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Abstract 

Ligand field (LF) states have been present in discussions on the photophysics 

and photochemistry of ruthenium-iminic chromophores for decades, although there is 

very little documented direct evidence of them. We studied the picosecond transient 

absorption (TA) spectroscopy of four {Ru
II
(imine)} complexes that respond to the 

formula trans-[Ru(L)4(X)2], where L is either pyridine (py) or 4-methoxypyridine 

(MeOpy) and X is either cyanide or thiocyanate. Dicyano compounds behave as most 

ruthenium polypyridines and their LF states remain silent. In contrast, in the 

dithiocyanate complexes we found clear spectroscopic evidence of the participation of 

LF states in the MLCT decay pathway. These states are of donor and acceptor character 

simultaneously and this is manifested in the presence of MLCT and LMCT transient 

absorption bands of similar energy. Spectroelectrochemical techniques supported the 

interpretation of the absorption features of MLCT states, and DFT methods helped to 

assign their spectroscopic signatures and provided strong evidence on the nature of LF 

states. 
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Introduction 

The family of {Ru
II
(imine)} complexes is one of the most frequent platforms 

chosen to study the photochemical and photophysical properties of coordination 

compounds.
1–4

 After decades of research, these compounds serve as models and are also 

playing crucial roles in photocatalysis,
5–10

 dye-sensitized solar cells,
11–16

 sensors
17–21

 

and drug delivery.
22,23

 Their unique properties arise from the balance between metal-to-

ligand charge transfer (MLCT) and ligand field (LF) excited states, although LLCT, 

MMCT and other states are sometimes involved.
24

 The MLCT manifold of excited 

states, formally described as {Ru
III

(imine
-
)} fragments, can be accessed from the ground 

state through intense and tunable light absorption.
25

 These excited states are themselves 

highly absorbing, and usually photoluminescent. This facilitated extensive studies of 

their photophysical behavior through different spectroscopic techniques.
26

 LF states 

have also been involved in discussions on ruthenium-iminic chromophores for over four 

decades.
27–32

 Generally, in these complexes LF states are energetically higher than 

MLCT states, although they are thermally accessible. Their electronic configuration can 

be described as (t2g)
5
(eg)

1
 in an octahedral environment, and thus they are also known as 

dd states. Population of the antibonding eg orbital significantly enlarges metal-ligand 

distances, favoring non-radiative decay to the ground state and also dissociative 

processes.
29,33

 Thus, LF states are avoided for photovoltaic applications, although they 

are targeted with analytical
34

 or medical
35

 purposes. In one sense or the other, control 

over these states is a major concern in all these applications. 
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In {Ru
II
(imine)} compounds LF states have been typically addressed indirectly, 

through temperature-dependent photoluminescence measurements, and they have found 

to effectively quench MLCT at different temperatures depending on their 

accessibility.
29,33

 Further indirect evidence of the presence of LF states was documented 

by Hewitt et al., who suggested excited-state equilibration based on a loss of MLCT 

intensity in transient absorption measurements.
36

 Recently, Sun and coworkers 

estimated transient absorption features which they ascribed to the LF manifold through 

singular value decomposition of their data in ultrafast experiments.
37

 However, since 

{Ru
II
(imine)} LF states are non-emissive and short-lived,

29,33
 they remained elusive of 

direct measurements. 

Here we present a case where the usually silent LF states show themselves 

through clear transient absorption signatures. We focused on a series of trans-

[Ru(L)4(X)2] chromophores, where L is either pyridine (py) or 4-methoxypyridine 

(MeOpy) (see Figure 1) and X is either cyanide or thiocyanate. These complexes were 

selected because they have high energy MLCT states, proper of ruthenium 

tetrapyridines.
38,39

 From the initial MLCT state, internal conversion to the LF manifold 

may result an exergonic process, allowing for an increased rate of population of these 

metal centered states and their spectroscopic detection. In other {Ru
II
(imine)} 

complexes with lower MLCT states, this process is uphill and thermally activated, thus 

hardly reaching sufficiently high populations of LF states to enable the detection of their 

spectroscopic signatures.
29

 The trans-[Ru(L)4(X)2] are expected to present LF states 

with different accessibility, given the different positions of CN
-
 and NCS

-
 in the 

spectrochemical series. Furthermore, in comparison with the vast majority of reported 

{Ru(imine)} complexes, the blue-shift in the ground state absorption features of trans-

[Ru(L)4(X)2]  result in cleaner transient absorption spectra in the 400-700 nm region. It 
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is this judicious combination of factors that enabled us for the first time to directly 

detect UV-visible spectral signatures of LF states in {Ru
II
(imine)} complexes. 

Picosecond transient absorption spectroscopy experiments were conducted to probe 

their excited state dynamics. Interpretation of the absorption features of MLCT states is 

based on spectroelectrochemical experiments, and DFT calculations provide strong 

evidence that help to identify the spectroscopic signatures of LF excited states.  

 

 

R trans-[Ru(L)4(X)2] L X 

H 1CN py 

CN
 -
 

OCH3 2CN MeOpy 

H 1NCS py 

NCS
-
 

OCH3 2NCS MeOpy 

Figure 1. Sketches of the complexes [Ru(L)4(X)2] reported in this work. Alphabetic 

labels identify H atoms according to NMR assignments. 

 

Results and Discussion 

Crystal structures 

Slow evaporation of a solution of 2NCS in acetonitrile rendered single crystals 

suitable for X-ray diffraction measurements. This technique gave access to the crystal 

structure of complex 2NCS (Figure 2), whose selected bond distances and angles are 

summarized in Table 1. Some distances and angles appear duplicated because the 

crystal structure presents a C2 symmetry axis that contains the metal ion. 1-2CN and 

1NCS have already been characterized by X-ray diffraction.
39–41
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Figure 2. X-ray structure of complex 2NCS. Ellipsoids represent a 30% displacement 

probability. Hydrogen atoms were omitted for clarity. 

 

2NCS 

Distances / Å Angles / ° 

Ru-NNCS Ru-N-CNCS 

2.035(4) 

2.035(4) 

171.6(4) 

171.6(4) 

N-CNCS N-C-S 

1.156(6) 

1.156(6) 

179.2(4) 

179.2(4) 

C-S NNCS-Ru-NNCS 

1.638(6) 

1.638(6) 
179.4(2) 

Ru-Npy  

2.092(3) 

2.092(3) 

2.090(3) 

2.090(3) 

 

Table 1. Selected bond distances and angles for 2NCS. 

 

In 2NCS, the ruthenium ion presents a nearly octahedral coordination sphere of 

nitrogen atoms. Pyridines are disposed in the typical propeller-like configuration of 

ruthenium tetrakis(pyridinic) fragments, and Ru-Npy bond lengths (~2.091Å) are similar 

to those found in similar compounds.
39,41–43

 Importantly, the N coordination of NCS
-
 is 

confirmed. The thiocyanate ligands retain the linearity found in their free form (N-C-S 

angles >179°). In comparison with the parent compound [Ru(py)4(NCS)2], 2NCS 
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displays shorter Ru-N-CNCS angles (171.6° vs 175.6°) and longer Ru-NNCS distances 

(2.035 Å vs 2.025 Å),
40

 suggesting a poorer π-backbonding interaction and a slightly 

weaker bond in 2NCS. Thiocyanate ligands are arranged in a trans fashion, with a 

NNCS-Ru-NNCS angle of 179.4°. 

 

Electrochemistry 

 

Comp. 
E1/2 (ΔEp)/V (mV) 

a
 

Ru(III/II) L/L
-
 

1CN 0.85 (70)
b
 -2.26

 d
 

2CN 0.67 (70)
c
 -2.53

 d
 

1NCS 0.69 (80) -2.23
 d
 

2NCS 0.56 (100) -2.55
 d
 

Table 2. Electrochemical data for 1-2CN and 1-2NCS in acetonitrile. 
a
 0.1 M [TBA]PF6 

used as electrolyte.
 b

 from reference 
39

.
 c
 from reference 

41
. d irreversible. 

 

Cyclic voltammograms of complexes 1-2NCS are shown in Figures S1-2, and 

the resulting half wave reduction potentials are collected in Table 2. Anodic scans 

exhibit fully-reversible one-electron waves below 1 V, that resemble those previously 

reported for 1-2CN.
39,41

 and thus they can be ascribed to Ru-centered couples. Within 

both families 1-2CN and 1-2NCS, their potential decreases as the substituted pyridine 

becomes a stronger σ-donor or a poorer π-acceptor. It was found that in any pair of 

compounds bearing the same pyridyl ligands, substitution of cyanide with thiocyanate 

results in a cathodic shift of the Ru(III/II) couple. This behavior results from the 

contrasting properties of the electron density acceptor CN
-
 and the donor NCS

-
. Unlike 

{Ru(bpy)2(NCS)2} analogues, 1NCS and 2NCS do not show any evidence of additional 

oxidation processes up to 1.5 V, which are usually ascribed to thiocyanate-centered 

processes.
44–46

 Furthermore, we found no evidence of decomposition upon one-electron 

oxidation. Cathodic scans show irreversible waves below -2 V, associated to 
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heterocyclic-centered reduction processes.
47

 As expected, the enhanced electron 

richness of methoxy- substituted pyridines results in a more negative reduction 

potential. 

 

UV-vis Spectroelectrochemistry 

 

Figure 3. Oxidative spectroelectrochemistry of 1CN and 1NCS in methanol. Black 

solid curves are the initial spectra, and red dashed curves are the final ones. Grey lines 

indicate the spectral evolution. 

 

Comp. 

λmax / nm 

(εmax / 10
3 
M

-1 
cm

-1
) 

MLCT 

dπ(Ru) → π*(L) 

LMCT 

π(L) → dπ(Ru) 

π(X) → dπ(Ru) 

1CN 354 (21.7) - 

2CN 340 (20.6) - 

1CN
+
 - 

349 (6.1) 

448 (1.4) 

2CN
+
 - 461 (9.9) 

1NCS 370 (20.5) - 

2NCS 352 (22.4) - 

1NCS
+
 - 

353 (7.7) 

736 (11.9) 
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2NCS
+
 - 

349 (3.7) (sh) 

689 (14.2) 

Table 3. Spectroscopic data for 1-2CN, 1-2NCS and their one-electron oxidized species 

in methanol. 

 

Figures 3 and S3 present the absorption spectra of 1-2CN and 1-2NCS, and their 

evolution upon one-electron oxidation. Table 3 collects the relevant spectroscopic data. 

The dπ(Ru) → π*(L) MLCT bands govern the absorption profiles of all the compounds 

reported here involving a Ru(II) oxidation state, with maxima in the range of 340-370 

nm. For compounds with equal axial substitution, these bands shift to the blue as the 

iminic ligands are more electron-rich and harder to reduce. This effect overcomes the 

differences in the metal center reduction potentials. Additionally, for every pair of 

compounds bearing the same pyridinic ligand, MLCT band maxima shift to the red 

when CN
-
 is replaced by NCS

-
. This tracks the differences in the reduction potentials of 

the metal couples and reflects the donor effect of the NCS
-
 ligands, which usually 

destabilizes HOMOs.
48

 

In both series 1-2CN and 1-2NCS, MLCT bands disappear upon one-electron 

oxidation (Figure 3), as expected for a process that depletes Ru(II) donors. 

Simultaneously, new signals of LMCT character grow for the dicyano- and 

dithiocyanato- complexes due to the presence of a Ru(III) acceptor. In 1-2NCS
+ 

complexes, intense bands appear above 680 nm and shift to the blue upon decreasing 

the reduction potential of the metal couples, i.e. upon rising the energy of the acceptor 

Ru d orbitals. These observations strongly suggest that the NCS
-
 ligands are the origin 

of LMCT transitions, i.e. these correspond to π(NCS) → dπ(Ru).
49–52

 The higher energy 

LMCT signals show almost no shift between 1NCS and 2NCS (both signals appear 

around 350 nm for both), so their assignment is discussed below on the basis of 

(TD)DFT techniques (vide infra). In contrast, in 1-2CN
+
 LMCT bands (448 nm and 461 
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nm with L = py and MeOpy, respectively) shift in the opposite direction, suggesting that 

for these compounds the π(L) orbitals are involved in these bands. As observed for the 

MLCT bands of the non-oxidized species, when orbitals of both pyridines and the metal 

center are taking part in a charge transfer, the properties of the former dominates the 

energy trend. Such is the case of LMCT bands of 1-2CN
+
. The oxidation processes for 

all the samples proceeded with retention of clear isosbestic points, which rules out 

decomposition upon one electron oxidation in the timescale of the 

spectroelectrochemical experiment. This result contrasts with the reports for other 

ruthenium dithiocyanate complexes,
44

 except for [Ru(MeObpy)2(NCS)2] (MeObpy is 

4,4’-methoxy-2,2’-bipyridine).
48

 

 

 

Figure 4. a) Reductive spectroelectrochemistry in acetonitrile of 1CN (left) and 1NCS 

(right). b) Difference spectra of the oxidation (dashed) and reduction (dash-dotted) 

processes of 1CN (left) and 1NCS (right). 

 

Spectroelectrochemical studies during ligand reduction were also performed for 

1CN and 1NCS (Figure 4). Full depletion of 1CN and 1NCS species was precluded by 
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solvent discharge at the negative end of the experimentally available electrochemical 

window in acetonitrile. For the same reasons, measurements for 2CN and 2NCS are 

unreliable due to the extremely high cathodic potential required for their reduction 

processes (Table 2) and will not be further discussed here. Upon reduction, MLCT 

bands decrease and several new signals grow (Figure 4). The intense new features 

around 290 nm and the broad signals over 430 nm can be assigned to π* → π*(L) 

intraligand transitions.
48,53

 Some contributions to absorption of the reduced species in 

the red flank of the MLCT band can be attributed to a red-shifted MLCT, which stems 

from destabilization of ruthenium d orbitals by the enhanced electron density on the 

reduced ligand.
54,55

 

The charge-separated nature of MLCT excited states allows their description as a 

simultaneously metal-oxidized and ligand-reduced species. Thus, the sum of the 

oxidative difference spectra of 1CN and 1NCS with their reductive difference spectra 

(Figure 5a) is a good starting point to analyze the transient absorption profile of the 

MLCT excited state. However, it must be kept in mind that this approach neglects the 

spectroscopic consequences of having a reduced ligand and an oxidized metal center 

simultaneously.
53,56,57

 

 

Transient absorption measurements 
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Figure 5. a) Sum of the oxidation and reduction difference spectra of 1CN (left) and 

1NCS (right). b) Transient absorption spectra of 1-2CN and 1-2NCS in methanol, 

pumped at 387 nm.  

 

All the complexes explored here are non emissive in thoroughly argon-degassed 

solutions in methanol at room temperature. This is the usual case for the {Ru(py)4} 

core, and one of the reasons why so little is known about their excited states dynamics. 

Transient absorption measurements were performed to shed light on the dynamics of the 

MLCT excited states of 1-2CN and 1-2NCS. All the samples were pumped at 387 nm, 

in the red side of their MLCT absorption band (Figures 3 and S3). Figure 5 shows the 
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transient absorption spectra of compounds 1-2CN and 1-2NCS. For the analysis of 

these data, it was assumed that inter-system crossing between singlet and triplet MLCT 

manifolds occurs in around 50 fs, a timescale much faster than the resolution of our 

experiment.
58,59

 Hence, our interpretation starts with considering an initial 
3
MLCT 

population in the excited state. 

Absorption profiles of the dicyano complexes 0.6 ps after excitation are 

essentially equal to each other, and remarkably similar to those predicted for 1CN by 

spectroelectrochemical techniques (Figure 5). They display negative signals below 450 

nm, which mirror the ground state MLCT absorption bands and can thus be ascribed to 

their bleaching. Also, low intensity broad positive signals can be distinguished around 

500 nm. We assign them as π* → π*(L) intraligand transitions and π*(L) → dπ(Ru) 

involving a semi-occupied π* orbital of the reduced pyridine ligand, by comparison to 

our spectroelectrochemical experiments (Figure 5a) and analogous systems containing a 

{Ru(bpy)2} fragment.
48,60,61

 These transient absorption characteristics resemble those of 

MLCT excited states in ruthenium polypyridyl complexes.
53,56,57,62–64

 In the case of 

2CN, it is worth to note the absence of contributions from π(MeOpy) → dπ(Ru) LMCT 

band proper of 2CN
+
, expected around 460 nm (Figure S3). This intense and narrow 

signal might be considerably blue-shifted in the excited state, as a consequence of 

ruthenium d orbitals destabilization in the presence of a pyridinic radical anion ligand.  

Both 1-2CN exhibit a monoexponential decrease in the intensity of their 

transient absorption spectra as the only dynamics, without noticeable spectral shifts, and 

lifetimes of 8.6 and 7.1 ps for 1CN and 2CN respectively (Table 4). Kinetic traces for 

1CN and 2CN have the same behavior (Figures 6 and S9) all through the explored 

spectral window, suggesting the loss of 
3
MLCT population is associated with ground 

state recovery. 
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The photophysical scenario of 1-2NCS is remarkably different (Figure 5b). 

Absorption spectra of dithiocyanate complexes 0.6 ps after excitation can be assigned to 

3
MLCT state as they show the features expected from the spectroelectrochemical 

experiments (Figure 5a): bleaching bands below 450 nm that mirror the ground state 

MLCT absorption, and a wide positive signal that extend to the red side of the visible 

spectrum. We assign them as a superposition of π*(L) → dπ(Ru) and π(NCS) → dπ(Ru) 

LMCT transitions. As in related {Ru(NCS)2} motifs,
50,51

 π(NCS) → dπ(Ru) LMCT 

absorption band of the 
3
MLCT excited state is blue-shifted in comparison with the 

LMCT band of the one-electron oxidized species (Figures 3 and S3, and Table 3). This 

is a consequence of the presence of a radical anion pyridine ligand in the MLCT excited 

state, which destabilizes the ruthenium d orbitals. 

Five ps after excitation, the transient absorption spectrum of 1NCS presents 

clearly distinctive features (Figure 5b). The photoinduced bleach signal below 430 nm 

gradually turns into an absorption band in the range 410-480 nm (Figure 6) before 

complete recovery of the ground state. This biphasic behavior reveals the participation 

of an additional excited state in the decay pathway. In 2NCS this behavior is also 

present, although is less pronounced due to the blue-shift of its spectral features. 

We consider two alternatives for the nature of the process giving raise to this 

second excited state (ES2). One option is the linkage isomerization of the thiocyanate 

ligand in the 
3
MLCT excited state, from the N-bound to S-bound, which then reverts to 

a N-bound ground state concomitantly with ground state recovery. In this picture, the 

ES2 could be described as {Ru
III

(L
-
)(SCN)}. However, the absence of a dominating 

bleach signal (Figure 5b) strongly points to a Ru(II) character of the metal ion in this 

state. Furthermore, in contrast to sulfoxide Ru complexes,
65–72

 the occurrence of such 

process has not been observed in iminic ruthenium thiocyanato complexes.
48,73,74
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Additionally, TD(DFT) calculations (Figures S27 and S28) predict very similar 

absorption features for the three possible isomers (N,N-bound, N,S-bound and S,S-

bound), suggesting a {Ru
II
(L)(SCN)} description of ES2 could neither account for the 

photoinduced absorption bands observed. Hence, we concluded that excited state 

linkage thiocyanate isomerization is unlikely to be responsible for the observed transient 

features. 

The second phenomenon that may originate the observed biphasic dynamics is 

the population of a 
3
LF manifold, which may also give rise to distinct spectral 

signatures. Spectroscopic observation of the 
3
LF state has been reported

37
 when its 

population is faster that its depletion. In {Ru
II
(imine)} complexes this requires a 

manipulation of the energy levels that results in 
3
LF states laying at lower energies than 

the 
3
MLCT states. Hence, 

3
LF states get rapidly populated at the expense of the latter 

and their population is allowed to accumulate and be observed. This was achieved in 

[Ru(bpy)3]
2+

 analogues by ligand functionalization that decreases significantly the 

energy of the 
3
LF states, which in consequence lay below the 

3
MLCT states. In the 

systems reported here, the same energy ordering is obtained by increasing the energy of 

the 
3
MLCT manifold. In 1-2CN and 1-2NCS, the 

3
MLCT states are at least ~5000 cm

-1
 

higher in energy than in related ruthenium polypyridine complexes based on the energy 

of the MLCT absorption observed for those complexes. Therefore, the 
3
MLCT becomes 

higher in energy than the 
3
LF (as confirmed by the DFT calculations) and as a result of 

this, a fast population of the 
3
LF state is expected. In these complexes the fast 

conversion to the 
3
LF state may allow accumulation of a sufficient concentration of the 

complex in that state, opening the possibility for its spectroscopic detection. 

The spectroscopic signal observed for ES2 in 1NCS and 2NCS is compatible 

with the expected spectra for 
3
LF states. A significant bleach is not anticipated as the 

Page 14 of 35Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



15 

 

ruthenium ion in the 
3
LF state is formally a Ru(II) ion with unpaired electrons in both 

the t2g and eg orbitals, and hence MLCT transitions are expected. In addition, the hole in 

the t2g orbital makes possible LMCT transitions from the NCS
-
 and the pyridine radical 

anion ligands. Due to the Ru(II) character of the 
3
LF, LMCT transitions are expected at 

higher energy than in the ground state of 1-2NCS
+
. The population of 

3
LF at the 

expense of the 
3
MLCT should result in the disappearance of the initial ground state 

bleach and a growth of a photoinduced absorption in the visible, which is observed in 

the data for 1NCS around 430 nm (Figure 5b). Therefore, we assign the ES2 as a 
3
LF 

state.  

Global fitting analysis of the transient data for 1-2NCS using a parallel five 

compartment model
75,76

 revealed more spectrally active components than in the case of 

1-2CN (Figures S4-7). Hence, a target fit strategy (see Supplementary Information) was 

followed, using the target model shown in Figure 7. In this model, the 
3
MLCT initially 

created by the pump pulse (ES1) either reverts to the ground state (GS0), or it populates 

the intermediate excited state (ES2) which then decays to ground state.  For both 1NCS 

and 2NCS, kinetic traces (Figures 6 and S9) are well described by this three-state target 

model. Figures 8 and S8 show the resulting Species Associated Difference Spectra 

(SADS) for 1NCS and 2NCS, respectively, which can be associated with the states 

proposed in our model.
75

 Table 4 collects the parameters obtained by this procedure. 

The transition to the 
3
LF state in 1NCS and 2NCS is fast ( = 1.67 and 1.29 ps, 

respectively), while its decay to ground state is slower, corresponding to 9.7 and 12 ps. 

The same model accounts for the kinetic behavior of 1CN and 2CN. In this case 

the energy gap between the 
3
MCLT and the 

3
LF is smaller due the destabilization 

induced in 
3
LF state by cyanide ligands. This results in a 

3
LF manifold with a feeding 

process slower than its lifetime, so it never reaches a significant concentration and 
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cannot be spectroscopically detected. As a result, a single exponential decay is 

observed. It is worth to note that we cannot completely rule out the presence of very low 

amounts of photoproducts. Given the low quantum yields of photodissociation observed 

in related complexes, the concentration of these photoproducts is expected to be low, 

and should not have a major influence in the photophysical behavior described.
77

 

Otherwise, additional time constants would have been required for the model to 

adequately fit our experimental data. Hence, we think the generation of photoproducts 

from ES2 is a minor pathway and the impact of photodecomposition could be safely left 

out in our photophysical model. 

 

 

Figure 6. Transient absorption traces of 1CN and 1NCS in methanol, pumped at 387 

nm. Scatter plots: measured traces. Solid curves: globally fitted functions. 
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Figure 7. a) Jablonski diagram of the relevant states describing the photophysical 

behavior of 1-2CN and 1-2NCS. The process labeled by 10 corresponds to a 

radiationless deactivation. b) Potential energy surface diagram illustrating the 

differences between 1-2CN and 1-2NCS. 

 

 

 
Figure 8. Species Associated Difference Spectra for 1NCS in MeOH, fitting a three 

state model as depicted in Figure 7 (Black: state 1, Red: state 2). 

 

Comp. τ10 / ps τ12 / ps τ20 / ps 

1CN  8.6 ± 0.2 - 

2CN  7.1 ± 0.3 - 

1NCS 20 ± 2 1.67 ± 0.01 9.7 ± 0.2 

a) b)1,3MLCT

1GS

3LFES1
ES2

GS0

τ1-0 τ2-0

τ1-2
p

u
m

p

1GS

GS0

ES1

ES2

1,3MLCT

3LF (1-2CN)

3LF (1-2NCS)
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2NCS 26 ± 2 1.29 ± 0.05 12.3 ± 0.2 

Table 4. Characteristic times of the processes obtained by global fitting of the data to 

the target model shown in Figure7.  

 

DFT results 

DFT methods were employed to study the structure and spectroscopy of 1-2CN 

and 1-2NCS, and their one-electron oxidized species 1-2CN
+
 and 1-2NCS

+
. The 

optimized structures of 1-2CN and 1-2NCS agree with the experimentally determined 

ones (Tables S2 and S3), displaying the typical propeller-like configuration of the 

{Ru(L)4} fragments. This geometry is also a characteristic of 1-2CN
+
 and 1-2NCS

+
. 

 

 

Figure 9. Comparison between the absorption spectra of 1-2CN and 1-2NCS (curves) 

and the energy of the optical transitions predicted by DFT calculations (bars). 

 

As seen in related ruthenium dithiocyanate complexes,
44,48,52,78–80

 in 1-2NCS the 

HOMO is metal-based with important contributions (over 35%) of the pseudohalide 

ligands (Figure S20). Spectroscopy of 1-2CN and 1-2NCS predicted by (TD)DFT is in 
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good agreement with the experimental measurements and supports the assignments 

made (Figure 9, Tables S4, S6, S8 and S11). It is worth to note at this point that LL’CT 

dπ(SCN)→π*(L) transitions are predicted for 1-2NCS (Tables S14 and S15). 

Nevertheless, their energy is high enough (over 305 nm) to safely exclude them from 

the deactivation cascade of MLCT states, so they will be no further discussed. 

According to our DFT calculations for the one-electron oxidized species 1-2CN
+
 and 1-

2NCS
+
, the computed spin densities (Figure S21) are primarily centered on ruthenium 

ions, with the hole partially located on NCS
-
 ligands (around 15%) for 1-2NCS

+
.
48

 This 

result confirms that the oxidation processes observed in electrochemical experiments 

(Figure S2 and Table 2) are metal-centered.  

 

 

Figure 10. Comparison between the absorption spectra of 1-2CN
+
 and 1-2NCS

+
 

(curves) and the energy of the optical transitions predicted by DFT calculations (bars). 

 

Spectroscopic predictions provided by (TD)DFT methods for the transitions in 

1-2CN
+
 and 1-2NCS

+
 are also consistent with the experiments (Figure 10, Tables S5, 
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S7, S9, S12). Importantly, the predicted LMCT bands from pyridinic ligands in 1-2CN
+
 

and from thiocyanates in 1-2NCS
+
 are very close to those obtained experimentally, and 

the trends upon pyridine substitution are well reproduced. Further inspection of these 

bands in 1CN
+
 reveal contributions of π(CN) orbitals to the donor state involved in the 

transition calculated to be at 349 nm and 448 nm (Table S5, Figure S11), which are 

absent in 2CN
+
 (Table S7) and may account for the different intensities experimentally 

observed when changing the pyridinic ligand. In 1-2NCS
+
, the high energy LMCT 

bands can be attributed to π(L) → dπ(Ru)/π(NCS) (Tables S9 and S12). Their 

insensitivity towards pyridine substitution may be due to appreciable contributions of 

π(NCS) components to the LUMO of both 1-2NCS
+
 (Figures S15 and S18), which 

reduces the influence of the ruthenium reduction potential on the energy of the 

transition. These results highlight the good agreement between the DFT descriptions of 

the electronic structure for our series of compounds with their experimental behavior. 

This is further demonstrated by the nice correlation between the experimental and the 

calculated oscillator strengths of the discussed transitions (Table S17 and Figure S26). 

With the aim of exploring the properties of the 
3
LF states ES2 involved in the 

decay pathways of 1-2NCS and 1-2CN, an optimization of the structures of the lowest-

lying electronically excited state with triplet character was performed. The computed 

spin densities of these states are essentially centered on the ruthenium ion, with values 

of 1.822 (1NCS), 1.931 (2NCS), 1.912 (1CN) and 1.905 (1CN), suggesting that they 

are of ligand field nature.
81

 A corresponding orbital transformation
82–84

 was performed 

on these spin unrestricted computation outputs to elucidate the occupation pattern of the 

molecular orbitals in these triplets. For all the complexes reported here, this yielded 

antibonding HOMOs of σ symmetry, and non-bonding (HOMO-1)s of π symmetry 

(Figures S22-25), consistent with a (t2g)
5
(eg)

1
 electronic configuration in an octahedral 
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environment. The calculated energy of the 
3
LF states suggest they lay closer to the 

ground state for the NCS
-
 complexes compared to the complexes containing CN

-
, as 

well as the complexes containing the ligand MeOpy compared to the py complexes 

(Table S16), although differences are small. 

In order to explore the spectroscopy of the 
3
LF excited states of 1-2NCS, 

(TD)DFT calculations were performed to predict the spectral locus of the electronic 

transitions arising from them (Tables S10 and S13). A remarkable agreement with the 

experimental transient absorption spectra at 5 ps was found. Specifically, for 1NCS, a 

positive absorption band is observed between 400 and 500 nm, reproduced by expected 

transitions at 431 nm and 448 nm (Figure 11 and Table 5). The first one corresponds to 

a π(NCS)→dπ(Ru) LMCT, and the second to a dπ(Ru)→ π*(py) MLCT (Table S10). In 

the case of 2NCS, the (TD)DFT calculation provides transitions at 397 nm and 399 nm, 

matching the experimental red flank of a band with a maximum below 410 nm (Figure 

11). Those transitions can be described as dπ(Ru)→π*(MeOpy) MLCT charge transfers. 

Furthermore, a π(NCS)→ dπ(Ru) LMCT band at 464 nm is also predicted by our 

(TD)DFT calculations, which contributes to the broad profile of the detected signal 

(Table S13). The observed agreement between the predicted transitions for the 
3
LF 

excited state of 1-2NCS and the photoinduced absorptions associated with the 

intermediate excited state ES2 in their transient absorption spectroscopy provides 

further evidence of the 
3
LF the nature of those states as assigned above.  
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Figure 11. Comparison between the difference absorption spectra of 1-2NCS 5 ps after 

the pump pulse (curves) and the energy of the optical transitions predicted for their 

lowest triplet state by DFT calculations (bars). 

 

Comp. λexp / nm λcalc / nm Assignment 

1NCS 
433 431 π(NCS)→dπ(Ru) 

nr 448 dπ(Ru)→π*(py) 

2NCS < 410 

397 

399 

464 

dπ(Ru)→π*(MeOpy) 

dπ(Ru)→π*(MeOpy) 

π(NCS)→dπ(Ru) 

Table 5. Comparison between the difference absorption data 5 ps after the pump pulse 

and the calculated transitions for the lowest triplet state of 1-2NCS. nr: not resolved. 

 

Discussion 

Spectroelectrochemical experiments provided successful approximations to the 

absorption spectroscopy of the MLCT manifold. The deviations observed are related to 

the simultaneous presence of a reduced ligand and an oxidized metal center in the 

excited states. In 1-2NCS, X→Ru LMCT bands are predicted at longer wavelengths 

than they are detected by transient absorption experiments, and in 2CN this shift 

probably leaves this band out of the experimental window. This difference stems from 
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the destabilization of the ruthenium orbitals introduced by the reduced pyridinic ligands 

present in the 
3
MLCT state. 

An accurate representation of the deactivation cascade of the 
3
MLCT manifold 

of 1-2NCS requires the participation of an intermediate state of lower energy. Analysis 

of their spectral features and comparisons to related compounds suggest that this state is 

the 
3
LF manifold. This hypothesis is also supported by (TD)DFT calculations. For these 

complexes, 
3
LF states lay closer to the ground state than the 

3
MLCT, contrary to what is 

usually observed in related polypyridine complexes. This is due to the higher energy of 

the 
3
MLCT states in the complexes reported here. This results in a fast transition to the 

3
LF manifold, which is substantially populated from the 

3
MLCT on a 1.2-1.7 ps time 

scale through a downhill process. With a 10 ps time constant, the decay of the LF states 

is slower, allowing their spectroscopic detection. For comparison, the latter decay rate is 

similar to that reported for the 7.5 ps time constant of the 
3
LF state in another ruthenium 

polypiridine complex.
37

 It is worth to note that the initial relaxation is most likely to 

follow a 1MLCT-3MLCT route (known to occur in around 50 fs) rather than a 1MLCT-

1MC cascade. This is also supported by DFT calculations which predict that the 1MC 

states are higher in energy than the 1MLCT (Table S18). 

In the transient absorption spectroscopy 1CN and 2CN only one excited state 

that we assign as a 
3
MLCT state can be observed. This behavior can be accounted by 

the same mechanism proposed for 1-2NCS, but with a slower population rate for the 

3
LF state. Thus, for 1CN and 2CN the 

3
LF state never acquires enough population to be 

detected. Hence the observed decay rate corresponds to the rate of population of the 

3
LF, and no information about the decay rate of this state can be obtained from the 

kinetic traces. The slower population of the 
3
LF may be a result of the strong acceptor 

character of the cyanide ligands that pushes the 
3
LF manifold towards higher energies 
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diminishing the energy gap with the 
3
MLCT state (Figure 7b). However, the DFT 

calculated energies does not show significant differences on the energies of the 
3
LF 

states of dicyano and dithiocyanate complexes. Therefore, the electronic structure may 

have an impact on the kinetics of the population of the 
3
LF state beyond the difference 

in energy.  

The favorable rates of population and decay of the 
3
LF in 1NCS allowed us to 

observe its spectroscopy which is particularly rich due to the presence of the NCS
-
 

ligand in the coordination sphere of the ruthenium. The spectrum of the 
3
LF of 1NCS as 

obtained from SADS, is very similar to the observed spectrum after 5 ps of excitation, 

which shows a strong absorption centered at 430 nm. This feature is probably a 

superposition of several bands corresponding to LMCT and MLCT transitions in the LF 

state. The MLCT transitions are expected occur in the 
3
LF state because it has a Ru(II) 

ion, while the LMCT transitions are expected from the presence of a hole in the t2g 

orbitals. The same transitions are present in 1NCS
+
, that also presents a hole in the t2g 

orbital, but very shifted to the red due to the presence of a Ru(III) ion in this redox state. 

(TD)DFT calculations are in agreement with these assignments as they also predict 

MLCT and LMCT bands in this region. This illustrates the simultaneous donor and 

acceptor character of the Ru ion in 
3
LF states.  

 

Conclusion 

The dynamics of the spectroscopy of complexes 1-2CN and 1-2NCS illustrates 

the impact of the 
3
LF states on the lifetime of the initially populated 

3
MLCT. For the 

dicyano compounds 1-2CN the MLCT manifold population quickly decay, probably 

through the 
3
LF although there is no direct evidence of its presence. In contrast, in the 

dithiocyanate complexes 1-2NCS we found clear spectroscopic signatures of the 
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participation of 
3
LF states in the 

3
MLCT decay cascade and we have been able to 

identify the spectral signatures for these states. These spectra evidence the dual donor 

and acceptor nature of the Ru ion in 
3
LF states, as (TD)DFT calculations reveal the 

presence of both MLCT and LMCT transient absorption bands. The observation of the 

spectrum of the 
3
LF sate may prove relevant to its identification in other ruthenium-

iminic systems, where the 
3
LF plays a dominant role in defining their photochemistry.  

 

Experimental Section 

Materials 

trans-[Ru(py)4Cl2],
38

 trans-[Ru(MeOpy)4Cl2],
43

 trans-[Ru(py)4(CN)2]
38

 (1CN), trans-

[Ru(MeOpy)4(CN)2]
41

 (2CN), and trans-[Ru
II
(py)4(NCS)2]

40
 (1NCS) were prepared 

according to literature procedures. Solvents for electrochemical and spectral 

measurements were dried using a PureSolv Micro solvent purification system. All other 

reagents were obtained commercially and used as supplied. The compounds synthesized 

were dried in a vacuum desiccator for at least 12 hours prior to characterization. 

 

Synthesis of the complexes 

trans-[Ru
II

(4-metoxhypyridine)4(NCS)2] (2NCS). The procedure is analogous to 

that reported for 2CN,
41

 but replacing KCN with KSCN. Yield: (54%). Anal. Calcd. for 

2NCS (RuC26H28N6O4S2): C, 47.8; H, 4.3; N, 12.9; S, 9.8; Found: C, 47.6; H,4.3; N, 

12.9; S, 9. 
1
H NMR (200 MHz, MeOD) δ 7.89 (d, 8H, Ha) 6.85 (d, 8H, Hb), 3.87 (s, 

12H, Hc). 

 

General Procedures 
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IR spectra were collected with a Nicolet FTIR 510P instrument, as KBr pellets. 

UV–visible spectra were recorded with a Hewlett-Packard 8453 diode array 

spectrometer (range 190–1100 nm). Elemental analyses were carried on a Carlo Erba 

1108 analyzer with an estimated error of ± 0.5%. NMR spectra were taken in a Bruker 

200 MHz spectrometer. Electrochemical measurements were performed under argon 

with millimolar solutions of the compounds, using a TEQ V3 potentiostat and a 

standard three electrode arrangement consisting of a glassy carbon disc (area = 9.4 

mm
2
) as the working electrode, a platinum wire as the counter electrode and a silver 

wire as reference electrode plus an internal ferrocene (Fc) standard. Tetra-n-

butylammonium hexafluorophosphate ([TBA]PF6, 0.1 M) was used as the supporting 

electrolyte. All the potentials reported in this work are referenced to the standard 

Ag/AgCl saturated KCl electrode (0.197 V vs. NHE), the conversions being performed 

with literature values for the Fc
+
/Fc couple.

85
 All the spectroelectrochemical (SEC) 

experiments were performed using a three-electrode OTTLE cell,
86

 with millimolar 

solutions of the compounds using [TBA]PF6 0.1 M as the supporting electrolyte. 

Oxidation processes were accomplished by electrolysis at 1.2 V and reductions at –2.5 

V. 

Samples for transient absorption (TA) measurements were dissolved in 

thoroughly argon-degassed anhydrous methanol and placed in a two millimeter 

pathlength cuvette. Optical densities (OD) were 1 at excitation wavelengths (exc = 

387 nm). Ultrafast TA experiments were performed with a Clark MXR CPA 2010 laser 

system employing a fiber-based spectrometer (HELIOS). TA experiments were 

conducted by exciting samples at 387 nm (3.20 eV) with ~150 fs pulses (pump fluence 

50 µJ/cm
2
). Excitation light was generated using the second harmonic of the 

fundamental. Transient absorption spectra were subsequently acquired with a delayed, 
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low-intensity white light continuum with wavelengths between 400 and 700 nm. White 

light was generated focusing a 5% fraction splitted from the fundamental beam onto a 

CaF2 window. Four scans (4000 laser shots) were averaged to obtain each TDA 

spectrum. 

Global analysis was performed with a suggested procedure.
75

 To take into 

account possible complex photophysics, five time constants were preliminarily 

proposed, and a SVD strategy was applied to identify the number of spectrally active 

present components. A Gaussian IRF with a FWHM of 0.25 ps was convoluted with the 

model. For 1-2NCS, Target Analysis was performed fitting a three states model, only 

considering a 400 nm - 610 nm range to avoid noise interference. This rendered the 

corresponding Species Associated Difference Spectra (SADS). Further details can be 

found in the Supplamentary Information. 

  

X-Ray Structure Determination 

Crystal structure of compound 2NCS was determined with an Oxford Xcalibur, 

Eos, Gemini CCD area-detector diffractometer using graphite-monochromated Mo-Kα 

radiation (λ = 0.71069 Å) at 298 K. Data was corrected for absorption with CrysAlisPro, 

Oxford Diffraction Ltd., Version 1.171.33.66, applying an empirical absorption 

correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 

algorithm.
87

 The structure was solved by direct methods with SIR97
88

 and refined by 

full-matrix least-squares on F
2
 with SHELXL-2014

89
 under WinGX platform.

90
 

Hydrogen atoms were added geometrically and refined as riding atoms with a uniform 

value of Uiso. Final crystallographic data and values of R1 and wR are listed in Table S1 

while the main angles and distances are listed in Table 1. CCDC 1410384 contains the 

supplementary crystallographic data for this paper. These data can be obtained free of 
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charge from the Cambridge Crystallographic Data Center via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Theoretical Calculations 

We employed Density Functional Theory (DFT) computations to fully optimize the 

geometries of the two redox states of trans-[Ru(L)4(X)2] in methanol, without symmetry 

constraints. For the Ru(II) complexes, both singlet and triplet states geometry 

optimizations were performed. The calculations were done with the Gaussian09 

package,
91

 at the B3LYP level of theory using restricted and unrestricted 

approximations of the Kohn-Sham equations, depending on the total number of 

electrons.
92

 In all cases, we employed the effective core potential basis set LanL2DZ, 

which proved to be suitable for geometry predictions in coordination compounds 

containing metals of the second row of the transition elements in the Periodic Table. All 

the calculations were performed using an UltraFine grid. Solvation effects were 

accounted for using the most recent implementation of the implicit IEF-PCM solvation 

model.
93–95

 We used tight convergence criteria in the geometry optimizations and 

default settings for IR calculations. All optimized structures were confirmed as minima 

by analyzing the harmonic vibrational frequencies.
96

 Vertical electronic excitation 

energies and intensities were evaluated using time-dependent DFT ((TD)-DFT)
97,98

 

approach with the Gaussian09 package,
91

 without symmetry constraints and the 

isodensity plots of the orbitals involved in these transitions were visualized using 

Molekel.
99,100

 GaussSum
101

 software was used to perform spectral simulation and to 

extract spectral data and molecular orbital information. To evaluate the effect of spin 

contamination, (TD)DFT calculations on the triplet states were performed in two 

ways, first, starting from the 3LF geometry and its wavefunction and second, by 
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starting from a singlet closed-shell species at the 3LF geometry. The results 

obtained with both strategies agreed with each other for all the transitions 

relevant to the proposed mechanism. The calculated absorption spectra, the 

composition of electronic transitions, and the associated molecular orbitals for all the 

calculated complexes are shown in the Supporting Information. 
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TOC: Spectroscopic signatures of ligand field states in {Ru
II
(imine)} complexes 

Clear spectroscopic signatures of ligand field states in the MLCT decay cascade of trans-

[Ru(L)4(NCS)2] (L = pyridine or 4-methoxipyridine) were found. (TD)DFT calculations reveal the 

presence of both MLCT and LMCT transient absorption bands, illustrating the simultaneous donor 

and acceptor character of the Ru ion in LF states. 
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