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Electronic properties of heterogenized Ru(II)
polypyridyl photoredox complexes on covalent tri-
azine frameworks†

Arthur De Vos,a Kurt Lejaeghere,a Francesco Muniz Mirandaa, Christian V. Stevens,b

Pascal Van Der Voortc and Veronique Van Speybroecka

Ru(II) polypyridyl complexes have been successful for a wide range of photoredox applications
thanks to their efficient light-induced metal-to-ligand charge transfer. Using the computational
framework of density-functional theory, we report how these complexes can be anchored onto
covalent triazine frameworks while maintaining their favorable electronic properties. We moreover
show that variation of the nitrogen content of the framework linkers or complex ligands endows
the heterogenized catalyst with a unique versatility, spanning a wide range of absorption char-
acteristics and redox potentials. By judiciously choosing the catalyst building blocks, it is even
possible to selectively guide the charge transfer toward either the scaffold or the accessible pore
sites. Rational design of sustainable and efficient photocatalysts thus comes within reach.

1 Introduction
To sustain a growing global population, a more efficient and en-
vironmentally friendly harvesting of energy is required. This is
especially important for the chemical industry, which is one of
the most energy-intensive sectors, strongly relying on fossil fu-
els for the production of chemical products.1 Photocatalysis is
a more sustainable approach, as it relies on naturally present
sun light in combination with photocatalytic materials to trans-
fer solar into chemical energy.2–5 This transfer can be efficiently
achieved by homogeneous photocatalysis with the aid of photo-
catalytic complexes.3,6 However, as most promising photocata-
lysts contain precious metals, it is highly desirable to develop re-
cyclable and reusable heterogeneous photocatalytic systems. The
use of photocatalytic complexes in a homogeneous suspension ne-
cessitates an environmentally unfriendly cycle to remove the cat-
alyst from the products. Heterogeneous catalysts in which the
photocatalytic complexes are anchored on a porous framework

a Center for Molecular Modeling (CMM), Ghent University, Technolo-
giepark 46, 9052 Zwijnaarde, Belgium. E-mail: Kurt.Lejaeghere@UGent.be,
Veronique.VanSpeybroeck@UGent.be
b Research Group SynBioC, Department of Green Chemistry and Technology, Faculty of
Bioscience Engineering, Ghent University, Campus Coupure, Coupure Links 653 bl. B,
9000 Gent, Belgium
c Center for Ordered Materials, Organometallics and Catalysis (COMOC), Department
of Inorganic and Physical Chemistry, Ghent University, Krijgslaan 281 (S3), 9000 Gent,
Belgium
† Electronic Supplementary Information (ESI) available. See DOI:
10.1039/b000000x/

can avoid this last step and therefore serve as an environmentally
cleaner alternative.7–10 In this work, we not only demonstrate
how covalent triazine frameworks (CTFs) provide such a support
for photocatalytic Ru complexes, but show that they introduce an
additional possibility for tuning the electronic response — and
hence efficiency — of the combined photocatalytic system.

The photocatalytic complexes of interest consist of a Ru2+ ion
octahedrally chelated by three bidentate polypyridyl ligands L,
denoted as Ru(II)L3 (see Fig. 1). The photoactivity of these com-
plexes is caused by their long-lived metal-to-ligand charge trans-
fer (MLCT) state induced by light absorption.3 This MLCT and re-
sulting availability of the excited electron on the ligands enables
its good performance as catalytic center, where it triggers oxida-
tion or reduction reactions in surrounding systems.3,11–17 Proven
photoredox applications include carbon dioxide reduction,18,19

solar cell development,20 water splitting,2,21–23 as well as Diels-
Alder cycloadditions.24

In this paper we consider the heterogenization of these Ru(II)L3

complexes onto covalent triazine frameworks using a computa-
tional approach. CTFs are part of a much broader family of porous
frameworks suitable for anchoring photocatalytic complexes. This
family includes metal-organic frameworks (MOFs)25 and covalent-
organic frameworks (COFs),26–28 many of which have the high
surface areas mandatory to function as a good support material.
Moreover MOFs and COFs are highly tunable due to the variabil-
ity of their building blocks, adding a second pathway to modify
the material in addition to the anchored complex. Such alterna-
tive modification strategies are ideal to engineer electronic and
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optical behaviour.29,30 Unfortunately, most MOF structures tend
to lack stability under reaction conditions.13,31,32 COFs, on the
other hand, are more stable, and even display some (photo)catalytic
activity in their pristine form,33–38 although they lack an inor-
ganic catalytic center compared to MOFs. Using COFs as a sup-
port for photocatalytic complexes may lead toward more efficient
and robust heterogeneous photocatalysis.

CTFs are an especially promising class of COFs known to be
thermally and chemically stable.35,39–42 They are 2D porous frame-
works made upon the trimerization of aromatic nitriles. CTFs
are particularly interesting to anchor photocatalytic complexes,
as they are much lighter than most other porous materials and do
not possess toxic or environmentally unfriendly elements. In ad-
dition, 2D heterostructures have attracted widespread attention
thanks to their compelling properties, which are useful for many
potential applications.43

In order to use CTFs as support material, bidentate nitrogen-
containing linkers similar to the chelating ligands of the Ru(II)L3

complex should be present in the framework. We start from a
biphenyl-based CTF,44 which we will refer to as CTF-1-2R45 (the
name CTF-2, which has also been used for this material44 was
originally proposed for a naphthalene-based structure46). Note
that CTF-1-2R intrinsically has some photocatalytic activity.44 We
then replace a number of biphenyl linkers with polypyridyl ones
suited to anchor the Ru(II)L3 complex (see Figure 1). Hug et al.
recently synthesized such a CTF-1-2R containing a 2-2’-bipyridine
(bipy) linker.47 Similar strategies can be applied for MOFs,48

where photocatalytic complexes were already successfully anchored
to both linkers49,50 and nodes.51

In the following sections, we perform a computational inves-
tigation of the combined Ru(II)L3-CTF heterogeneous photocat-
alyst and explore in how far the favorable electronic properties
of Ru(II)L3 complexes are maintained upon anchoring. To in-
vestigate this point, we vary the bidentate moieties in both the
Ru(II)L3 complex and the CTF support and show how small syn-
thetic modifications allow tuning the light absorption and redox
properties of the catalyst. The CTF and the Ru(II)L3 complex are
first considered separately, after which the properties of the cou-
pled catalyst are compared in detail. The combined Ru(II)L3-CTF
heterogeneous photocatalyst has a larger versatility than the iso-
lated complex as both the framework and the Ru(II)L3 complex
can be varied. In addition, it makes it possible to obtain asymmet-
rically surrounded Ru(II)L3 complexes in a rather natural way. We
show that depending on the composition of the system the MLCT
can be guided52 either to the framework or to the pore of the
material, producing a versatile photocatalyst for either interface-
or pore-driven catalytic applications.

2 Methodology

2.1 Structures

We considered several variants of the CTF-1-2R framework to act
as a scaffold for Ru(II)L3 complexes. CTF-1-2R itself only contains
biphenyl linkers (biph) and is therefore unsuited to function as a
catalytic support for the photocatalytic Ru(II)L3 complex. To in-
troduce appropriate anchor sites, four experimentally available

bidentate nitrogen-containing linkers were instead considered,
cis-bipyridine (cbipy), phenanthroline (phen), cis-bipyrazine (cbipz),
and bipyrimidine (bipm), as well as their monodentate trans con-
figurations (tbipy, tbipz) (see Figure 1). This set of linkers allows
changing the nitrogen content of the CTF’s aromatic system, with
nitrogen counts ranging from two to four per linker. Moreover,
experimental synthesis of these materials should be possible, as
demonstrated by the successful synthesis of a bipyridine-based
CTF by Hug et al.47

We modeled the nitrogen-containing CTFs by considering a
single CTF-1-2R monolayer, which contains three biph linkers and
two triazine (tria) secondary building blocks (SBU) per unit cell.
The influence of multilayer stacking is therefore not taken into
account. In each layer we replaced one, two or three of the biph
linkers by a particular polypyridyl one (Li), forming a modified
CTF-1-2R. We will refer to a given CTF in terms of its constituent
linkers, e.g. biph3 for CTF-1-2R and Li

nbiph3−n for the modified
systems with n the number of replaced biph linkers. The system-
atic and controlled inclusion of polypyridyl linkers within the CTF
allows us to assess the influence of nitrogen content on the CTF
properties. The work of Wang et al. moreover indicates that it is
indeed possible to make such mixed-linker CTFs.53

The properties of the Ru(II)L3 complex were varied using the
same four bidentate ligands. Ru(II)L3 complexes used for homo-
geneous photocatalysis consist of three bidentate nitrogen-con-
taining ligands for which generally two or three are equal.3,12–15

We will denote these complexes as Ru(II)L j
2Li

1, with the most
prominent example being Ru(II)cbipy3. When embedded into the
CTF, the Li linker is shared between the framework and the com-
plex, while the other two chelating ligands L j extend into the
pore. Such metal-functionalized COFs may be produced either
post-synthetically or by using prefunctionalized linkers during the
CTF synthesis.13,54 We denote the resulting heterogenized photo-
catalyst as (Ru(II)L j

2)Li
1(Li

nbiph2−n) with n = 0,1,2. The presence
of mixed-ligand complexes rather than complexes with only a sin-
gle type of ligand allows us to tune the photocatalytic activity in
much more detail.

2.2 Computational Details

All periodic calculations were performed using density-functional
theory (DFT) in the projector-augmented wave (PAW) approach55

with the VASP 5.4.4 package56–59 and employing the PBE func-
tional.60 Although the semilocal PBE functional substantially un-
derestimates band gaps, it correctly reproduces electronic-structure
trends at a fraction of the cost of higher-level methods.29,45,61

We confirmed this using selected HSE06 calculations (see Fig-
ure S2-S5†).62,63 Note, however, that for quantitative purposes,
even more advanced theories would be required, as conjugated
systems typically yield poor absolute electron affinity and band
gap predictions.64 Van der Waals interactions were modeled by
the DFT-D3 method of Grimme with Becke-Jonson damping.65,66

The recommended GW-ready PAW potentials were used because
of their high precision,67,68 employing a 1s1, 2s2 2p2, 2s2 2p3 and
4s2 4p6 5s2 4d6 valence electron configuration for respectively H,
C, N and Ru. In addition, a plane wave basis set was employed
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Fig. 1 Building blocks of both the CTF monolayer and the Ru(II)L3 complexes (top). The heterogeneous photocatalyst of interest consists of a structure
in which the Ru(II)L3 complex is anchored on a CTF monolayer, for which an example is given (bottom) (blue: N, brown: C, white: H, grey: Ru).

with a kinetic energy cut-off of 800 eV for all structures.
For CTF monolayers a 2× 2× 1 Γ-centered grid was used to

sample the first Brillouin zone. We imposed an electronic energy
convergence criterion of 10−5 eV together with an ionic relax-
ation threshold of 10−4 eV. These settings were used to uniformly
rescale the CTF’s in-plane lattice parameters from −4% to 4% in
steps of 1% and fit a Rose-Vinet equation of state (see e.g. Fig-
ure S8†).69 Because of the intrinsic periodicity imposed by VASP,
an interlayer distance of 22 Å was maintained, and the van der
Waals radius in the D3 scheme was reduced to 20 Å to remove
dispersion interaction between the monolayers. The equilibrium
lattice parameters were extracted from the equation of state, at
which the structures were relaxed using more stringent electronic
and ionic convergence criteria of 10−7 eV and 10−6 eV, respec-
tively. In this last optimization run, the interlayer vacuum region
was increased to 40 Å when a Ru(II)L3 complex was anchored
onto the CTF to obtain reliable energies.

The Ru(II)L3 complexes were calculated in a 40× 40× 40 Å3

unit cell using a 2+ charge, a Γ-point k-grid and an electronic and
ionic convergence threshold of 10−7 eV and 10−6 eV. Similarly,
the Ru2+ ion and nitrogen-containing linkers were calculated in
a 20 × 21 × 23 Å3 and 40 × 30 × 22 Å3 box (see Figure S6†) to
obtain the formation energy (see “The photocatalytic complex”
and “The heterogeneous photocatalyst”). In the case of a charged

system, an energy correction was applied to remove monopolar
interactions with its periodic images (see Section S2†).68,70,71

Density of states (DOS) calculations were performed with a
6× 6× 1 Γ-centered grid for the CTF and a Γ-point grid for the
building blocks and Ru(II)L3 complexes. In addition, the thresh-
old for the electronic self-consistent cycle was tightened to 10−8

eV. The DOS were plotted using the pymatgen package.72 De-
pending on the feature of interest, different DOS plots were aligned
using either a judiciously chosen energy or potential reference, or
by quantitatively positioning them with respect to the vacuum
potential. In the latter case, the vacuum potential was either ex-
plicitly calculated (neutral systems) or determined from the elec-
tron affinity, i.e. the energy change upon adding a supplementary
electron (charged systems).

3 The scaffold

To understand the role of the CTF scaffold’s composition in the
heterogeneous photocatalyst, we first consider the CTF alone. We
examine both the energetic and the electronic influence of intro-
ducing polypyridyl linkers within the biph3 monolayer, which are
needed to create a suitable anchor site for the Ru(II)L3 complex
(see “Structures”).

Journal Name, [year], [vol.],1–10 | 3

Page 3 of 11 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 G

he
nt

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
3/

15
/2

01
9 

11
:0

6:
50

 A
M

. 

View Article Online
DOI: 10.1039/C9TA00573K

http://dx.doi.org/10.1039/C9TA00573K


(a) CTF (b) Ru(II)L3

Fig. 2 Formation energy of the CTF scaffold (a) and the Ru(II)L3 complex (b) in eV per unit cell. Each data point is colored in three parts, which
represent the composition of the CTF scaffold or Ru(II)L3 complex, respectively. In panel (a) the solid lines connect all frameworks Li

nbiph3−n with a
fixed linker type Li; the dashed lines correspond to different values of n.

Energetics. As CTFs are made upon trimerisation of aromatic
nitriles (see Figure 1, X=CN), the CTF stability can be assessed
by evaluating the formation energy in terms of these constituting
linkers (see Table S5†):

EForm = ECTF −∑
i

ELi(CN) = ∑
i

∆ELi(CN) (1)

The formation energy is depicted in Figure 2a. We see that all
frameworks are stable, but that the stability scales unfavorably
with the number of polypyridyl linkers. This destabilization per
linker is of the order of 1.8 eV and is approximately equal for
all linkers within a 40 meV range, independent of their nitrogen
content.

To investigate the role of the individual linkers in more de-
tail, Eq. 1 can be approximated to attribute the formation energy
to independent contributions of the different linkers. In this case,
the formation energy can be seen as the sum of stabilization ener-
gies ∆ELi(CN) per linker, independent of the framework in which
they are incorporated. These stabilization energies per linker can
be obtained from the formation energies of different CTFs via a
least-squares fit (see Table S6†. The agreement between the ac-
tual and the fitted formation energies is better than 3 meV, indi-
cating that there is no energetic interaction between individual
linkers across the bridging triazine unit.

Electronic structure. The densities of states for a few consid-
ered CTFs are shown in the right panel of Figure 3 (see Sec-
tion S5.2† for a full overview and Figure S2† for a HSE06 valida-
tion of Figure 3). The decomposition with respect to the building
blocks shows the appearance of both localized and delocalized
states. The delocalized states, which include the conduction band
minimum (CBM), are spread out over the entire structure and
agree well with the traditional solid-state concept of an energy
band. In contrast, there are also localized states, such as the top
of the valence band, which are characterized by sharp peaks in the
DOS. The corresponding orbitals are confined to individual com-
ponents of the CTF and retain a more discrete, molecular char-
acter.29,73,74 These localized states are therefore often referred

to as crystal orbitals, and the top of the valence band is classi-
fied as highest occupied crystal orbital (HOCO). Strikingly, the
energy and shape of these localized electron levels is very similar
to those in the CTF constituents (see Figure 3, left panel). This
suggests that some features of the linkers are maintained when
incorporating them into the aromatic system of the periodic CTF.
Such electronic structure decoupling resembles that of 0D MOFs,
which are made up of independent contributions of their inor-
ganic and organic building blocks.29,61 Hence we would like to
introduce the idea of orthogonal electronic structure engineering
for COFs in a similar way as for MOFs, i.e. the ability to tune the
overall electronic structure by independently varying the different
constituents.

Finally Figure 3 illustrates that the electronic structure of CTF-
1-2R can be modified by doping it with nitrogen-containing link-
ers. Although the position of the HOCO relative to the vacuum
energy remains fairly independent of the nitrogenous character
of the framework, the CBM systematically lowers if it is increased
(see Figure 3 and Figure S9†). As a result the band gap decreases.
The band gap is plotted for the various materials in terms of the
nitrogen content in Figure 4a. The behavior of the CBM is found
to be inherited from the individual linkers (see Section S4†) and
is in line with current literature on similar nitrogen-based or-
ganic frameworks.34,75,76 It is caused by the inclusion of nitrogen
atoms in the aromatic ring. Because their free electron pairs are
not part of the aromatic system, they lead to a π-electron-deficient
system. The framework (or linker) will therefore accept electrons
more easily. The resulting band gap may be more suitable for
photocatalysis, as experimentally observed in nonfunctionalized
CTFs.34,36,37,44,46,76 In addition, the dependence of the band gap
on nitrogen content may be relevant during photocatalysis as it
could favor the transport of excited electrons from the photocat-
alytic complex to the framework (see “The heterogeneous photo-
catalyst”)
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Fig. 3 Densities of states of CTF-1-2R doped with 1, 2 or 3 phenanthroline linkers (phennbiph3−n,n = 0,1,2,3) compared to the electronic structure of
the hydrogen-terminated constituents (biph, phen, tria). The DOS are aligned with respect to the vacuum energy.

4 The photocatalytic complex
Essential to the photocatalytic performance of the envisioned het-
erogeneous photocatalyst is the activity of the Ru(II)L3 complex.
Similar to the CTF scaffold, several nitrogen-containing ligands
can be considered to further tune the properties of this com-
plex. Here we investigate the energetics and electronic proper-
ties of mixed-ligand Ru(II)L3 complexes with up to two different
polypyridyl moieties (see “Structures”).

Energetics. Ru(II)L3 complexes are a combination of a Ru2+

ion and nitrogenous bidentate ligands (see Figure 1 with X=H).
Their stability can therefore be calculated from the following for-
mation energy (see Table S8†):

EForm = ERuL2+
3
−∑

j
EL j(H)−ERu2+ = ∑

j
∆EL j(H) (2)

Note that by using Eq. 2 competition with other ligands is not
considered. However, the latter stability is corroborated by the
confirmed functionality of Ru(II) complexes in several photocat-
alytic reactions.2,3,11–24

The energy can again be successfully decomposed into con-
tributions from the different ligands with a residual error of less
than 4 meV (∆EL j(H), see Table S9†). This implies that there is
little energetic coupling between the different ligands across the
Ru ion, so the main differences between Ru(II)L3 complexes can
be attributed to the Ru(II)-L j bonds.

The experimentally observed stability of Ru(II)L3 complexes
is confirmed in our calculations (see Figure 2b). Moreover, we
note that ligands with few nitrogen atoms bind more strongly
into a Ru(II)L3 complex, which is in line with their larger ba-
sicity and associated stronger electron-donating character. This
simple criterion suggests that a Ru(II)L3 complex might be post-

synthetically applied to an existing CTF crystal when the complex
ligands have a higher nitrogen content than the framework link-
ers. In this way the Ru(II)L3 complex would anchor more strongly
to the framework and exchange one of its ligands for a framework
linker. We investigate this conjecture in more detail in “The het-
erogeneous photocatalyst”.

Electronic structure. The highest occupied molecular orbital
(HOMO) of Ru(II)L3 complexes is centered on the Ru2+ ion and
corresponds to a t2g state of an octahedrally surrounded complex.
The lowest unoccupied molecular orbital (LUMO), on the other
hand, is located on the chelating ligands with the highest nitro-
gen content and thus highest electron affinity (see Figure 5 or
Section S6.2† for a full overview and Figure S4† for a HSE06
validation of Figure 5). The HOMO-LUMO gap therefore repre-
sents a qualitative measure of the MLCT, which is one of the key
properties in the photocatalytic process of interest. The nitrogen
dependence of the LUMO location moreover allows tuning the
MLCT to a specific ligand, which is of interest when anchoring
the complex to a CTF. This larger reduction potential of Ru(II)L3

complexes with increasing nitrogen content was also observed ex-
perimentally.3

Similar to CTFs, the electronic structure of a Ru(II)L3 complex
can to a large extent be considered as a superposition of contri-
butions of its components (see Figure S10†). Therefore, even
here the concept of orthogonal electronic structure engineering
can be introduced. As the Ru(II)L3 complex contains the same
type of linkers/ligands as the CTF, its electronic structure more-
over evolves in a similar way as a function of nitrogen content.
Indeed, the lowest unoccupied linker state lowers as the nitrogen
content increases, while the highest occupied linker state remains
rather constant. This leads to an overall decrease of the ligand-
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(a) CTF (b) Ru(II)L3

Fig. 4 Band gap of the CTF as a function of the number of linker nitrogen atoms per unit cell (a). Gap between the highest occupied and lowest
unoccupied molecular orbital and analogous linker-linker gap of the Ru(II)L3 complex with respect to the number of nitrogen atoms in the complex (b).
Each data point is colored in three parts, which represent the composition of the CTF scaffold or Ru(II)L3 complex, respectively.

(a) Ru(II)bipm2phen1 (b) Ru(II)phen2bipm1

Fig. 5 Metal-to-ligand (MLCT) and ligand-ligand (LL) transitions in Ru(II)bipm2phen1 (a) and Ru(II)phen2bipm1 (b) together with the corresponding
orbitals.

ligand (LL) gap with increasing nitrogen content (see Figure 4b
and Figure 5). On the other hand, the HOMO is now a Ru-based
state and lowers as much in energy with nitrogen content as the
LUMO. As shown in Figure 4b, this gives rise to a fairly constant
HOMO-LUMO gap. Hence, the absorption behaviour is similar
across the different mixed Ru(II)L3 complexes, although the re-
dox potential is changing. This feature makes our Ru(II)L3 com-
plexes an interesting set for photocatalysis as it allows adapting
both the direction of the MLCT and the chemical activity while
targeting the same range of absorption wavelengths.

5 The heterogeneous photocatalyst
Both the CTF scaffold and the homogeneous Ru(II)L3 catalyst dis-
play interesting properties for photocatalytic purposes. They can
be combined in numerous ways, which enables fine-tuning the
material beyond what is possible in the individual constituents.

However, it is not guaranteed that the beneficial behaviour of
the components is transferred to the combined Ru(II)L3-CTF sys-
tem. We consider the energetics and electronic properties of a
systematic subset of heterogeneous photocatalysts below (see Ta-
ble S1†). Not only does this demonstrate that the photocatalytic
properties of both the complex and the framework are main-
tained, but they can even be varied with an unparalleled versatil-
ity, allowing different phototransfer directions and redox poten-
tials.

Energetics. Similar to the treatment of the CTF scaffold or the
Ru(II)L3 complex, the formation energy of the Ru(II)L3-CTF cat-
alyst can be calculated with respect to the individual constituents
(see Table S11†). We find the same trends in stability when we
vary the components of either the Ru(II)L3 complex or the CTF
(see Figure S12†). Incorporating nitrogenous linkers in either
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part not only destabilizes the material, but by approximately the
same amount as in the separate building blocks (see Table S12†).
The energetics of the combined Ru(II)L3-CTF catalyst can there-
fore be predicted to some extent from this underlying behavior.

Of particular interest to the combined Ru(II)L3-CTF catalyst
is the energy required or released when anchoring the photocat-
alytic complex onto the support framework. We calculated the
energy needed to anchor a Ru(II)L j

3 complex with three equal lig-
ands onto a Li

n+1biph2−n CTF to form the anchored

(Ru(II)L j
2)L

i
1(L

i
nbiph2−n) complex (n = 0,1,2). For all considered

catalysts this energy was found to be negative (see Table S13†),
indicating that the heterogeneous photocatalyst can indeed be
formed through a spontaneous process of ligand exchange. More-
over highly nitrogen-containing Ru(II)L j

3 complexes anchor more
strongly to CTFs with a lower nitrogen content, which possess a
higher basicity. This is in correspondence with the energetics of
the isolated Ru(II)L3 complex.

Electronic structure. Ru(II)L3 complexes combine a band gap
in the visible wavelength range with an intrinsic charge transfer
upon light absorption. The combined Ru(II)L3-CTF catalyst will
only be successfully created if these advantages remain intact.
A first requirement is that the electronic structure of the complex
within the catalyst should not differ too much from that of the iso-
lated one. Figure 6a illustrates that the energy levels of the pris-
tine Ru(II)bipm2phen complex (left panel) are indeed retrieved
when anchoring it onto a phenanthroline-containing framework
(right panel) (see Figure S14-S15† for further examples and Fig-
ure S5a† for an HSE06 validation of Figure 6a). Furthermore the
redox potential of the complex remains almost unaltered, indi-
cating that the heterogeneous photocatalyst may be applied to
the same reactions as the homogeneous one. The principle of or-
thogonal electronic structure engineering therefore also extends
to the combined Ru(II)L3-CTF catalyst, in which not only states
of the Ru(II)L3 complex, but also from the CTF are recovered (see
Figure S13†).

A second point of attention is the electronic structure near
the band gap. We showed in “The photocatalytic complex” that
the Ru(II)L3 complex has a Ru-centered HOMO and a ligand-
based LUMO. When anchored, the HOCO moves toward a non-
anchoring CTF linker state (see Figure 6). Excitations from this
level may be of interest, but it is spatially separated from the Ru2+

ion. Further study is therefore needed to elucidate whether tran-
sitions between such a framework linker and the Ru(II)L3 com-
plex are realistic. We instead focus on MLCT excitations of the
anchored Ru(II)L3 separately, which we find to display the same
trends as the Ru(II)L3 complex. Indeed the LUCO and the Ru lev-
els again decrease as a function of the nitrogen content of the Ru
ligands while the highest occupied ligand states remain more or
less fixed (see Fig S14†). As a result, the MLCT gap remains in-
dependent of the used ligands, while the LL gap decreases with
nitrogen content. These findings suggest a Ru(II)L3 complex to
retain its photoredox properties when it is heterogenized in the
CTF. The heterogenized photocatalyst may therefore be suited for
similar reactions as the isolated complex.

Although the general electronic properties of the Ru(II)L3 com-

plex are conserved, heterogenizing the Ru(II)L3 complex onto the
CTF does have some interesting consequences. The most promi-
nent effect is the introduction of a CTF-centered HOCO, as men-
tioned above. A second result is visible for the unoccupied states
(Figure 6a). Not only is the electron affinity increased as a func-
tion of the CTF nitrogen content, but this affects the anchoring
linker differently from the ones dangling into the pore. It may
even lead to a change in energy ordering between the different
unoccupied ligand orbitals (see Figures. S15b, c†). In that case,
an MLCT-excited electron from the Ru(II)L3 complex may change
its charge transfer direction compared to the isolated cluster, i.e.
toward the framework rather than the other two (pore) ligands.

Attaching the Ru(II)L3 complex to a CTF does not appear to
undermine its photoactivity nor the redox reactions to which it is
applied. On the contrary, modifying the CTF linkers provides an
additional degree of freedom to tune the electronic response of
the photocatalyst. By varying the polypyridyl linkers in the CTF
or the corresponding ligands in the Ru(II)L3 complex, the redox
potential of the catalyst can be altered by up to 1 eV. This versa-
tility is useful to further optimize Ru(II)L3 complexes for sustain-
able applications, such as water splitting23 and carbon dioxide
reduction.19 Such design may be accomplished using the quali-
tative guidelines established here, as well as by means of future
investigations into quantitative redox potentials, e.g. by includ-
ing the solvent and applying a higher level of theory. In addi-
tion, carefully selecting both the complex and CTF components
allows the design of a guided metal-to-ligand charge transfer (see
Figure 6b). In a mixed Ru(II)L3 complex the MLCT is directed
toward the ligand with the highest nitrogen content. When com-
bined with the CTF, a higher nitrogen content of the framework
favors a MLCT toward the anchoring linker. If the catalytic oper-
ation requires excitation to the framework, the nitrogen content
should therefore be high in the CTF and low for the ligands in the
pore (e.g. (Ru(II)cbipy2)bipm(bipm2)). In contrast, MLCT to-
ward the pore can be achieved by keeping the nitrogen content of
the framework at a minimum and using highly nitrogenous moi-
eties for the pore linkers (e.g. (Ru(II)bipm2)phen(phen2)). This
is also the energetically most favored scenario (see Table S13†).

6 Conclusion
Heterogenization of Ru polypyridyl complexes is an essential step
in the development of more sustainable photoredox catalysts. A
promising possibility in that respect is attaching the complexes to
covalent triazine frameworks, which provide a robust and light-
weight support. The composition of these 2D porous substrates
may moreover be tuned to the redox reaction of interest. CTF-
anchored complexes therefore not only offer a large accessible
surface, but also a promising versatility toward functional catalyst
design.

We considered a wide range of different polypyridyl-based
CTF monolayers and Ru(II)L3 complexes and demonstrated that it
is indeed energetically favorable to anchor the Ru complexes onto
the CTF. However, an essential condition for an efficient hetero-
geneous photocatalyst is that its photoredox properties do not de-
teriorate when incorporated into the CTF scaffold. We confirmed
that the electronic structure of both the Ru(II)L3 complex and CTF
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Fig. 6 Electronic states of the Ru(II)bipm2phen1 complex in vacuo and when anchored on a phennbiph3−n,n = 1,2,3 framework (left). Depending on
the Ru(II)L3 complex and CTF scaffold, the charge transfer upon light absorption can be directed toward the pore or the framework (right).

stay mostly unaltered upon combining the two systems, and that
the redox potential of the photocatalytic complex remains largely
the same. This behaviour was shown to be even more generally
valid: the energy levels of both the unfunctionalized CTF and the
Ru(II)L3 complex are to a large extent made up of contributions
from their individual components. Also energetically, the stability
of a given structure solely depends on the type of linker or ligand
that is introduced into the material. This conclusion indicates that
the principle of orthogonal electronic structure engineering, first
demonstrated for 0D MOFs,29 might be applicable to a wide class
of crystals with molecule-like building blocks.

Although the heterogenization of photocatalytic Ru(II)L3 com-
plexes is a valuable target as such, our study additionally showed
that anchoring onto a CTF scaffold provides the system with an
even broader tunability than before. Band gaps, charge trans-
fer reactions and redox potentials are all strongly adaptable by
changing the nitrogen content of the different components of the
catalyst. A higher nitrogen content typically lowers the energy of
unoccupied polypyridyl levels and occupied Ru t2g levels, while
occupied linker or ligand states change only little. This behav-
ior makes it possible to guide the light-induced charge transfer
by increasing the nitrogen content of either the CTF (framework-
directed MLCT) or the dangling Ru ligands (pore-directed MLCT).
The versatility of CTF-anchored Ru(II)L3 complexes therefore en-
dows them with the capability to display a high photoredox activ-
ity for a wide range of target reactions and catalytic set-ups.
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TOC figure : Anchoring Ru(II) polypyridyl complexes onto covalent triazine frameworks yields a versatile 
photocatalytic system with a charge transfer dependent on the nitrogen content. 
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