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ABSTRACT: Time-dependent density functional theory was used to
investigate optical absorption of novel Fe(II) coordination complexes with
tetrazine ligands. These octahedral compounds absorb near-infrared (NIR)
light and can be applied as secondary explosives with low laser-initiation
thresholds compared to pentaerythritol tetranitrate. Herein, numerous
ligand architectures are studied to determine relationships between
molecular structure and optical absorption in order to tune the low-energy
charge transfer (CT) band. Geometrical structures and vertical excitation
energies calculated with the TPSSh density functional and 6-311G basis set
are in excellent agreement with experiment, with a maximum deviation from
UV−vis spectra of 0.10 eV. By altering molecular substituents of the ligand
scaffold, the CT band can be tuned between 500 and 1100 nm. Additional
conjugation in the ligand scaffold pushes the CT band into the NIR region
of the spectrum. Triazolo-tetrazine ligands shift the CT band by
approximately 0.70 eV relative to that of Fe(II) coordinated with bipyridine ligands. Oxygenated analogues of several
compounds are also studied in order to predict optical response, while improving explosive performance. A natural population
analysis suggests that the high nitrogen content of the ligand scaffolds in these energetic compounds lessens their metal-to-ligand
charge transfer character compared to that of Fe(II) coordinated with bipyridine ligands. The proposed model quantum
chemistry is used to establish structure−property relationships for optical properties in this class of materials in order to make
optical initiation with conventional lasers a more feasible approach.

■ INTRODUCTION

Coordination complexes have gained worldwide attention due
their rich photophysical properties. Fe(II) and Ru(II)
polypyridines have been utilized for light-harvesting in dye-
sensitized solar cells.1−12 Cyclometalated Ir(III) complexes
have seen use in organic light-emitting diodes,13,14 light-
emitting electrochemical cells,15−23 photocatalysis,13,17,24−27

and even biotechnology.28−31 Needless to say, coordination
complexes have been introduced in a variety of applications.
One major advantage is their synthetic flexibility, which makes
tuning their photophysical properties possible. A new
application utilizing coordination complexes is the design of
photoactive explosives.
Current methods used to detonate high explosives rely on

mechanical or electrical initiation and are susceptible to
accidental initiation from mechanical or electrical insults.

Optical initiation is a promising alternative that offers enhanced
safety.32,33 Replacing electrical components with fiber optics
eliminates the susceptibility to electrical insult, while replacing
sensitive primary explosives with less sensitive photoactive
secondary explosives reduces the susceptibility to mechanical
insult. In spite of these advantages, optical initiation systems
have been limited by a lack of suitable photoactive explosives.34

Sensitive primary explosives such as lead azide have low laser-
initiation thresholds but are too dangerous to employ,35 while
less sensitive secondary explosives such as pentaerythritol
tetranitrate (PETN), 1,3,5-trinitroperhydro-1,3,5-triazine
(RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
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(HMX) have laser-initiation thresholds that require too much
energy to be of practical use.36,37 Primary explosives that are
less sensitive than lead azide have been proposed, but with
initiation thresholds in the near-infrared (NIR) at energy
densities several orders of magnitude more than that of lead
azide.38−41 Decreasing the density of PETN can reduce the
laser-initiation threshold, but also renders the material more
mechanically sensitive. Doping PETN with an optically
absorbent material such as metal nanoparticles can further
reduce the initiation threshold to a small degree, but does not
address the safety concerns.
Recently reported Fe(II) coordination complexes with

tetrazine ligands absorb NIR light.42,43 Tetrazines have rich
spectroscopic properties both as organic compounds44 and as
ligands in coordination complexes.45,46 The number of C−N
and N−N bonds in these ligands increases their heat of
formation compared to those of conventional carbon-based
molecules, thus making them more energetic.47−50 Their
spectroscopic properties in combination with their low laser-
initiation thresholds, mechanical sensitivity, and explosive
performance make them viable laser-initiated secondary
explosives.42 Recent works outline the syntheses and character-
izations of many high explosive materials51,52 and, in particular,
those of Fe(II) tetrazine complexes with metal-to-ligand charge
transfer (MLCT) character.42,43,53,54 It is beneficial to further
elucidate structure−property relationships characterizing the
low-energy CT band from a theoretical perspective to enhance
control over the initiation threshold.
Molecular structure influences absorption and can be altered

to tailor-design energetic materials. A recent theoretical work
has studied the effect of molecular structure on linear and
nonlinear optical response in small, conjugated energetic
molecules.55 Herein, time-dependent density functional theory
(TD-DFT)56 is used to study linear absorption in Fe(II)
complexes with different ligand architectures. TD-DFT
generally offers an accurate description of the excited-state
electronic structure of large molecular systems.57,58 Due to the
availability of high power Nd:YAG lasers, the most practical
wavelength for initiation is 1064 nm. By studying how these
architectures affect absorption, one can uncover design
principles, leading to a class of explosives with the desired
optical response. Most importantly, tuning the low-energy CT
band is relevant to many technological applications that utilize
the optical properties of octahedral transition-metal complexes.

■ METHODS
Computational. Absorption spectra were calculated with

various levels of theory and compared to experimental data. A
detailed comparison of these methods is presented and
discussed in the following section. Overall, the TPSSh density
functional59 and 6-311G basis set60 showed the best perform-
ance. We have chosen this combination to optimize ground-
state geometries and calculate vertical excitation energies for all
molecules in this study. No symmetry constraints were imposed
on optimization. Each vertical excitation was represented as a
broadened Gaussian with a standard deviation of 0.15 eV. A
total of 70 singlet excited states were requested in the TD-DFT
calculation and used to compute each spectrum. All quantum-
chemical calculations were obtained with the Gaussian 09
software package.61 The polarizable continuum model
(PCM)62 was used in the linear response formalism63−65 to
simulate the dielectric effects of an acetone (dielectric constant,
ε = 20.493) solvent environment.

The TPSS functional66 stems from the meta-generalized
gradient approximation (MGGA) and requires finite exchange
potential, thereby eliminating erroneous effects of ground-state
one- and two-electron orbital densities, which are ubiquitous
due to the hydrogen atom and chemical bond. The TPSS
hybrid59 (TPSSh) incorporates 10% Hartree−Fock exchange
and satisfies the same exact constraints as TPSS. TPSSh
surpasses the best available semiempirical methods and is a
more uniformly accurate description of diverse systems and
properties.59 Past works with the TPSSh functional show that it
accurately describes equilibrium geometries in first-67 and
second-row68 transition-metal complexes, binding energies in
transition-metal diatomics69 and dimers,70 and ligand dissoci-
ation energies of large cationic transition-metal complexes.71

Natural transition orbital (NTO) analysis of the dominant
electronic transitions within the low-energy charge transfer
(CT) band was performed. NTOs offer the most compact,
qualitative representation of the specified transition density
expanded in terms of single-particle transitions.64,72 Therefore,
NTOs offer a simple way of assigning the transition character.
NTOs were calculated with the TPSSh functional and 6-311G
basis set. Figures showing NTOs were obtained with the Jmol
program.65

A natural population analysis73,74 (NPA) was performed to
calculate MLCT character. The NPA used the configuration
interaction singles (CIS) excited- and ground-state densities in
the natural atomic orbital (NAO) basis using NBO 3.1.75 The
difference in charge was then used as an MLCT indicator. The
spatial diffuseness of the NAO basis set is optimized for
calculating the effective atomic charge and can, therefore, be
used to calculate local charge shifts that would otherwise
require variational contributions from multiple basis functions
of variable range such as double-ζ, triple-ζ, etc. The B3LYP
density functional76 was used to compute these charges due to
the limited functionality of TPSSh in the Gaussian 09 software
package. The B3LYP and 6-311G combination, however, is in
good agreement with UV−vis, and several spectra are available
in the following section.

Experimental. Atomic coordinates for several of the
compounds were obtained from their previously reported
solid-state structures using X-ray diffraction experiments.42

Absorption spectra were recorded with an HP 8453 Agilent
UV−vis spectrometer. Materials were dissolved in solutions of
acetone at concentrations of 2 × 10−4 M. All spectra, both
experimental and theoretical, were normalized by the
magnitude of maximum absorption to convey relative intensity.

■ RESULTS AND DISCUSSION
The results are organized as follows: First, we systematically
choose a model quantum chemistry, which is validated with
experimental solid-state structures and absorption spectra for
several compounds. Second, we apply the theory to calculate
the absorption spectra in a series of compounds with various
ligand architectures to determine structure−property relation-
ships that tune the low-energy CT band. Third, we do the same
analysis as that done in the preceding section, but with
oxygenated analogues of several of the compounds. Lastly, we
characterize the CT bands of these compounds by explicitly
calculating MLCT character.

Benchmarking Model Quantum Chemistry. In order to
utilize an appropriate model quantum chemistry for this study,
theoretical calculations using different levels of theory were
compared to the experimental data of several recently
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synthesized compounds. The group of octahedral compounds
and their associated ligands are shown in Figure 1. Previous
TD-DFT representative simulations using the B3LYP func-
tional and 6-31G* basis set77,78 have shown very limited
predictive accuracy, which warrants a more detailed computa-
tional investigation of this family of molecules.42 In experi-
ments, perchlorate counterions were utilized to improve the
oxygen balance in the resulting complexes. Ligands 1−3 react
with [Fe(H2O)6][ClO4]2 in MeCN to form [(NH2TzD-
MP)3Fe][ClO4]2, [(TriTzDMP)3Fe][ClO4]2, and [(NH2-
TriTzDMP)3Fe][ClO4]2, respectively. Since these counterions
do not play a significant role in optical absorption, they were
not incorporated into our simulations.
Single-crystal X-ray crystallography confirmed the geometries

of complexes 1−3 as distorted octahedrals with three tetrazine
ligands. Shown in Table 1, the TPSSh and 6-311G combination

calculates bond lengths within 0.03 Å of measured values. The
most notable feature is the effect of the 1,2,4-triazolo[4,3−b]−
[1,2,4,5]-tetrazine fused ring system on the NTz−NTz bonds of
2 and 3. As opposed to 1, where NTz−NTz are of similar length,
2 and 3 have NTz−NTz bonds of different lengths; the larger of
the two is located farther away from the Fe atom. This is due to
the loss of double bond delocalization imposed by the fused
ring system.42

Figure 2 shows TD-DFT results computed with four
different methods. The TPSSh and 6-311G method (shown
in blue) accurately describes many important features of the
absorption spectra. The location of the low-energy CT band
matches exceptionally well with experiment for all three
compounds and are recovered to within 0.10 eV. The CT
band shifts to higher wavelengths from 1 to 3 in numerical
order, thereby showing how the triazolo-tetrazine fused ring
system tunes the CT band to lower energies. Other
observations that validate the use of the proposed method
are the high-energy peaks, which are mainly π−π* excitations
localized on the ligands. In 1, three peaks ranging from 300 to
500 nm are recovered in nearly the exact locations. The peaks
in 2 and 3 are also recovered, but are slightly red-shifted
compared to experiment.

Several studies of transition-metal complexes have utilized
the relativistic effective core potential (RECP), LANL2, and its
associated basis set, LANL2DZ, on the metal atom.27,79−81 The
RECP replaces inner core electrons, while leaving explicit
treatment of outer electrons.82,83 On the basis of our findings in
Figure 2, however, LANL2DZ (shown in green) is slightly
inferior to 6-311G on all atoms since the CT band is blue-
shifted compared to experiment for all three compounds.
LANL08 is an uncontracted version of LANL2DZ, giving the
basis set more flexibility to adjust to the DFT potential.84−86

Performance of LANL08 is shown in Figure S1 of the
Supporting Information. Given these results, we did not choose
a pseudo description of the Fe atom via LANL2DZ or
LANL08.
The B3LYP functional with the 6-31G* basis set on

nonmetal atoms and LANL2DZ on the Fe atom was the
method of choice in a previous study (shown in red).42 It is
clearly the worst performing method in Figure 2, especially at
low energies. The low-energy CT bands are severely blue-
shifted from UV−vis from about 0.50 eV in 1 to 0.70 eV in 3.
Also, the relative intensities of the CT bands are noticeably
reduced compared to those observed experimentally and those
which are predicted with the TPSSh functional. Results using
the B3LYP functional are significantly improved with the 6-
311G basis set on all atoms (shown in cyan). Deviation from
UV−vis is reduced to about 0.20 eV in 1 to 0.25 eV in 3.
Overall, the B3LYP and 6-311G combination is in good

Figure 1. Octahedral geometry and ligands of Fe(II) complexes 1−3.

Table 1. Measured and Calculated Bond Lengths (Å) of
Complexes 1−3. X-ray Diffraction Measurements Are in
Parentheses

complex Fe−NTz Fe−NPyr NTz−NTz

1 1.896 (1.907(6)) 1.982 (1.953(6)) 1.339 (1.318(4)),
1.343 (1.318(4))

2 1.899 (1.911(3)) 1.980 (1.980(3)) 1.323 (1.307(3)),
1.371 (1.358(3))

3 1.902 (1.894(5)) 1.974 (1.959(5)) 1.333 (1.311(5)),
1.383 (1.358(5))

Figure 2. Optical absorption of complexes 1−3 computed with
different levels of theory. The indices from left to right refer to
functional, basis set on nonmetals atoms, and basis set on the Fe atom.
UV−vis spectra in acetone are shown with dashed lines.
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qualitative agreement with UV−vis spectra. We have chosen
this method to calculate natural populations in an upcoming
section. Again, this is due to the limited functionality of the
TPSSh functional in the Gaussian 09 software package.
The effects of adding polarization functions to the basis sets

were analyzed. Results are shown in Figure S2 of the
Supporting Information. Polarization on the Fe atom did not
affect absorption, while polarization on nonmetal atoms blue-
shifted the spectra by less than 0.2 eV compared to UV−vis,

which is still within reasonable accuracy for TD-DFT. We have
chosen not to add polarization in our final choice of basis set
since the spectra for our three test compounds were not
improved. An extension to larger basis sets does not necessarily
improve the results in large conjugated molecules,87 since
optical response originates from mobile π-electrons that are
strongly delocalized. Hence, the contribution of atomic
polarization is minimal.

Figure 3. Optical absorption of complexes 1−4. The ligands for each associated octahedral complex are shown. The UV−vis spectrum of 1(A) in
acetone is shown with a dashed line.

Figure 4. Optical absorption of complexes 5−8. The ligands for each associated octahedral complex are shown. UV−vis spectra of 5(A) and 6(A) in
acetone are shown with dashed lines.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b10333
J. Phys. Chem. C 2016, 120, 28762−28773

28765

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b10333/suppl_file/jp6b10333_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b10333


Optical Absorption of Explosive Compounds. We
applied TD-DFT to predict the optical absorption in several
compounds. The first group of ligands and absorption spectra
of the associated complexes are shown in Figure 3. In order to
explore the influence of chemical structure on absorption, the
substituents bound to position 3 of the tetrazine system were
varied: NH2 (1), OH (2), H (3), and Cl (4). Compound 1 of
Figure 1 is labeled as 1(A) in Figure 3.
To reduce carbon content, a pyrazole counterpart was

included in the study. Dimethylpyrazole- and pyrazole-
containing ligands are labeled by A and B, respectively. The
pyrazole systems increase oxygen balance and are useful for
optical initiation. The low-energy CT bands of the pyrazole
compounds are blue-shifted relative to those of the dimethyl-
pyrazole compounds. The peak location of their CT bands
varies between 555 nm in 1(B), 555 nm in 3(B), 570 nm in
2(B), and 580 nm in 4(B). In the dimethylpyrazole
compounds, it varies between 590 nm in 1(A), 595 nm in
3(A), 610 nm in 2(A), and 630 nm in 4(A). The additional
oxygen in 2 further increases oxygen balance, which may
improve its explosive performance. On the basis of Figure 3, the
CT band can be tuned between approximately 500 and 800 nm
within this group of ligand architectures. It would be beneficial
to further shift the CT band toward lower energies since optical
initiation with NIR lasers is the optimal choice for practical
purposes.
To determine the effect of molecular size and conjugation of

the ligand scaffold on absorption, a second group of
compounds were studied. The ligands and absorption spectra
of the associated complexes are shown in Figure 4. These
compounds are composed of more atoms than those shown in
Figure 3. Compounds 2 and 3 of Figure 2 are labeled as 5(A)
and 6(A) in Figure 4, respectively. The piperidine and pyrrole
systems, bound to position 3 of the tetrazine systems, are
labeled as 7 and 8, respectively.
Figure 4 also shows the low-energy CT bands of the pyrazole

compounds blue-shifted relative to those of the dimethylpyr-
azole compounds. The peak location of their CT bands varies
between 555 nm in 7(B), 625 nm in 5(B), 690 nm in 6(B), and
830 nm in 8(B). In the dimethylpyrazole compounds, it varies
between 590 nm in 7(A), 665 nm in 5(A), 710 nm in 6(A),
and 800 nm in 8(A). Unlike the other compounds, there is an
additional low-energy CT band appearing in 8(A) and 8(B),
which will be analyzed in detail. On the basis of Figure 4, the
CT band can be tuned between approximately 500 and 1100
nm within this group of ligand architectures. Overall, these
compounds are more suitable for optical initiation with NIR
light.
The triazolo-tetrazine fused ring system shown in 5 and 6 is a

relatively large conjugated system compared to all other
compounds in this data set. This suggests that conjugation in
the ligand scaffold is an important design principle toward
pushing the low-energy CT band into the NIR. The UV−vis
spectrum of 5(A) diminishes slightly past 900 nm, whereas, for
6(A), with NH2 bound to position 5 of the triazole, absorption
diminishes slightly past 1000 nm. Therefore, functional groups,
such as NH2, further shift the CT band toward lower energy. It
is worth exploring additional substituents in 6(A) to increase
absorption at 1064 nm. The NTOs of 6(A), shown in Table 2,
show predominantly partial MLCT and partial intraligand CT.
The CT character is from the Fe core and NH2 group to the
tetrazine system for all electron−hole pairs. The NTOs of 5(A)

show similar excitation character and are available in Table S1
of the Supporting Information.
Conformations of the ligand scaffolds in 5 and 6 were

analyzed. There is a rotational degree of freedom between the
tetrazine ring and both, the dimethylpyrazole systems of 5(A)
and 6(A) and the pyrazole systems of 5(B) and 6(B). It is
energetically favorable for the triazolo ring to be further away
from the Fe core. The molecular energy difference in the
Hartree−Fock approximation between this geometry and the
alternative geometry, in which the triazole is pointed toward the
Fe core, is on the order of 100 times kBT at room temperature.
Therefore, the orientation of the ligand scaffolds shown in
Figure 4 is correct to within a high degree of certainty.
Similar to the triazolo-tetrazine fused ring systems of 5 and 6,

spectral differences in 7 and 8 also stress the importance of
conjugation in the ligand scaffold toward pushing the low-
energy CT band into the NIR. Compounds 7(A) and 7(B),
with piperidine systems bound to positions 3 of the tetrazine
systems, have CT bands comparable to those of Figure 3,
peaking at 555 and 590 nm, respectively. TD-DFT predicts an
additional low-energy peak in 8(A) and 8(B), however, at 800
and 830 nm, respectively, with absorption diminishing slightly
past 1100 nm. The peaks in 8(A) and 8(B) that are located at
610 and 575 nm, respectively, have very little MLCT character.
These excitations are predominantly localized on the ligand
scaffolds, and the associated NTOs are available in Table S1 of
the Supporting Information. This may imply that the lowest-
energy excitations in 8(A) and 8(B) are also not of MLCT
character. We will verify this in a subsequent section. For now,

Table 2. NTOs of the Photoactive Excited States within the
Low-Energy CT Band of 6(A). The Percent Contribution
That Each Electron−Hole Pair Carries Toward the
Transition Is Showna

aNTOs displayed amount to at least 90% of the total transition.
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it is clear that the pyrrole system in 8 increases conjugation,
which lowers optical excitation compared to that of the
piperidine system in 7. Compounds with the farthest red-
shifted CT bands, and that are most suitable for optical
initiation in the NIR, are 5, 6, and 8.
Determining physical descriptors of the ligand scaffold that

correlate to the location of the low-energy CT band is
beneficial, as it may aid in the design of materials with a specific
optical response. A recent study of Fe(II) coordination
complexes, for example, shows how ligand field strength can
be tuned by ligand design, influencing molecular and electronic
structure.88 It is generally true that charge distribution of the
ground-state geometry affects electronic structure and the
nature of electronic transitions. We calculate the quadrupole
moments of the ligand scaffolds shown in Figures 3 and 4
using89

∑π= | |Q Q
4
5 m

m2
2

2
2

(1)

where Q2m are elements of the quadrupole moment in spherical
coordinates. The azimuthal dependence is given by m ∈ {−2,
−1, 0, 1, 2}. Results are shown in Figure 5.

The pyrazole ligands, 1(B), 2(B), 3(B), and 4(B), with a
single functional group bound to position 3 of the tetrazine
system, are labeled by blue markers. The same ligands with
dimethylpyrazole, 1(A), 2(A), 3(A), and 4(A), are shown in
red. The quadrupole moment of the ligand scaffold correlates
to the location of the low-energy CT band in these compounds.
The wavelength shifts from 550−600 nm in the pyrazole
compounds to 600−650 nm in the dimethylpyrazole
compounds, with quadrupole moment increasing from 60−75
to 75−90 B, respectively. The same trend is observed with the
triazolo-tetrazine compounds, which are labeled by green
markers. The correlation is more dispersive than that of
compounds 1−4. The wavelength spans a range of approx-
imately 630−710 nm with quadrupole moment increasing from
110 to 130 B, respectively. Figure 5 shows how the peak of the
CT band can be tuned from approximately 550 to 710 nm
between compounds 1−6 and that it roughly correlates to the
quadrupole moment of the ligand scaffold.
Compounds 7 and 8 do not follow the same general trend as

the remaining compounds of Figures 3 and 4. The pyrazole-

containing compound, 7(B), is blue-shifted compared to its
dimethylpyrazole counterpart, 7(A), but the locations of their
low-energy CT bands are similar to those of 1−4. The large
increase in quadrupole moment is likely correlated to its
molecular size. Compound 8 has the lowest-energy CT band,
exceeding 800 nm. As stated previously, 8 is unique from all
other compounds since TD-DFT predicts an additional low-
energy peak, not observed in the other compounds. It is an
outlier, and we will show that the excitation character within
this CT band is fundamentally different than all other
compounds in this data set.
Tetrazines are readily derivatized with a variety of explosive

groups. One such group is 3,3-dinitroazetidine (DNAZ), which
can be attached to position 3 of the tetrazine system and is
henceforth labeled as ligand 10(A). Ligand 10(A) reacts with
[Fe(H2O)6][ClO4]2 in MeCN to form [(DNAZTzDMP)3Fe]-
[ClO4]2. The ligand and absorption spectrum of the associated
complex are shown in Figure 6. The TD-DFT calculations are

in excellent agreement with the UV−vis spectrum of 10(A),
especially with the location of its low-energy CT band between
500 and 700 nm. The high-energy peak, located at
approximately 350 nm, is also recovered in nearly the exact
location. The calculations for 10(A) required 150 excited states
to obtain the visible region of the spectrum, as opposed to only
70 states for the remaining compounds, due to its large density
of states. Compound 1(A) is also shown in Figure 6 for
comparison. The CT bands of 1(A) and 10(A) are very similar
both in position and in magnitude, which are attributed to the
fact that the NO2 substituents of 10(A) are far removed from
the tetrazine system. The optical properties are largely dictated
by the excitation character of the Fe core and tetrazine systems,
and substituents that are within close proximity. This is
validated by the NTOs of the low-energy transitions in 10(A),
which show no charge distribution on the DNAZ system.
These NTOs are available in Table S1 of the Supporting
Information. Although the CT bands of 1(A) and 10(A) peak
in similar locations, i.e., 590 and 605 nm, respectively,
oxygenated ligands are important for explosive applications.

Oxygen-Containing Compounds. To increase oxygen
balance and explosive performance, a set of compounds with
oxygen substituents were studied. Ligands and absorption

Figure 5. Quadrupole moment of the ligand scaffold in the ground-
state geometry versus wavelength of the strongest photoactive excited
state within the low-energy CT band. Pyr and DMP stand for pyrazole
and dimethylpyrazole, respectively.

Figure 6. Comparison of the optical absorption in complexes 1(A)
and 10(A). The ligands of each associated octahedral complex are
shown. UV−vis spectra of 1(A) and 10(A) in acetone are shown with
dashed lines.
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spectra are shown in Figure 7. These compounds are labeled
with C to denote that they are oxygenated analogues of their B

counterparts. For example, 1(C) is an oxygenated analogue of
1(B), where two oxygen substituents are bound to positions 2
and 4 of the tetrazine system. Compounds 5(C) and 6(C) are
analogues of 5(B) and 6(B), respectively, where a single oxygen
substituent is bound to position 1 of the tetrazine system.
Lastly, 11(C) replaces the triazole with a tetrazolea carbon
atom is exchanged for a nitrogenand a single oxygen
substituent is bound to position 1 of the tetrazine system.
There are minor spectral differences between the non-

oxygenated and oxygenated compounds. The peak location of
the low-energy CT band in the oxygenated compounds varies
between 580 nm in 1(C), 645 nm in 5(C), and 700 nm in
6(C). In the nonoxygenated compounds, it varies between 555
nm in 1(B), 625 nm in 5(B), and 690 nm in 6(B). Therefore,
the CT band is slightly red-shifted in the oxygenated
compounds relative to that of the nonoxygenated compounds.
The absorption magnitude is predicted to be larger in the
nonoxygenated compounds, however. The peak in 1(B) is over
3 times larger than that of 1(C). The same is true for 5(B) and
6(B) relative to 5(C) and 6(C), respectively, but with
noticeably smaller differences. This is likely due to molecular
size. Unlike 5 and 6, which are relatively large due to the fused
ring system, 1 is smaller and, therefore, two oxygen substituents
constitute a much larger fraction of the ligand scaffold, greatly
affecting its electronegativity and electronic structure. It makes
sense to compare 11(C) to 5(C) since they differ by only one
atom. The peak location of the CT band in 11(C) is at 630 nm,
as opposed to 645 nm in 5(C). Also, the absorption magnitude
in 11(C) is predicted to be nearly twice that of 5(C). Similar to
the findings in previous sections, 5(C), 6(C), and 11(C)
enhance conjugation due to a fused ring system, and as a result,
their CT bands are red-shifted compared to that of 1(C).
Although the syntheses of compounds 5(C) and 6(C) have not
yet been reported, these results qualitatively show that
additional oxygen can increase their oxygen balance, while
leaving their low-energy absorptions more or less unaffected.
Oxygen balance (OB%) provides a measure to which a

material can be oxidized. Generally, optimal explosive perform-
ance is achieved as OB% approaches zero.90 The following
equation was used to compute OB%

= − + −⎜ ⎟
⎛
⎝

⎞
⎠M

X Y ZOB%
1600

2
1
2 (2)

where X, Y, and Z, are the number of carbon, hydrogen, and
oxygen atoms, respectively, and M is the molecular weight of
the compound. Perchlorate counterions were included in the
calculation. Tabulated quantities are shown in Table 3. Most

notable differences in OB% are between the base compounds
and their oxygenated analogues such as 1(A) → 10(A), 1(B)
→ 2(B), 1(B)→ 1(C), 5(B)→ 5(C), and 6(B)→ 6(C). Even
a single oxygen substituent significantly increases the oxygen
balance, which has strong implication on explosive perform-
ance. For example, the OB% increases from −66.4% and
−65.7% in 5(B) and 6(B) to −57.2% and −57.0% in 5(C) and
6(C), respectively. Furthermore, the OB% increases from
−57.2% to −43.2% with exchange of the triazole in 5(C) for a
tetrazole in 11(C). Also noteworthy is the difference in OB%
between the dimethylpyrazole-containing compound, 1(A),
and its pyrazole counterpart, 1(B), where OB% increases from
−91.7% to −63.4%, respectively. Again, these calculations
support the claim that additional oxygen in the ligand scaffold
significantly increases OB%, while preserving low-energy
absorption.

Characterizing MLCT Bands. Transition-metal complexes
are generally characterized as having strong MLCT character. It
would be beneficial to compare the excitation character of these
energetic compounds to a control group for classification. Two
compounds with strong MLCT character are [Ru(bpy)3]

2+ and
[Fe(bpy)3]

2+. We quantify the amount of CT from the metal
core to the ligand scaffold by taking the difference of natural
charge between the ground state and strongest photoactive
excited states within the low-energy peaks. Results are shown in
Figure 8. It is worth mentioning that the B3LYP functional and
6-311G basis set are used in the following analysis and that the
absorption spectra using this method are usually blue-shifted
compared to experiment, as evidenced in Figure 2. Never-
theless, the main goal is to obtain a qualitative comparison of
the MLCT character.
There is a clear distinction between these energetic

compounds and [Ru(bpy)3]
2+ and [Fe(bpy)3]

2+. Figure 8
shows [Ru(bpy)3]

2+ having the most MLCT character between
0.30 and 0.35 electrons. Its MLCT band falls within 400 and
500 nm, peaking at about 450 nm. This is in excellent
agreement with experiment, where the MLCT band is reported
to peak at 452 ± 3 nm.91 [Fe(bpy)3]

2+ has less MLCT
character than [Ru(bpy)3]

2+, with MLCT between 0.20 and
0.25 electrons. The MLCT band of [Fe(bpy)3]

2+ is slightly red-

Figure 7. Optical absorption of complexes 1(C), 5(C), 6(C), and
11(C) with oxygen substituents. The absorption of 1(B), 5(B), and
6(B) without oxygen substituents is shown for comparison.

Table 3. OB% of Several Compounds with and without
Oxygen Substituents in Their Ligand Scaffolds

complex OB% λ (nm)

1(A) −91.7 590
10(A) −74.2 605
1(B) −63.4 555
2(B) −53.5 570
5(B) −66.4 625
6(B) −65.7 690
1(C) −44.8 580
5(C) −57.2 645
6(C) −57.0 700
11(C) −43.2 630
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shifted compared to [Ru(bpy)3]
2+, which also agrees with

experiment.92 The majority of compounds, which are labeled by
red and blue markers, fall within an MLCT of 0.10 and 0.20
electrons and with low-energy CT bands peaking between 500
and 650 nm. The ligand scaffolds of these energetic compounds
have a higher nitrogen content than the bipyridine ligands of
[Ru(bpy)3]

2+ and [Fe(bpy)3]
2+. Therefore, these results suggest

that the CT band in complexes with more nitrogen-rich and
electron-poor ligands occur at lower energies and with less
MLCT character.
The reason these energetic compounds have less MLCT

character than [Ru(bpy)3]
2+ and [Fe(bpy)3]

2+ is indeed
attributed to their high nitrogen content. A higher nitrogen
content of the ligand scaffold increases electronegativity, which
means more charge will be displaced from the metal core to the
ligand scaffold in the ground state. Therefore, during a
transition into an excited state, there will be less MLCT. A
prime example of this can be seen between compounds 1(B) of
Figure 3 and 1(C) of Figure 7. The ligand scaffolds of 1(C)
have two additional oxygen substituents not present in 1(B),
making 1(C) more electron-rich. As a result, there will be more
MLCT in the excitations of 1(C) compared to those of 1(B).
We calculate approximately 0.14 and 0.21 electrons in 1(B) and
1(C), respectively. From a visual perspective, the NTOs of
1(C) in Table 4 qualitatively show more MLCT character than
1(B). On the other hand, compounds 1(A) and 10(A) have
similar MLCT character with 0.13 electrons. Again, the
excitation character in these compounds is similar since the
additional substituents in 10(A) are far removed from the
tetrazine system, which withholds most control over the optical
properties.
Compounds 8(A) and 8(B) have very different excitation

character than all other compounds shown in Figure 8. Their
lowest-energy CT bands peak at approximately 700 nm using
B3LYP and 6-311G, with little to no MLCT character. The
NTOs of 8(B), obtained with TPSSh and 6-311G, are shown in
Table 5. There is significant CT from the pyrrole to the
tetrazine system for all electron−hole pairs. The CT character
on the Fe atom is minimal. Compound 8 has the lowest-energy
CT band and the largest amount of intraligand CT character
among all other compounds, suggesting that additional
conjugation in the ligand scaffold via the pyrrole system
influences this type of excitation and is an important design
principle that shifts the CT band toward lower energies.

■ CONCLUSIONS
We utilized TD-DFT to study a class of transition-metal
complexes. Past works support the use of MGGAs to describe
bond lengths and dissociation energies. Their performance
toward optically excited electronic states, however, warrants
further investigation.93 In this work, we have benchmarked the
TPSSh functional against a series of novel and energetic Fe(II)
coordination complexes. TD-DFT was found to be in excellent
agreement with all UV−vis spectra with a maximum deviation
of 0.10 eV. This gives us confidence in this model quantum
chemistry toward predicting ways of lowering the initiation
threshold.
We studied a large set of explosive compounds shown in

Figures 3 and 4. The pyrazole-containing ligands shift the CT
band toward lower energy, but their explosive performance is
potentially weakened by additional carbon and hydrogen. In
total, the CT band can be tuned between 500 and 1100 nm.
Compounds with the lowest-energy CT bands and that are
most suitable for optical initiation in the NIR are 5, 6, and 8,
which are due to additional conjugation in the ligand scaffold.
This presents itself in 5 and 6 via the 1,2,4-triazolo[4,3−b]−
[1,2,4,5]-tetrazine fused ring system, while, for 8, it is the
pyrrole system. In order to increase oxygen balance and
improve explosive performance, a set of compounds with
oxygen-containing ligands were also studied and are shown in
Figure 7. In addition to the fused ring system, electron-
donating groups, such as NH2, can further shift the CT band
toward lower energy, as evidenced by 6(C) in Figure 7.
We characterized the MLCT bands of these compounds by

explicitly calculating effective charge on the metal core in the

Figure 8.MLCT, in units of number of electrons, versus wavelength of
the strongest photoactive excited states within the low-energy CT
band.

Table 4. NTOs of Photoactive Excited States within the
Low-Energy CT Bands of 1(B) and 1(C). The Percent
Contribution That Each Electron−Hole Pair Carries Toward
the Transition Is Showna

aNTOs displayed amount to at least 90% of the transition.
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ground and photoactive excited states. We found less MLCT
character in these compounds than other commonly studied
octahedral transition-metal complexes, such as [Fe(bpy)3]

2+

and Ru[(bpy)3]
2+. We attribute this to the high nitrogen

content present in their ligand scaffolds. Compound 8, with
pyrrole bound to position 3 of the tetrazine system, shows little
to no MLCT, but rather mostly intraligand CT character. This
suggests that increasing conjugation in the ligand scaffold
lowers both excitation energies and MLCT.
To recapitulate, a theoretical study of the optical absorption

in energetic Fe(II) coordination complexes has been
accomplished. Vertical excitation energies computed with the
TPSSh density functional and 6-311G basis set match
exceptionally well with experiment. This supports the use of
this nonempirical MGGA for optical absorption. The
absorption spectra of these compounds strongly depend on
the ligand scaffold and can be controlled by chemical
substitution. Altering molecular substituents can push the CT
band into the region of 1064 nm, which is a practical
wavelength for optical initiation due to the availability of high
power Nd:YAG lasers. The tetrazine-triazolo fused ring system
shifts absorption to lower energies and is an important design
principle. Compound 8 has not yet been synthesized, but is
predicted to be within range for optical initiation. It is worth
investigating additional conjugation in the ligand scaffold, such
as fusing two triazolo rings to a central tetrazine. This study not
only aids in the ongoing effort to design explosive materials that
are both safer to handle and easier to initiate with NIR lasers
than PETN but also is important for many light-harvesting

applications, where control over the photophysical properties is
desirable.
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Costa, R. D.; Viruela, P. M.; Nazeeruddin, M. K. Stable Single-Layer
Light-Emitting Electrochemical Cell using 4, 7-Diphenyl-1, 10-
phenanthroline-bis(2-phenylpyridine)iridium(III) Hexafluorophos-
phate. J. Am. Chem. Soc. 2006, 128, 14786−14787.
(16) Su, H.-C.; Fang, F.-C.; Hwu, T.-Y.; Hsieh, H.-H.; Chen, H.-F.;
Lee, G.-H.; Peng, S.-M.; Wong, K.-T.; Wu, C.-C. Highly Efficient
Orange and Green Solid-State Light-Emitting Electrochemical Cells
Based on Cationic Ir (III) Complexes with Enhanced Steric
Hindrance. Adv. Funct. Mater. 2007, 17, 1019−1027.
(17) Lowry, M. S.; Bernhard, S. Synthetically Tailored Excited States:
Phosphorescent, Cyclometalated Iridium (III) Complexes and Their
Applications. Chem. - Eur. J. 2006, 12, 7970−7977.
(18) Parker, S. T.; Slinker, J. D.; Lowry, M. S.; Cox, M. P.; Bernhard,
S.; Malliaras, G. G. Improved Turn-On Times of Iridium Electro-
luminescent Devices by Use of Ionic Liquids. Chem. Mater. 2005, 17,
3187−3190.
(19) Bolink, H. J.; Cappelli, L.; Coronado, E.; Parham, A.; Stössel, P.
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