discuss (and present) results with peers
and the instructor.

■ THE PROBLEM TO TACKLE

Three structurally related ruthenium(II) complexes (Figure 1),
namely, [Ru(bpy)3]

2+ (1), [Ru(tpy)2]
2+ (2), and [Ru(bpy)2(py)2]

2+

(3) (bpy = 2,2′-bipyridine, tpy =2,2′:6′,2″-terpyridine, py =
pyridine), were selected since they display dramatically different
excited-state features despite their structures differing only in
how the six pyridyl ligands surrounding the Ru2+ ion are
connected to each other. Complexes 1−3 were specifically
chosen among a myriad of derivatives studied in the past few
decades because they well exemplify the photophysical and
photochemical features of group VIII derivatives, on which still
nowadays cutting-edge applications rely.
As summarized in Figure 2 and Table 1, complex 1 emits with

a relatively good quantum yield at ca. 620 nm upon excitation
of its metal-to-ligand charge transfer (MLCT) band.15 On the
contrary, 2 is a very poor emitter, and radiative decay is observed
only at 77 K,16 whereas 3 is not emissive and undergoes

photodissociation of one pyridyl ligand upon light excitation
at room temperature.17

For the three ruthenium complexes (1−3), students were
provided with a set of experimental data retrieved from the
literature, including X-ray structures,18−20 absorption and
emission spectra, emission quantum yield and lifetimes, and
photostability data.15−17,21

Using DFT as a tool, students were asked to interpret such
experimental results,22 visualizing electronic transitions and
specific excited-state geometries and electronic distributions.
As final assignment, students reported and discussed results

of their work in a short scientific-like paper (maximum 3 paper
sheets), which included introduction, results and discussion, and
conclusions.

■ PRACTICAL IMPLEMENTATION

Under the guidance of the instructor, students prepared input
files and ran selected DFT and TD-DFT calculations. Since they
had insufficient background in DFT and computational
chemistry, the instructor used complex 1 as a model to guide
them in the preparation of the various Gaussian 0925 input files
needed for the exercise. Precisely, inputs for geometry opti-
mizations and excitation energy (singlet−singlet) calculations of
1 were created step by step by the instructor and projected on-
screen, allowing students to be acquainted with the methodology
and software. A similar approach was used for visualizing output
files, plotting orbital and spin density surfaces, and analyzing the
TD-DFT results with the support of the program GaussSum
2.25.26 Calculations on complexes 2 and 3 were then prepared,
run, and analyzed independently by students. Details on the
computational methodology and step-by-step description of the
procedure adopted for 1 are reported in Computational
Methodology and the Supporting Information.
All programs were previously installed on computers used by

students. Each single calculation was submitted and run only
until the first SCF (Self Consistent Field) cycle started in order to
verify the correctness of the input file and reduce dead time while
keeping students involved. Output and checkpoint files were
afterward provided to students for analysis of results.
The instructor asked milestone questions at specific stages of

each exercise session to check the understanding and progression
of students in both the practical and theoretical aspects of the
work. Discussion among students was encouraged, and the
instructor could observe how students debated concepts.
Representative examples of questions asked are listed below
(others are reported in the Supporting Information): (i) Can you
assign the character of the lowest-energy absorption band of 1−3
usingTD-DFT? (ii) Can you indicatewhich of the two triplet states
optimized for each complex is more likely to cause photochemical
instability? Why? (iii) Why is 1 the most luminescent of the three
complexes? And why does 3 efficiently photodissociate one of the
ligands compared to 1 and 2?

■ DATA ANALYSIS

Students resolved two major tasks during the exercise, that is,
(i) interpreting the absorption spectrum of 1−3 by calculation of
singlet−singlet transitions and analysis of their composition and
(ii) characterizing the emission and photochemical behavior of
the complexes by examining the nature of low-lying triplet states
and their relative energy. During theoretical classes, the
instructor provided the fundamentals of absorption spectroscopy
and underlined the key role of 3MLCT and 3MC states in the

Figure 1. Schematic representation of complexes 1−3.
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emission properties and photochemical behavior of 1−3 and
other ruthenium(II) polypyridyl complexes. Undoubtedly,
recent advanced computational and spectroscopic studies
indicate that the scenario is more intricate (e.g., interplay
between 3MLCT and 3MC states),27,28 however such details are
out of the scope of the present exercise and training.
A concise and highly educative review by Demas and De Graff

illustrates the fundamental concepts at the basis of the photo-
chemistry of representative d6 metal complexes.29 This article
indeed provides a useful theoretical background for both
instructors and students.
Although the methodology was not optimized, several studies

on 1−3 and related complexes5,27,30 confirm that the theory level
employed here (i.e., DFT functional and basis set) and the
agreement between computational results and experimental
values (e.g., absorption and emission) are satisfactory and
suitable to extrapolate qualitative information. Good practice in
research studies is to benchmark the performance of DFT func-
tionals and basis sets versus experimental data, with the aim of
obtaining the best description possible of the system(s)
investigated.31,32 Nevertheless, such work is generally time-
consuming and ultimately out of the scope of this exercise.

Absorption

Following ground-state geometry optimization of 1−3 and
analysis of structural parameters (e.g., comparison among com-
plexes and with respect to their X-ray structures), students
calculated singlet−singlet electronic transitions using TD-DFT.
This method affords vertical excitation energies, their probability
in terms of oscillator strength, and their orbital composition.
Conveniently the use of programs such as GaussSum facilitates
the analysis of output files, and allows plotting theoretical
absorption spectra and assignment of their bands by visualization
of electron density difference maps (EDDMs).
Table 2 and Figure 3 summarize the work carried out

by students in this part of the exercise, that is comparison
of structures (Figure 3a), plotting of absorption spectra (Figure 3b),
and their assignment by visualization of EDDMs and analysis of

the orbitals giving major contributions to selected transitions
(Figure 3c).
For example in the case of 1, the singlet−singlet transition S8

has the highest oscillator strength value in the 400−500 nm
range, hence determining the nature of this low-energy band.
After calculation of the EDDM corresponding to S8 (Supporting
Information), students assigned a MLCT character to the tran-
sition and the band. The EDDM indeed shows that electron
density is lost by the Ru center (yellow surface) and is gained by
the bpy ligands (red surface).
The described tasks allowed students to improve their

understanding of concepts such as Franck−Condon excitation,
to visualize with EDDMs the different nature of localized and
charge transfer excited states, and to understand population of

Figure 2. Visible absorption spectra of 1 (blue), 2 (green), and 3 (red) and emission (solid) spectrum of 1.15 Absorption spectra were recorded in
CH3CN solution at 298 K; the emission spectrum of 1 was recorded in deaerated CH3CN solution at 298 K.

Table 1. Emission Spectral Maximum, Emission Quantum Yield, and Emission Lifetime in Deaerated Acetonitrile Solution

λem (nm) Φ (298 K) τ/ms (298 K) Φ (77 K) τ/ms (77 K)

[Ru(bpy)3]
2+ 621a 0.095a 0.86b 0.376 ± 0.036c 5.21c

[Ru(tpy)2]
2+ 602d 0.42 ± 0.04d 10.4 ± 0.2d

[Ru(bpy)2(py)2]
2+ 585e

aSee ref 15. bSee ref 23. cAerated ethanol−methanol glass, see ref 24. dDeaerated butyronitrile glass, see ref 16. eDeaerated ethanol−methanol glass
at 77 K, see ref 17.

Table 2. Selected TDDFT Singlet Transitions Displaying
High Values of Oscillator Strength ( f) for Complexes 1−3

Transition
Energy
(eV)

Wavelength
(nm)

Oscillator
Strength

Major Contributions
(>10%)

Complex 1
8 2.99 414 0.1517 H − 2 → LUMO (15%),

H − 2 → L + 2 (33%),
H − 1 → L + 1 (33%)

18 4.04 307 0.0722 H − 2 → L + 6 (74%),
HOMO → L + 7 (14%)

39 4.71 263 1.0108 H − 5 → LUMO (10%),
H − 4 → L + 1 (31%),
H − 3 → L + 2 (31%)

Complex 2
7 3.06 405 0.1746 HOMO → L + 2 (82%)
26 4.26 291 0.3334 H − 3 → LUMO (35%),

H − 3 → L + 1 (10%),
H − 2 → L + 7 (30%)

48 5.25 236 0.4498 H − 6 → LUMO (31%),
H − 5 → L + 1 (31%)

Complex 3
5 2.92 425 0.1313 H − 2 → L + 1 (71%),

H − 1 → LUMO (20%)
17 3.91 317 0.1137 HOMO → L + 6 (77%)
36 4.63 268 0.246 H − 3 → L + 1 (82%)
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which states has the potential to cause photochemical instability
by analyzing orbital shapes and contributions. Moreover,
students acquired a deeper level of comprehension in absorption
spectroscopy after building by themselves the absorption spectra
of 1−3 from the calculated TD-DFT transitions and assigning
the character of each band using the information extrapolated
from calculation outputs. The Supporting Information contains
practical details on how to perform such analysis.
Emission and Photochemistry

Emission properties of 1−3 strongly depend on the interplay
between 3MLCT and 3MC states, as does their intrinsic
photostability. Students set up geometry optimizations of these
excited states (Figure 4a), and the teacher directly provided
resulting structures as output files.33

After assigning the character of each optimized triplet state
using spin density surfaces (Supporting Information), students
depicted the energy diagram for the three complexes (Figure 4b)
to rationalize the dramatic difference between the emission yield
of 1 and 2 (Table 1) and the remarkable photoinstability of 3
(which dissociates efficiently one pyridine ligand).
Analysis and comparison of the triplet excited state geometries

of 1−3 (Figure 4a) with respect to their ground state structure
allowed the student to understand why both 1 and 2 display
better stability toward ligand dissociation compared to 3. In fact,
all 3MC geometries are significantly distorted, with 3 showing
one Ru−N(py) bond elongated to 2.67 Å. Such a dramatic
structural change suggests that the 3MC state is dissociative
toward one pyridine ligand in the case of 3. Complexes 1 and 2
also present elongated Ru−N bonds compared to the ground
state (ca. 2.10 Å). In the case of 1, two bpy ligands have each one
a pyridyl ring at 2.39 Å from the Ru center, while in the case of 2

the two lateral rings of one tpy have Ru−N distances of 2.32 Å.
However, the presence of at least one tightly bound N-ring
for the bi- and tridentate bpy and tpy ligands prevents (or
complicates) their photodissociation in 1 and 2.28,30

On the other hand, the decreased ΔE between the 3MLCT
and 3MC state fits with the decrease of the emission quantum
yield in the order 1 ≫ 2 ≈ 3.15−17 The markedly reduced
emission of 2 with respect to 1 was explained in terms of both a
smaller 3MLCT−3MC ΔE and a lower energy gap between its
3MLCT and GS states, which favor nonradiative decay.
Unfortunately, prediction of emission energies by the commonly
used ΔSCF method6 does not afford satisfactorily accurate
results at the level of calculations adopted and was not included
in the exercise to avoid confusion.
Therefore, both the proximity of the 3MC and 3MLCT states

and the dissociative nature of the 3MC state in 3 consistently
explained its high pyridine photodissociation yield under visible
light irradiation.

■ STUDENTS’ PERCEPTION AND OUTLOOK
Students responded positively to the tasks designed in the
exercise. Step-by-step generation of absorption spectra and 3D
representation of electronic transitions/states and transient
excited-state species by computational methods appreciably
improved their understanding of theoretical concepts, as verified
by their performance during the final test.
The molecules chosen for the experiment effectively highlight

the richness of the photophysics and photochemistry of
transition metal complexes. It was striking to the students that
very small structural changes caused such dramatic effects in
optical and photochemical properties.

Figure 3. Selected computational results analyzed by students to determine the ground state (GS) and absorption properties of 1−3. These include
comparison of X-ray and DFT-optimized structures (a), analysis of singlet−singlet electronic transitions and theoretical absorption spectra (b), and
assignment of selected transitions (c) using electron difference density maps (EDDMs, right). In the EDDMs, yellow indicates a decrease in electron
density, while red indicates an increase.
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The preparation of a scientific paper at the end of the training
gave them the possibility to train in reporting and presentation
skills, as well as the opportunity to discuss among themselves
which were the most relevant aspects of their computational
work.
Although the instructor adopted a simple hands-on approach

to teach and apply DFT and TD-DFT, the skills acquired by the
students were notable as they were introduced to aspects of
computer-based science, which included managing text editors
and terminals, launching calculations, and using visualization
software.
Finally, it is worth emphasizing that the present exercise can be

complemented, on one hand, with a set of basic lessons on DFT
and TD-DFT and, on the other, with selected wet-lab experi-
ments, such as the synthesis and characterization of complexes,
measurements of absorption and emission properties (eventually
including lifetimes), photolysis, and photoreactivity experiments
(e.g., photoredox catalysis with model reactions).1 In such a truly
multidisciplinary course students could be exposed to a wide
range of approaches and techniques currently used by inorganic
photochemists in their research laboratories.

■ COMPUTATIONAL METHODOLOGY

The program Gaussian 0925 was employed to perform DFT and
time-dependent DFT (TD-DFT)34,35 calculations on complexes
1−3. These included geometry optimizations of the singlet
ground-state and the triplet lowest-lying structures. TD-DFT
was used to calculate 50 singlet−singlet transitions. Calculations
were run at the PBE0/SDD/6-31G36−38 level, using acetonitrile
as solvent in the TD-DFT calculations (pcm method39). Geom-
etries were optimized in the gas phase. The program GaussSum
2.2.526 was adopted to analyze transition contributions, extract
electron density difference maps (EDDMs), and simulate theo-
retical UV−vis spectra.40,41 Either AVOGADRO42 or CHIMERA43

was used by students to visualize molecules and their electronic
features.
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