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CO)2
+ and Re(CO)3

+ complexes
with a-diimines: similarities and differences in their
luminescence properties

Andrzej Kapturkiewicz, * Anna Kamecka and Olga Grochowska

The photophysical properties of two series of phosphorescent rhenium(I) complexes,

[Re(CO)2(N^N)(tpp)2]
+ and [Re(CO)3(N^N)(tpp)]+ with carbon monoxide (CO), triphenylphosphine (tpp)

and a-diimine (N^N) ligands have been investigated in deoxygenated acetonitrile solution at room

temperature and in solid methanol/ethanol 1 : 1 matrices at 77 K. The complexes display moderate to

strong phosphorescence which is related to the N^N ligand modulated metal-to-ligand charge-transfer

S0 ) 3*MLCT or intraligand S0 ) 3*LC transitions. Luminescence properties of the investigated series

have been found to be very similar but some intrinsic differences between them are clearly seen.

Whereas the [Re(CO)2(N^N)(tpp)2]
+ series shows MLCT emission in both temperature regimes studied,

the [Re(CO)3(N^N)(tpp)]
+ series exhibits intrinsic changes in its emission character when the

measurement temperature is lowered from 298 to 77 K. In both investigated series, their emission

characteristics are strongly affected by the nature of coordinated a-diimine N^N ligands. The observed

trends, changes in the radiative kr and non-radiative knr deactivation rate constants, have been compared

with those found for the previously investigated [Re(CO)3(N^N)(Cl)], [Re(CO)3(N^N)(CH3CN)]+, and

[Re(CO)2(N^N)(dppv)]
+ series (dppv ¼ cis-1,2-bis(diphenylphosphino)-ethene). Similarities and differences

in the spectroscopic and photophysical properties of five series of the Re(CO)3
+ and Re(CO)2

+

complexes have been analyzed in the view of results from DFT and TD-DFT computation and the

emission band-shape analyses performed according to the Marcus–Jortner formalism.
Introduction

Since the pioneering work of Wrighton and Morse on the
luminescent [Re(CO)3(1,10-phenathroline)(Cl)] molecule,1 rhe-
nium(I) complexes have occupied a prominent position in
organometallic luminophores with a d6 central metal ion.2–4

Among these, the [Re(CO)3(N^N)(L)]
0/+ chelates have attracted

special attention due to their rich excited state behaviour that
can be widely tuned by modication of the main N^N or
ancillary L ligands and the medium or temperature.5–12

The photophysical properties of [Re(CO)3(N^N)(L)]
0/+ species

are governed by the relative energetic position and the interplay
of the closely lying excited states of different characters.
Particularly, the energy gaps between the excited 3*LC (ligand
centred) and 3*MLCT (metal-to-ligand charge-transfer) triplet
states are relatively small and allow efficient electronic inter-
action between them. The excited states of the fac-Re(CO)3

+

complexes are mixed and their “real” excited states can be
regarded as a superposition of the initial “pure” 3*MLCT and
3*LC components. This leads to monotonic changes in the
rsity of Natural Sciences and Humanities,

: andrzej.kapturkiewicz@uph.edu.pl; Tel:

29658
nature of these emitters from the excited 3*MLCT to 3*LC
character when appropriate changes of N^N and/or L ligands
are involved. Consequently, the spectroscopic and photo-
physical properties of [Re(CO)3(N^N)(L)]

0/+ complexes may be
quite different, even for pretty similar N^N and/or L ligands
present in their structures. This is because energies of the
“pure” excited 3*LC and 3*MLCT states are affected in different
ways.

The above-described behaviour is generally characteristic
for many other transition metal complexes consisting d6 ions
and N^N ligands13,14 including much less elaborated cis-
Re(CO)2

+ complexes15–20 as well. The latter, containing mono-
dentate PR3 or bidentate P^P phosphines as ancillary ligands
in their [Re(CO)2(N^N)(PR3)2]

+ or [Re(CO)2(N^N)(P^P)]
+ struc-

tures, are emissive in the spectral range consistent with the
emission range observed for analogous [Re(CO)3(N^N)(Cl)]
complexes. Their emissive properties, however, are noticeably
better (higher quantum yields fem and longer lifetimes sem of
emission) as compared to those found for their [Re(CO)3(-
N^N)(Cl)] analogues. Thus, the Re(CO)2

+ based luminophores
can be considered as very promising alternative in a wide
range of applications in which the Re(CO)3

+ chelates have been
already applied. Among them, the most noticeable examples
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structures of N^N ligands investigated and their acronyms used in the text. 2,20-Bipyridine – bpy, and 4,40-di-tert-butyl-2,20-bipyridyne –
dtbbpy, 1,10-phenanthroline – phen, 2,9-dimethyl-1,10-phenanthroline – 29dmphen, 4,7-dimethyl-1,10-phenanthroline – 47dmphen, 3,4,7,8-
tetramethyl-1,10-phenanthroline – tmphen, 5,6-dimethyl-1,10-phenanthroline – 56dmphen, and 4,7-diphenyl-1,10-phenathroline – dpphen,
respectively.
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include photocatalysis,21–23 luminescent sensors,24–26 organic
light emitting devices27 or dye-sensitized solar cell.28

Luminescence properties of the [Re(CO)2(N^N)(P^P)]
+

series20 bearing cis-1,2-bis(diphenylphosphino)-ethene – dppv
and different a-diimines as P^P and N^N ligands, have been
recently studied in more detail. It has been found that the
radiative as well as nonradiative deactivation processes of the
excited 3*[Re(CO)2(N^N)(dppv)]

+ states are considerably sup-
pressed as compared to the 3*[Re(CO)3(N^N)(Cl)] ones.12 This
results in longer sem values and, due to still more pronounced
suppression of the nonradiative deactivation, in denitely
higher quantum yields fem. The observed changes in the sem
and fem values were found to be connected with lowering of the
rate constants describing the radiative kr ¼ fem/sem and non-
radiative knr ¼ (1� fem)/sem deactivation of the excited 3*MLCT
states. This can be attributed to the presence of P^P ligand or/
and smaller number of CO group (two instead of three) in the
previously investigated [Re(CO)2(N^N)(dppv)]

+ complexes. To
clarify the occurring issue we have decided to perform a more
systematic, comparative study of luminescent Re(CO)3

+ and
Re(CO)2

+ complexes bearing different a-diimine N^N (cf. Fig. 1)
and triphenylphosphine – tpp ligands. For the studies reported
here, two series of Re(I) chelates, [Re(CO)3(N^N)(tpp)]

+ and
[Re(CO)2(N^N)(tpp)2]

+ were selected because their emission
spectral ranges are expected matching these characteristic for
Fig. 2 Band profiles of the UV-vis absorption and emission spectra
recorded for the [Re(CO)2(47dmphen)(tpp)2]

+ (top) and [Re(CO)3(47-
dmphen)(tpp)]+ (bottom) complexes. Room temperature absorption
(black lines) in CH3CN solutions. Room temperature (red lines) and 77
K (blue lines) emission in CH3CN solutions and 1 : 1 CH3OH/C2H5OH
matrices, respectively. Dashed lines present expanded the low energy
part of the UV-vis absorption.

This journal is © The Royal Society of Chemistry 2020
their [Re(CO)2(N^N)(dppv)]
+, [Re(CO)3(N^N)(Cl)] or [Re(CO)3(-

N^N)(CH3CN)]
+ analogues.12,16,20

Investigations reported in this paper are also devoted to the
relationships between the nature of the given MLCT emitter and
the kr or knr rate constants characterizing the radiative and non-
radiative S0 )

3*MLCT transitions in the a-diimine complexes.
The experimentally observed huge variety in the kr and knr
values16,20,29–31 are explainable by the N^N ligand induced changes
in the electronic structure of these emitters from the 3*MLCT to
more pronounced 3*LC character reecting different mixing
between the “pure” excited LC and MLCT congurations. Within
this approximation, one can discuss the anticipated mixing
taking into account the states energetically closest. In the
simplest case, one can assume that the triplet 3*MLCT congu-
ration interacts with the lowest excited triplet state 3*LC, typically
localized within the N^N ligand. Due to the mixing between the
“pure” 3*MLCT and 3*LC states, one can describe the resulting
“real” emissive state as their superposition with the mixing
coefficients cMLCT and cLCT

cMLCT
2 ¼ ðELCT � E00Þ2

V33
2 þ ðELCT � E00Þ2

and

cLCT
2 ¼ V33

2

V33
2 þ ðELCT � E00Þ2

(1)
Fig. 3 Band profiles of the UV-vis absorption and emission spectra
recorded for the [Re(CO)2(bpy)(tpp)2]

+ (top) and [Re(CO)3(bpy)(tpp)]
+

(bottom) complexes. Room temperature absorption (black lines) in
CH3CN solutions. Room temperature (red lines) and 77 K (blue lines)
emission in CH3CN solutions and 1 : 1 CH3OH/C2H5OH matrices,
respectively. Dashed lines present expanded the low energy part of the
UV-vis absorption.

RSC Adv., 2020, 10, 29642–29658 | 29643
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where the V33 and ELCT � E00 are the electronic coupling
element responsible for the interactions and the energy differ-
ences between the 0–0 transitions, the ELCT and E00 values
characterizing phosphorescence of the isolated N^N ligand and
the complex, respectively. The latter quantity is affordable from
the emission band-shape analysis.31

Despite of all its approximation, the LC/MLCT mixing
approach seems to be applicable in any more quantitative
discussion of the luminescent 3*MLCT states including inter-
pretation of the N^N ligand induced changes of the kr and knr
values. In the presented work, this has been tested for the
[Re(CO)2(N^N)(tpp)2]

+ and [Re(CO)3(N^N)(tpp)]
+ complexes. The

obtained results have been compared with those previously
obtained for the [Re(CO)3(N^N)(Cl)], [Re(CO)3(N^N)(CH3CN)]

+,
and [Re(CO)2(N^N)(dppv)]

+ complexes. Spectroscopic and pho-
tophysical properties of ve series of the Re(CO)3

+ and Re(CO)2
+

complexes are discussed in the view of their emission band-
shape analysis. This work presents also the results from DT
and TD-DFT computation performed to clarify the observed
similarities and differences.
Results and discussion
S0 /

1*MLCT absorption and S0 )
3*MLCT/3LC emissions

Fig. 2 and 3 present examples of the room temperature
absorption spectra of the studied complexes recorded in
acetonitrile solutions. The spectra show superposition of the
overlapping bands as characteristic for the transition metal
complexes exhibiting typical MLCT features. Whereas, the high-
energy bands can be ascribed to the p / p* transitions local-
ized within ligands attached to the central Re(I) core, the lowest
energy bands with relatively low intensities can be attributed to
Table 1 Spectroscopic and photophysical properties of [Re(CO)2(N^N)(tp
room temperature and methanol/ethanol 1 : 1 glasses at 77 K). Absorpti
Emission maxima ~nmax

em , emission quantum yields fem, and emission lifeti

Ligand N^N

Absorption at 298 K Emission at 298 K

~nmax
abs /
cm�1

3M/
M�1 cm�1 ~nmax

em /cm�1 fe

[Re(CO)2(tmphen)(tpp)2]
+ 27 050 5.6 � 103 17 100 0.

[Re(CO)2(47dmphen)(tpp)2]
+ 26 300 5.0 � 103 17 000 0.

[Re(CO)2(29dmphen)(tpp)2]
+ 25 000 2.7 � 103 15 950 0.

[Re(CO)2(phen)(tpp)2]
+ 27 050 3.8 � 103 16 150 0.

[Re(CO)2(56dmphen)(tpp)2]
+ 24 250 3.9 � 103 16 200 0.

[Re(CO)2(dpphen)(tpp)2]
+ 23 250 7.1 � 103 15 700 0.

[Re(CO)2(dtbbpy)(tpp)2]
+ 24 950 3.5 � 103 16 100 0.

[Re(CO)2(bpy)(tpp)2]
+ 24 250 2.8 � 103 15 950 0.

[Re(CO)3(tmphen)(tpp)]+ 27 050 2.8 � 103 20 550, 19 350 0.
[Re(CO)3(47dmphen)(tpp)]+ 27 050 4.7 � 103 19 300 0.
[Re(CO)3(29dmphen)(tpp)]+ 26 600 2.4 � 103 19 100 0.
[Re(CO)3(phen)(tpp)]

+ 27 050 3.3 � 103 18 800 0.
[Re(CO)3(56dmphen)(tpp)]+ 25 850 3.1 � 103 19 800, 18 800 0.
[Re(CO)3(dpphen)(tpp)]

+ 26 050 6.0 � 103 17 650 0.
[Re(CO)3(dtbbpy)(tpp)]

+ 29 050 4.0 � 103 18 800 0.
[Re(CO)3(bpy)(tpp)]

+ 28 750 3.5 � 103 18 400 0.

a For [Re(CO)3(phen)(tpp)]
+ and [Re(CO)3(dpphen)(tpp)]

+ complexes bi-exp
the normalized amplitudes of the short-lived and long-lived components

29644 | RSC Adv., 2020, 10, 29642–29658
the MLCT transitions. Generally, the spectra are very similar to
those characterizing other Re(I) complexes with chelating a-
diimine ligands. More specically, the UV-vis spectra charac-
terizing the studied [Re(CO)2(N^N)(tpp)2]

+ chelates correspond
well to their [Re(CO)2(N^N)(dppv)]

+ analogues,20 whereas the
[Re(CO)3(N^N)(tpp)]

+ complexes exhibit features closer to that
found for their [Re(CO)3(N^N)(CH3CN)]

+ counterparts.12 This is
reasonable because the spectrochemical parameters of tpp and
CH3CN ligands are very close one to another.33 The same
explanation holds for tpp and dppv ligands that explains
resemblances between [Re(CO)3(N^N)(tpp)]

+ and [Re(CO)2(-
N^N)(dppv)]+ series. Additionally, the positions of the CO and
phosphine ligands in the spectrochemical series explain the
observed bathochromic shi of the MLCT absorption and
emission bands between the Re(CO)3

+ and Re(CO)2
+ complexes

reported in this work (cf. data in Table 1).
Both series compared above are similar one to another in

quantitative way as well. Although, due to the presence of the
overlapping of many intra-ligand bands the high-energy parts of
the recorded spectra are barely informative, one can draw some
decisive conclusions comparing MLCT regions. Particularly, the
overall MLCT intensities are very similar for the given N^N
ligand and nearly independent of the remaining ligands
attached to the central Re(I) ion (cf. Fig. 4). Fig. 4 presents data
for the [Re(CO)2(N^N)(tpp)2]

+ and [Re(CO)3(N^N)(tpp)]
+ series,

but nearly the same relationship between the molar extinction
coefficients 3M is characteristic for [Re(CO)3(N^N)(Cl)] and
[Re(CO)2(N^N)(dppv)]

+ pair. Although the above examples
concern complexes with sufficient separation of the MLCT and
the intra-ligand absorption bands, similar situation seems to
take place also for these a-diimine Re(I) complexes, [Re(CO)3(-
N^N)(CH3CN)]

+, where their MLCT bands are partly obscured by
p)2]
+ and [Re(CO)3(N^N)(tpp)]+ complexes (data in CH3CN solutions at

on maxima ~nmax
abs and molar extinction coefficients 3M of MLCT bands.

mes sem of S0 ) T1 transitions

Emission at 77 K

m

sem /
ms ~nmax

em /cm�1 sem/ms

52 21.6 18 450 38
33 10.4 18 050 31
045 0.43 17 600 7.5
20 4.6 17 800 22
19 3.7 18 050 18
24 6.8 16 950 25
080 0.95 18 200 15
042 0.63 17 950 15
070 19.9 21 200, 19 750, 18 400, 16 950 480
083 9.8 21 200, 19 850, 18 450, 17 100 430
071 2.6 21 450, 20 250 41
088 2.3 21 600, 20 150, 18 800 42 (0.63), 156 (0.37)a

12 56 20 550, 19 200, 17 800 890
36 45 19 750, 18 550 70 (0.70), 160 (0.30)a

040 0.17 22 400, 21 150, 19 990 13
040 0.29 22 200, 20 700, 19 500 8.6

onential emission decays were observed. Values given in parentheses are
of emission decays.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Relation between the values of the molar extinction coeffi-
cients characterizing the MLCT band in the UV-vis absorption spectra
of the [Re(CO)3(N^N)(tpp)]+) and [Re(CO)2(N^N)(tpp)2]

+ complexes in
CH3CN solutions. Experimental points are labelled with the N^N ligand
abbreviations. The slope and intercept of the dashed line are equal to 1
and 0, respectively.
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the intra-ligand absorption. Thus, one can emphasize very
similar intensities of the MLCT absorption band as the char-
acteristic feature of the Re(CO)3

+ as well as Re(CO)2
+ complexes.

Although, due to overlapping MLCT and LC bands, a quan-
titative characterization of the MLCT bands intensities is rather
difficult, some estimates are possible taking into account the
spectral positions ~nmax

abs and spectral width D~n1/2 of these bands.
Using so-called the “lazy man's” approximation34,35 one can
approximately evaluate “effective” values of the transition
dipole moments Mabs describing these bands from the respec-
tive extinction coefficient 3M data. In nice accordance with the
observed similar MLCT bands intensities, a quite small varia-
tion of the Mabs values is characteristic for the Re(I) complexes
with a-diimine ligands. In most cases, the obtained Mabs values
fall into the range of 1.5–2.5 D, somewhat larger Mabs � 3.0 D
are characteristic only for the complexes with dpphen ligand.
This nding implies nearly constant sum of oscillator strengths
f of all S0 / MLCT transitions potentially contributing to the
MLCT bands of the discussed Re(I) complexes. One can ratio-
nalize the

P
f ¼ const claim assuming that the sum of the

oscillator strength of the individual d / *p transitions (dxy /
*p, dxz / *p, etc.) is constant as well. Then, independently how
the given d orbital(s) will contribute to the occupied molecular
orbitals involved in the transitions consisting the MLCT band
(HOMO, HOMO�1, etc.), one can expect very similar values of
its overall intensity. This expectation is also valid when the
conguration interactions would be required for the proper
description of the individual MLCT transitions. In the case of
discussed Re(I) complexes it seems to be obvious that their UV-
vis spectroscopic properties are connected with the presence of
low energetically lying 1*MLCT states. Results from the DFT and
TD-DFT computations, performed for the ground state opti-
mized geometries (vide infra), conrm this anticipation without
any doubts.
This journal is © The Royal Society of Chemistry 2020
All of the Re(I) complexes under study are luminescent both
at room temperature and at 77 K. The luminescence spectra
recorded for deaerated solutions in CH3CN at 298 K are typically
broad and, in most cases, show no vibronic structure. The
spectral positions of the emission bands depend on the nature
of the N^N ligand present in the structures of the studied
[Re(CO)2(N^N)(tpp)2]

+ as well as [Re(CO)3(N^N)(tpp)]
+ series (cf.

data in Table 1). The observed trends in the emission maxima
follow that expected for the S0 ) 3*MLCT transitions taking
into accounts changes in the electron withdrawing properties of
the coordinated N^N ligand. These changes, caused by the
presence of the methyl (electron donor) or the phenyl (electron
acceptor) substituents attached to the parent phen or bpy
ligands, lead to hypsochromic or bathochromic shis of the
emissions, respectively.

Intrinsic differences are, however, characteristic for the
emission recorded at 77 K in the CH3OH/C2H5OH matrices. The
investigated [Re(CO)2(N^N)(tpp)2]

+ complexes exhibit broad and
structureless bands. The observed hypsochromic shi allows
concluding destabilization of the emissive 3*MLCT states caused
by hindered solvent/solute relaxation caused by the extreme
viscosity of the low temperature glasses.36,37 The studied
[Re(CO)3(N^N)(tpp)]

+ complexes demonstrate, however, distinctly
different 77 K behaviour exhibiting nicely structured emission
bands. Their positions and shapes resemble emissions from the
isolated N^N ligands.38–40 Thus, the observed rigidochromism
can be related to the temperature induced changes in the nature
of the emissive 3*[Re(CO)3(N^N)(tpp)]

+ species, from the excited
3*MLCT to the excited intra-ligand 3*LC.

Similarly, as it can be seen in the UV-vis absorption spectra,
the emissive properties of the [Re(CO)2(N^N)(tpp)2]

+ and
[Re(CO)3(N^N)(tpp)]

+ complexes depend on the nature of the
N^N ligand present in their structure. This is particularly true
for the kinetic parameters associated with the radiative and
non-radiative deactivations of the excited 3*[Re(CO)2(-
N^N)(tpp)2]

+ and 3*[Re(CO)3(N^N)(tpp)]
+ species (cf. data in

Table 2). The rate constants for these processes, determined
from kr ¼ fem/sem and knr ¼ (1 � fem)/sem relationships, exhibit
large diversity, much larger as compared to the variations of the
3M values. This is also true for the transition dipole moments
Mem of the S0 ) 3*MLCT emissions as determined using the
following relationship

kr ¼ (16p3/3h3o)(n~n
max
em )3|Mem|

2 (2)

where n and 3o denote the solvent refractive index and the
vacuum permittivity. When the Mabs values depend marginally
on the N^N ligand, theMem values differ by almost one order of
magnitude.

Analysing more deeply the room temperature data for the
[Re(CO)2(N^N)(tpp)2]

+ and [Re(CO)3(N^N)(tpp)]
+ complexes, one

can see intrinsic correlation between the determined kr and knr
rate constants. Monotonic relationships between these rate
constants (cf. Fig. 5) are characteristic for the excited triplet
3*[Re(CO)2(N^N)(tpp)2]

+ and 3*[Re(CO)3(N^N)(tpp)]
+ states. Very

likely, such behaviour, reported previously for other Re(I)
complexes,12,20 seems to be a general rule for the a-diimine
RSC Adv., 2020, 10, 29642–29658 | 29645
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Table 2 Kinetic and energetic parameters characterizing S0 ) 3*[Re(CO)2(N^N)(tpp)2]
+ and S0 ) 3*[Re(CO)3(N^N)(tpp)]+ emissions (data in

CH3CN solutions at room temperature). Rate constants of nonradiative knr and radiative kr deactivation processes, transition dipole moments
Mem of S0 ) T1 transitions, and electronic coupling elements V30. Fitted values of 0–0 transitions energies E00, reorganization energies lLM and
lH, and vibrational quanta hnH

Ligand N^N

Kinetic parameters Energetic parameters (from band-shape analysis)

knr/s
�1 kr/s

�1 Mem/D V30/eV E00/eV lLM/eV lH/eV hnH/eV knr/s
�1 (calc)a

[Re(CO)2(tmphen)(tpp)2]
+ 2.2 � 104 2.4 � 104 0.08 0.011 2.23 0.28 0.22 0.15 3.1 � 103

[Re(CO)2(47dmphen)(tpp)2]
+ 6.4 � 104 3.2 � 104 0.09 0.013 2.20 0.31 0.20 0.17 7.1 � 104

[Re(CO)2(29dmphen)(tpp)2]
+ 2.2 � 106 1.0 � 105 0.18 0.024 2.04 0.38 0.18 0.20 2.7 � 106

[Re(CO)2(phen)(tpp)2]
+ 1.7 � 105 4.3 � 104 0.12 0.015 2.04 0.40 0.16 0.19 2.2 � 105

[Re(CO)2(56dmphen)(tpp)2]
+ 2.2 � 105 5.1 � 104 0.13 0.017 2.07 0.37 0.17 0.18 1.3 � 105

[Re(CO)2(dpphen)(tpp)2]
+ 1.1 � 105 3.5 � 104 0.11 0.014 2.00 0.35 0.18 0.17 1.6 � 105

[Re(CO)2(dtbbpy)(tpp)2]
+ 9.7 � 105 8.4 � 104 0.16 0.022 2.08 0.41 0.20 0.18 1.0 � 106

[Re(CO)2(bpy)(tpp)2]
+ 1.5 � 106 6.7 � 104 0.15 0.019 2.02 0.43 0.18 0.19 1.1 � 106

[Re(CO)3(tmphen)(tpp)]+ 4.7 � 104 3.5 � 103 0.03 0.004 2.55 0.11 0.28 0.17 3.6 � 102

[Re(CO)3(47dmphen)(tpp)]+ 9.4 � 104 8.5 � 103 0.04 0.006 2.53 0.12 0.30 0.16 9.5 � 102

[Re(CO)3(29dmphen)(tpp)]+ 3.6 � 105 2.7 � 104 0.07 0.011 2.41 0.38 0.20 0.22 7.1 � 104

[Re(CO)3(phen)(tpp)]
+ 4.0 � 105 3.8 � 104 0.09 0.014 2.37 0.38 0.20 0.23 3.3 � 105

[Re(CO)3(56dmphen)(tpp)]+ 1.6 � 104 2.1 � 103 0.02 0.003 2.47 0.12 0.25 0.17 1.6 � 102

[Re(CO)3(dpphen)(tpp)]
+ 1.4 � 104 8.0 � 103 0.04 0.006 2.33 0.19 0.28 0.17 1.9 � 104

[Re(CO)3(dtbbpy)(tpp)]
+ 5.6 � 106 2.4 � 105 0.22 0.036 2.39 0.42 0.24 0.22 5.3 � 106

[Re(CO)3(bpy)(tpp)]
+ 3.3 � 106 1.4 � 105 0.17 0.025 2.35 0.43 0.23 0.22 2.8 � 106

a knr values calculated using E00, lLM, lH, and hnH parameters from performed emission band-shape analyses and V30 values as estimated using the
Hush–Mulliken relationship V30 ¼ hc~nmax

em Mem/Dm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

30
/2

02
5 

2:
28

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chelates of Re(CO)3
+ and Re(CO)2

+ ions. Although the experi-
mental points are somewhat scattered, the found coincidences
between knr and kr values allow concluding that all three dis-
cussed series of the Re(CO)3

+ complexes (with tpp, CH3CN, and
Cl� ancillary ligands) are very similar to each other. In an
analogous way, one can also postulate close analogy between
two [Re(CO)2(N^N)(tpp)2]

+ and [Re(CO)2(N^N)(dppv)]
+ series.
Band-shape analysis of the S0 )
3*MLCT emission spectra

The observed kr vs. knr relations point to noticeable association
between the radiative and non-radiative S0 ) 3*MLCT
Fig. 5 Relations between the values of kr and knr rate constants for the
Re(CO)2

+ (top) and Re(CO)3
+ (bottom) complexes. Data for [Re(CO)2(-

N^N)(tpp)2]
+ (yellow symbols), [Re(CO)2(N^N)(dppv)]

+ (grey symbols),20,
[Re(CO)3(N^N)(tpp)]

+ (cyan symbols), [Re(CO)3(N^N)(CH3CN)]
+ (green

symbols),12 and [Re(CO)3(N^N)(Cl)] (red symbols)12 complexes in CH3CN
solutions at room temperature.

29646 | RSC Adv., 2020, 10, 29642–29658
processes as specic for the discussed Re(I) complexes. This
nding remains consistent with that expected from close rela-
tion between the thermal and optical charge-transfers occurring
in so-called inverted Marcus region where these processes are
bound one to another. Pursuing the close analogy between
them, one can relate their kinetic description to the same set of
the energetic parameters associated with the radiative and
nonradiative S0 )

3*MLCT transition.
For more quantitative description of these processes one can

use a commonly accepted formalism introduced by Marcus41–43

and developed further by many other authors.44,45 A moderately
simple approach, based on the separation of low frequency lL,
medium frequency lM and high frequency lH reorganization
energies allows the description of the charge-transfer emission
prole, i.e., the emission intensity I(~nem) vs. the emitted photon
energy hc~nem. In the case of the transition metal complexes
exhibiting the MLCT emission, the lM and lH energies are
mainly connected with changes of the intra-ligand and the
ligand–metal bonds, whereas the lL energy is mostly associated
with the solvent shell reorganization. When the semi-classical
treatment of the medium-frequency modes together with the
classical and quantum treatment of the low frequency and the
high frequency modes are applied,32,46 the following expression
can be obtained

Ið~nemÞ
ðn~nemÞ3

¼ 64p4

3h
Mem

2
X
j¼0

e�SSj

j!

exp

"
� ðE00 � jhnH � hc~nemÞ2

4lLMkBT

#
(3)
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06262f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

30
/2

02
5 

2:
28

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where E00, hnH, kB and T are the energy of the 0–0 transitions,
the average spacing of the quantized high frequency intra-
molecular modes undergoing reorganization upon charge-
transfer, the Boltzmann constant, and absolute temperature,
respectively. Parameter S in eqn (3) corresponds to the electron-
vibrational coupling constant dened as S ¼ lH/hnH.

Within the same framework, the values of knr rate constants
are predictable from the following expression29,47,48

knr ¼ 4p2

h

V30
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plLMkBT
p

X
j¼0

e�SSj

j!
exp

"
� ðE00 � jhnHÞ2

4lLMkBT

#
(4)

where V30 is related to an effective electronic coupling matrix
element describing electronic interactions between the S0 and
3*MLCT states participating in the non-radiative S0 )

3*MLCT
thermal charge-transfer.

The lLM term present in eqn (3) and (4), contain contribu-
tions from the low frequency (treated classically) and medium
frequency (treated semi-classically) reorganization energies.
Within these assumptions, one can approximate the resulting
effective lLM value as follows32,48

lLM ¼ lL + lM(hnM/2kBT)coth(hnM/2kBT) (5)

where hnM corresponds to the average spacing of the quantized
medium frequency intra-molecular vibrations participating in
the S0 )

3*MLCT transitions.
Representative examples of the numerical ts, presented in

Fig. 6, show that, despite all approximations of the single
frequency model applied, one can reproduce quite well the
experimental emission proles of the studied complexes.
Emission spectra of the complexes under investigations were
tted by the application of a one-mode Franck–Condon analysis
according to eqn (3) with the quantities relevant for their radi-
ative charge-transfer (i.e., E00, lLM, lH, and hnH summarized in
Table 2) varied as free t parameters. It should be noted,
however, that the tted quantities turn out to be somewhat
Fig. 6 Band profiles of the emission spectra recorded for the
[Re(CO)2(tmphen)(tpp)2]

+ (yellow line), [Re(CO)2(dtbbpy)(tpp)2]
+ (orange

line), [Re(CO)3(tmphen)(tpp)]+ (cyan lines), and [Re(CO)3(dtbbpy)(tpp)2]
+

(green line), complexes in CH3CN solutions at room temperature.
Dashed black lines correspond to the numerical fits according to eqn (5).

This journal is © The Royal Society of Chemistry 2020
correlated. This leads to numerical uncertainty (�0.02 eV) of
their tted values. Due to approximate character of the applied
model, the real uncertainty of the tted parameters can be
slightly larger. Despite that, the obtained energetic quantities
give somewhat deeper insight into the nature of the emissive
3*MLCT species.

In the tting procedure as used in this work, the applied
classical, semi-classical and quantum-mechanical treatment of
the low, medium and high frequency modes seems to be justied
in the cases of 298 K emissions. One can additionally check this
anticipation because the same set of parameters is, according to
eqn (4), related to the rate constants of the non-radiative S0 )
3*MLCT transitions. Thus, one can additionally test the data
from band-shape analyses by comparing the experimentally
found rate constants knr with those calculated using eqn (4). Such
calculations are possible because one can deduce the required
V30 values from the experimentally available values of the MLCT
emission maxima ~nmax

em and the transition dipole moments Mem.
Without going into details of the interaction between the coupled
S0 and

3*MLCT states, one can estimate the V30 values using the
Mulliken–Hush relationship49–52

Mem ¼ V30

hc~nmax
em

Dm (6)

In the case of the discussed Re(I) complexes, one can
approximate required Dm value assuming the whole electron
transfer over the distance between the central Re(I) ion and the
centre of N^N ligands. Within this approach, one can obtain
Dm ¼ 15 D. Similarly, as it was done in our previous works, this
quite reasonable value53,54 was used for estimation of the V30
terms. The obtained V30 values together with the resulted knr
rate constants are collected in Table 2. The agreement between
the experimentally found and calculated rate constants knr is
more than satisfactory for nearly all Re(I) complexes discussed
in this work (cf. Fig. 7). In these cases, the discrepancies
between the experimentally found and computed values do not
exceed a factor of 3–4.

For some of the [Re(CO)3(N^N)(tpp)]
+ complexes (with

47dmphen, 56dmphen, and tmphen ligands) one can see,
however, signicant discrepancy between the calculated and
experimentally found knr values. In the case of these complexes,
their largest E00 values may suggest the presence of an addi-
tional, thermally activated non-radiative deactivation channel.
More specically, the presence of the excited metal-centred
3*MC state, oen contributing to the non-radiative deactiva-
tion,55,56 might be operative. However, one can eliminate this
option because the expected energy splitting of the Re(I) d and
*d orbitals as high as ca. 4 eV can be estimated using the
spectrochemical parameters of the ligand present in the
[Re(CO)3(N^N)(tpp)]

+ complexes. This precludes possible
3*MLCT / 3*MC / S0 deactivation path due to enough large
energy gap between the 3*MLCT and 3*MC states. Thus, further
work seems to be necessary for any convincing explanation of
the appearing issue. Until yet the most of the MLCT emitters
analysed as descried above belong to the cMLCT > cLCT class, only
for very few examples reported in this work cMLCT z cLCT could
RSC Adv., 2020, 10, 29642–29658 | 29647
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Fig. 7 Relationship between the calculated and experimentally found
knr values for the Re(CO)2

+ and Re(CO)3
+ complexes. Data for

[Re(CO)2(N^N)(tpp)2]
+ (yellow symbols), [Re(CO)2(N^N)(dppv)]+ (grey

symbols),20, [Re(CO)3(N^N)(tpp)]
+ (cyan symbols), [Re(CO)3(N^N)(CH3-

CN)]+ (green symbols),12 and [Re(CO)3(N^N)(Cl)] (red symbols)12

complexes in CH3CN solutions at room temperature.

Fig. 8 Relationship between the lLM and ELCT � E00 terms for
[Re(CO)2(N^N)(tpp)2]

+ (yellow symbols) and [Re(CO)3(N^N)(tpp)]+

(cyan symbols) complexes in CH3CN solutions at room temperature.
Dashed curves present fits according to eqn (7).

Table 3 l0LM and V33 values obtained from the fits performed
according to eqn (7)a

Complex series l0LM V33

[Re(CO)2(N^N)(tpp)2]
+ 0.50 0.25

[Re(CO)2(N^N)(dppv)]
+ 0.48 0.26

[Re(CO)3(N^N)(Cl)] 0.52 0.13
[Re(CO)3(N^N)(CH3CN)]

+ 0.39 0.11
[Re(CO)3(N^N)(tpp)]

+ 0.52 0.16

a V33 and l0LM values for the [Re(CO)3(N^N)(Cl)], [Re(CO)3(N^N)(CH3CN)]
+,

and [Re(CO)2(N^N)(dppv)]
+ series obtained analysing previously

published data.12,20
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be anticipated (vide infra). Therefore, any more systematic data
for the MLCT emitters with cMLCT < cLCT would be particularly
interesting.

For the complexes under study, the E00 energies found, as
expected, depend on the nature of N^N ligand. Smaller E00
values are characteristic for the N^N ligands with stronger
electron withdrawing properties. Generally, as it could be ex-
pected, the E00 values for the [Re(CO)3(N^N)(tpp)]

+ complexes
are larger (by ca. 0.30 eV) than those characterizing their
[Re(CO)2(N^N)(tpp)2]

+ analogues. The tted hnH values in the
range of 0.15–0.23 eV correspond well to averaged contribu-
tions from the vibrational modes of the N]C, C]C, and C^O
bonds stretching in the N^N diimine (1200–1600 cm�1) and
CO (1850–2050 cm�1) ligands, correspondingly. For the
[Re(CO)2(N^N)(tpp)2]

+ complexes, the hnH values (0.15–0.20
eV) are somewhat smaller as compared with their [Re(CO)3(-
N^N)(tpp)]+ analogues (0.16–0.23 eV). In a similar way, the lH

values (0.20–0.30 eV) found for the [Re(CO)3(N^N)(tpp)]
+

complexes are somewhat larger than those characterizing their
[Re(CO)2(N^N)(tpp)2]

+ counterparts (0.16–0.22 eV). One can
tentatively attribute the observed differences in the tted lH

and hnH values to reorganization of two or three C^O bonds.
The found differences in the lH and hnH values explain the
experimentally observed differences in the sem values for the
Re(CO)2

+ and Re(CO)3
+ series. The longer sem values charac-

teristic for the Re(CO)2
+ complexes are evidently connected

with suppression of the knr rate constants caused, in the way
characteristic for the inverted Marcus region, by smaller lH

and hnH values.
For both investigated series, the tted lLM energies depend

on the ELCT� E00 energy gap. The larger the ELCT � E00 term, the
larger is the lLM value. The observed trends can be rationalized
taking into account the electronic structures of the
3*[Re(CO)2(N^N)(tpp)2]

+ and 3*[Re(CO)3(N^N)(tpp)]
+ emitters.

The smaller the ELCT � E00 term, the larger contribution of the
“pure” 3*LC to the wave function of the given emitter is
29648 | RSC Adv., 2020, 10, 29642–29658
expected. Assuming that the lLM energy is mostly connected
with the amount of the “pure” 3*MLCT contribution to the
observed “real” 3*MLCT state, one can obtain the following
expression

lLM ¼ l0LMc
4
MLCT ¼ l0LM

ðELCT � E00Þ2
V33

2 þ ðELCT � E00Þ2
(7)

where l0LM is the reorganization energy characterizing the
“pure” 3*MLCT state. The variability in the tted values of the
lLM energies, up to 0.15 eV for the [Re(CO)2(N^N)(tpp)2]

+ and up
to 0.32 eV for the [Re(CO)3(N^N)(tpp)]

+ series, is signicantly
more pronounced.

For the [Re(CO)2(N^N)(tpp)2]
+ and [Re(CO)3(N^N)(tpp)]

+

series of the Re(I) complexes, the lLM values were tted
according to eqn (7) using l0LM and V33 as free t parameters
with obtaining good agreement between the experimental and
tted values (cf. Fig. 8). Whereas similar l0LM values, 0.52 and
0.50 eV are characteristic for the [Re(CO)3(N^N)(tpp)]

+ and
[Re(CO)2(N^N)(tpp)2]

+ series, the tted V33 values (0.16 and
0.25 eV, respectively) are distinctly different. Such difference in
the V33 values seems to be a general rule for the Re(CO)3

+ and
Re(CO)2

+ complexes (cf. data in Table 3). The ts performed
according to eqn (7) were done assuming V33 ¼ const within the
This journal is © The Royal Society of Chemistry 2020
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given complex series. Thus, one should treat the obtained
parameters t parameters as an averaged V33 and l0LM values.

Similarly to the observed variety of the lLM energies, one
could expect the N^N ligand induced changes in the lH and hnH
terms. Their values, however, depend rather weakly on the N^N
ligand present in the emitters under study. One can rationalize
the lack of the signicant lH and hnH variation considering
possible values of these parameters associated with the S0 )
3*LC emissions. For these emissions, with well-structured
spectra, one can assume very small lLM and relatively large lH

values. Then, independently of the cLCT and cMLCT coefficients
attributed to the given MLCT emitter, the observed lH values
should remain nearly constant. In an analogous way, this
explains relatively small changes in the averaged high frequency
intra-molecular vibrations.

The tted lLM values contain contributions from the lL and
lM reorganization energies. In a similar way, the lL and lM

terms contributing to the overall lLM values are expected to
follow analogous relationships. Separation of the both contri-
butions is principally possible but requires some additional
data and/or assumptions. Nominally, one can t the emission
band using more advanced model with two quantized modes
corresponding to the medium nM and high nH frequency vibra-
tions. However, since the one-mode approximation with
expression (5) already gives a satisfactory agreement with
experimental spectra the additional parameters do not follow
from a free t. Therefore, some of the tting parameters (e.g.,
medium nM and high nH frequencies) should be somewhat
arbitrary xed. Optionally, one can compare the lLM values at
distinctly different temperatures (e.g., 77 and 298 K) but this
opportunity is not available for the investigated [Re(CO)3(-
N^N)(tpp)]+ complexes due to changes of their emission char-
acter, from the MLCT at 298 K to LC at 77 K. Such comparison,
however, is possible for the [Re(CO)2(N^N)(tpp)2]

+ complexes
exhibiting MLCT emission at both temperatures. This was
performed in the manner as described previously for the
[Re(CO)2(N^N)(dppv)]

+ complexes20 with nding the close
analogy between both series of the Re(CO)2

+ emitters.
The tted V33 values together with the E00 energies provides

some additional information about the nature of the given MLCT
emitter allowing estimation of the cLCT and cMLCT coefficients. The
cMLCT coefficients calculated according to eqn (1) with the ob-
tained V33 values comprise the ranges of 0.88–0.96 and 0.66–0.98
for the Re(CO)2

+ and Re(CO)3
+ series, respectively. This allows

classifying nearly all the discussed complexes as the emitters with
dominant MLCT nature. Only in some cases, namely the
[Re(CO)3(N^N)(CH3CN)]

+ or [Re(CO)3(N^N)(tpp)]
+ complexes

bearing 47dmphen, 56dmphen or tmphen as N^N ligand,
comparable contributions from the “pure” 3*LC and 3*MLCT
excitations can be anticipated from the estimated cLCT values. This
remains in agreement with traces of the vibronic structures
observed in the 298 K emission spectra of these complexes.
Nature of the lowest excited triplet state

DFT and TD-DFT computations were performed to obtain
a deeper insight into the nature of the emissive
This journal is © The Royal Society of Chemistry 2020
3*[Re(CO)2(N^N)(tpp)2]
+ and 3*[Re(CO)3(N^N)(tpp)]

+ species. To
attain more comparable results, additional computation per-
formed for the all discussed series of the Re(I) complexes were
done at the same level of theory. Geometries of the investigated
complexes were optimized at the B3LYP level57 for each
stationary structure in the ground S0 and the lowest triplet T1

electronic states. Electronic transitions were calculated for the
optimized structures using the TD-DFT method.58 Calculation
performed in CH3CN solutions were done by means of the
polarizable continuum solvation model.59 Combination of
Lanl2DZ basis set60 (Re element) and the 3-21G* or 6-31G* basis
sets (light elements) were employed in the present computa-
tions. Relatively small 3-21G* basis set was applied in the
optimizations because, due to exibility of tpp ligand, optimi-
zations required much more computing time than it could be
expected taking into account only number of atoms consisting
the given tpp complex. The electronic transitions, however, were
afforded using the Lanl2DZ and 6-31G* combination. Such
approach was applied successfully for the heteroleptic Ru(II)
and Os(II) complexes bearing a-diimine and phosphine
ligands.61 Our testing computations performed for selected
[Re(CO)3(N^N)(Cl)] complexes provided results compatible with
those presented in the literature.62–65 This is particularly true for
the shapes of the molecular orbitals and orbital assignment of
the lowest excited states. In a similar way, agreement with the
literature data for the [Re(CO)3(bpy)(tpp)]

+ complex66 was
obtain.

The performed DFT and TD-DFT computations conrm the
MLCT nature of the lowest triplet state anticipated for the dis-
cussed complexes. For the optimized T1 geometry, the S0 / T1

transitions are described mainly (with CI coefficients 0.66–0.69)
between the HOMO and LUMO orbitals, localized on the Re(I)
core and N^N ligand, respectively (cf. data in Table 3). All other
computed quantities associated with the S0 / T1 excitation
conrm the MLCT nature of their lowest excited triplet state as
well. Comparing the bond lengths computed for the optimized
S0 and T1 states, one can see expected changes in the metal–
ligands and intra-ligands bonds, e.g., shortening of the Re–N
bonds and elongation of the Re–P and Re–C bonds. This
remains in accordance with increased positive charge on the
central Re(I) ion. In a similar way, the computed changes in the
C]N and C]C bond lengths are consistent with the intro-
duction of an additional electron on the p* orbital of the N^N
ligand. Congruently, the S0 / T1 transitions lead to changes of
the dipole moments characterizing the ground S0 and the
excited T1 states. The observed lowering reects well the charge
redistribution associated with the MLCT excitation.

Analysis of the distribution of atomic charges and spin
densities in the excited T1 state of the discussed complexes
supports intrinsic MLCT nature of these states. Upon inspecting
the calculated spin densities for the investigated complexes,
one can see that one of the unpaired electrons is localized
mainly on the N^N ligand, whereas the second one on the
remaining parts of the complexes. The observed ca. 1 : 1 spin
redistribution symmetry is distinctly different from the 2 : 0
asymmetry expected for the 3*LC excitation localized solely
within the N^N ligand. For the discussed complexes, the 1 : 1
RSC Adv., 2020, 10, 29642–29658 | 29649
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symmetry predictable for “pure”MLCT excitation is, however, to
some extent broken. Whereas, the effect is relatively small for
the investigated Re(CO)2

+ complexes (e.g., 1.13 : 0.87 for
[Re(CO)2(bpy)(dppv)]

+ chelate), the spin redistribution is
distinctly more dissymmetric for [Re(CO)3(bpy)(tpp)]

+

(1.22 : 0.78) or [Re(CO)3(bpy)(CH3CN)]
+ (1.31 : 0.69) complexes.

The computation performed on the same level of theory gave for
the prototype [Re(CO)3(bpy)(Cl)] complex nearly theoretical
1.04 : 0.96 ratio. Reasonably, larger spin redistribution
dissymmetry arises from the DFT computation performed for
other complexes under investigations. For example, the
1.49 : 0.51 and 1.31 : 0.69 ratios were found for the
[Re(CO)3(47dmphen)(CH3CN)]

+ and [Re(CO)3(47dmphen)(tpp)]+

chelates. Noteworthy, the found differences in the spin redis-
tribution extracted from the DFT computation follow
adequately the cLCT coefficients values that can be estimated
using data the emission band-shape analysis. Using eqn (1) with
affordable V33 and ELCT � E00 one can obtain the cLCT values
ranging from 0.15 to 0.71–0.75 for the [Re(CO)3(bpy)(Cl)] and
[Re(CO)3(47dmphen)(CH3CN)]

+ or [Re(CO)3(47dmphen)(tpp)]+
Fig. 9 Shapes of the frontier molecular orbitals for the bpy and 47
computations performed for the lowest triplet states structures optimize
contour value Z ¼ 0.02.

29650 | RSC Adv., 2020, 10, 29642–29658
complexes, respectively. For cLCT ¼ 0.15 one can expect the
1.02 : 0.98 spin redistribution ratio, whereas for cLCT ¼ 0.75 the
1.56 : 0.44 dissymmetry is anticipated. Thus, one can conclude
nice congruence between the DFT and the band-shape analysis
outcomes.

The obtained shapes of the molecular orbitals as well as the
resulted orbital assignments of the low energy transitions
remain in agreement with the MLCT nature of the low energy
bands of the complexes under study. Shapes of their molecular
orbitals (cf. Fig. 9) conrm metallic character of their HOMO,
HOMO-1 and HOMO-2 levels involved in the low energy elec-
tronic transitions. The lowest LUMO orbitals participating in
these transitions are essentially p* orbitals localized mainly on
the N^N ligand with minor contributions from the Re(I) ion and
other components forming the discussed complexes. However,
although the HOMO, HOMO�1, and HOMO�2 possess mainly
the metallic d orbital character, some contributions from the
ligand attached to the Re(I) core are clearly seen. Thus, one can
consider the low energy singlet and triplet states of the dis-
cussed complexes as the MLCT states with more or less
dmphen complexes. Data (for CH3CN solutions) from the TD-DFT
d in vacuum. Plots views (along z-axis) of the isodensity surfaces with

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 MLCT parts of the UV-vis absorption spectra of the [Re(CO)2(bpy)(tpp)2]
+, [Re(CO)2(bpy)(dppv)]

+, [Re(CO)3(bpy)(Cl)], [Re(CO)3(-
bpy)(CH3CN)]+, and [Re(CO)3(bpy)(tpp)]

+ complexes (from left to right) in CH3CN solutions. Blue vertical bars correspond to the positions and
relative intensities of the electronic transitions as obtained from TD-DFT computations.
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pronounced admixture of the intra-ligand excitations. This is
characteristic for the transitions within the singlet as well as the
triplet manifolds. Moreover, both these excitation types should
be treated as the charge-transfer between the whole Re(CO)3(-
tpp)+, Re(CO)3(CH3CN)

+, Re(CO)3(Cl), Re(CO)2(tpp)2
+ or

Re(CO)2(dppv)
+ fragments to the N^N ligand instead of some-

what oversimplied “pure” dRe(I) / N^N or dRe(II) ) N^N�

assignments.
Table 4 Energies E (in eV) and oscillator strengths f for the vertical el
solutions) from the TD-DFT computation performed for the S0 states at
lowest triplet state

Complex S0 / T1 S0 / S1

[Re(CO)2(bpy)(tpp)2]
+ E ¼ 1.80 E¼ 2.27, f¼ 0.10

98% H/L 99% H/L

[Re(CO)2(bpy)(dppv)]
+ E ¼ 1.85 E¼ 2.29, f¼ 0.04

94% H/L 85% H/L+ 10%
H�1/L

[Re(CO)3(bpy)(Cl)] E ¼ 1.92 E¼ 2.10, f¼ 0.00
92% H/L 99% H/L

[Re(CO)3(bpy)(CH3CN)]
+ E ¼ 2.09 E¼ 2.49, f¼ 0.00

78% H/L + 17%
H�3/L

99% H/L

[Re(CO)3(bpy)(tpp)]
+ E ¼ 2.12 E¼ 2.60, f¼ 0.04

82% H/L 93% H/L

[Re(CO)2(47dmphen)(tpp)2]
+ E ¼ 1.81 E¼ 2.45, f¼ 0.14

92% H/L 95% H/L

[Re(CO)2(47dmphen)(dppv)]+ E ¼ 1.84 E¼ 2.58, f¼ 0.14
90% H/L 86% H/L + 7% H

L+1
[Re(CO)3(47dmphen)(Cl)] E ¼ 1.98 E¼ 2.45, f¼ 0.05

87% H/L 82% H/L

[Re(CO)3(47dmphen)(CH3CN)]
+ E ¼ 2.10 E¼ 2.92, f¼ 0.07

80% H/L 69% H/L + 26%
H�1/L

[Re(CO)3(47dmphen)(tpp)]+ E ¼ 2.06 E¼ 2.90, f¼ 0.18
81% H/L 92% H/L

a H/L, H�1/L, H�2/L, H�3/L, H�4/L and H/L+1 denote HOMO / LUM
HOMO�4 / LUMO and HOMO / LUMO+1 transitions, respectively.

This journal is © The Royal Society of Chemistry 2020
Despite all found similarities, there are some intrinsic
differences in properties of the discussed complexes. These
include essential variety in the oscillator strengths of the
computed vertical electronic transitions from the minima of the
S0 potential curves (cf. Fig. 10) as well from the S0 states at the T1

geometries, i.e., at geometry of the Franck–Condon states
reached in the S0 ) 3*MLCT emissions (cf. data in Table 4).
Such behaviour seems to be associated with different
ectronic transitions with their orbital assignments.aa Data (in CH3CN
geometries corresponding to the vacuum optimized structures of the

S0 / S2 S0 / S3 S0 / S4

3 E¼ 2.63, f¼ 0.004 E¼ 2.99, f¼ 0.011 E¼ 3.44, f¼ 0.009
99% H�1/L 99% H�2/L 82% H/L+1 + 13%

H�4/L
4 E¼ 2.38, f¼ 0.010 E¼ 2.84, f¼ 0.076 E¼ 3.38, f¼ 0.004

89% H�1/L + 9%
H/L

93% H�2/L 98% H/L+1

1 E¼ 2.48, f¼ 0.077 E¼ 2.77, f¼ 0.004 E¼ 3.61, f¼ 0.001
98% H�1/L 99% H�2/L 87% H/L+1 + 11%

H�3/L+1
0 E¼ 2.80, f¼ 0.004 E¼ 2.95, f¼ 0.120 E¼ 3.76, f¼ 0.250

87%H�2/L + 12%
H�1/L

86%H�1/L + 12%
H�2/L

84%H�3/L + 11%
H/L

9 E¼ 2.93, f¼ 0.035 E¼ 3.02, f¼ 0.033 E¼ 3.36, f¼ 0.020
77%H�1/L + 18%
H�2/L

79%H�2/L + 16%
H�1/L

95% H�3/L

8 E¼ 2.71, f¼ 0.032 E¼ 2.75, f¼ 0.017 E¼ 3.10, f¼ 0.000
81% H/L+1 + 13%
H�1/L

82%H�1/L + 16%
H/L+1

97% H�2/L

9 E¼ 2.67, f¼ 0.003 E¼ 2.80, f¼ 0.038 E¼ 3.05, f¼ 0.064
/ 95% H�1/L 88% H/L+1 92% H�2/L

4 E¼ 2.67, f¼ 0.069 E¼ 2.82, f¼ 0.048 E¼ 3.01, f¼ 0.009
81% H�1/L 87% H/L+1 60%H�2/L + 32%

H�3/L
2 E¼ 3.07, f¼ 0.092 E¼ 3.20, f¼ 0.005 E¼ 3.30, f¼ 0.076

69%H�1/L + 18%
H/L

91% H�2/L 77% H/L+1, 9%
H/L

1 E¼ 3.14, f¼ 0.010 E¼ 3.23, f¼ 0.046 E¼ 3.28, f¼ 0.008
88% H�1/L + 11
H/L+1

75% H/L+1 + 9%
H�1/L

60%H�2/L + 32%
H�3/L

O, HOMO�1 / LUMO, HOMO�2 / LUMO, HOMO�3 / LUMO,

RSC Adv., 2020, 10, 29642–29658 | 29651
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contributions of the individual Re(I) d orbitals to the molecular
HOMO, HOMO�1, and HOMO�2 orbitals, respectively.
Considering the shapes of the molecular orbitals involved in the
individual transition, one can conclude that their symmetries
are mainly responsible for the observed changes in the f
patterns Nevertheless, the found sums of oscillator strengths f
of the transitions with MLCT character remains (for the given
N^N ligand) nearly constant over these chelates. The found
small variety of the

P
f values (e.g., 0.08–0.12 for the bpy

complexes) corresponds well with the observed similar values of
the 3m coefficients.

For all discussed Re(I) complexes the lowest S0 / T1 tran-
sitions involve the HOMO and LUMO orbitals in accordance
with their MLCT character. Energies of these transitions,
computed at the lowest triplet state geometries, correspond
quite well with the experimental hc~nmax

em values. Although the
found agreement (cf. Fig. 11) could be somewhat better, one can
regard the differences between experimental and computed
values (up to ca. 0.3 eV) as acceptable taking into account low
level of the theory. In similar way, the energies of the S0 /
1*MLCT transitions seem to be underestimated with compa-
rable errors (cf. Fig. 10). Thus, one can conclude that the energy
gaps between the lowest 3*MLCT and 1*MLCT states (DEST)
available from the performed TD-DFT computations are, due to
cancellation of possible errors, quite sensible values. One can
also hypothesise that the TD-DFT energy gaps between T1 and S2
or T1 and S3 states are reasonable as well.

According to the data presented in Table 4, the computed
DEST values, spanning the range from 0.18 to 0.84 eV, are much
larger than one can expect taking into account only electronic
interactions between the excited 3*MLCT and 3*LC states. In
such a case, due to the electronic interactions within the
1*LC/1*MLCT and 3LC/3*MLCT manifolds, the initial degen-
eracy of the “pure” 1*MLCT and 3*MLCT states is removed.
Fig. 11 TD-DFT energies of the S0 / T1 (red bars) and S0 / Sn trans
N^N)(dppv)]+, [Re(CO)3(N^N)(Cl)], [Re(CO)3(N^N)(CH3CN)]

+, [Re(CO)3(N
column) and 47dmphen (right column) ligands. Blue bars indicate transitio
connected with the Re(I) dxy orbitals whereas green bars correspond to tr
dxz and/or dyz orbitals. Yellow star symbols denote the energies of the S
gaps DEST between the lowest excited 3*MLCT and 1*MLCT states
[Re(CO)2(N^N)(tpp)2]

+ (yellow symbols), [Re(CO)2(N^N)(dppv)]
+ (grey s

(green symbols), [Re(CO)3(N^N)(tpp)]
+ (cyan symbols) complexes with 4

29652 | RSC Adv., 2020, 10, 29642–29658
Thus, one can approximate the appearing energy splitting DEST
between the “real” 1*MLCT and 3*MLCT states as follows:20

DEMLCT ¼ V33
2

ELCT � E00

� V11
2

ELCS � E00

þ V10
2

E00

(8)

where the V11 denotes the electronic coupling element respon-
sible for the interactions between the initial 1*MLCT and 1*LC
states, the latter characterized by the 0–0 transition energy ELCS.
Correspondingly, the electronic coupling element V10 describes
the electronic interaction between the initial 1*MLCT and the
ground S0 states with energy gap between them close to E00. Due
to expected similar values of the V11 and V10 terms as well as
comparable values of the E00 and ELCS � E00 energy gaps, one
can postulate cancelling of the contributions from the second
and third terms in eqn (8) because they are working in the
opposite directions. Thus, the rst term on the right side of eqn
(8) is dominantly contributing to the DEST:

DEST ¼ V33
2/(ELCT � E00) (9)

With the V33 and E00 quantities available from the emission
band-shape analysis, one can estimate the DEST terms accord-
ing to eqn (9). The resulting values, ranging from 0.02 to
0.25 eV, are up to nearly one order of magnitude smaller than
the TD-DFT ones. Since such large discrepancy seems only
hardly attributable to the possible errors in the V33 and E00
values, some other factors must affect the energy splitting
between the lowest 3*MLCT and 1*MLCT states.

Comparing the DEST values estimated according to eqn (9)
with those from the TD-DFT computations one can nd
signicant correlation. The larger the cLCT coefficient charac-
terizing the given MLCT emitter, the larger is the observed
discrepancy. This nding suggests important contributions
from the exchange interactions between unpaired electrons of
itions (green and blue bars) for the [Re(CO)2(N^N)(tpp)2]
+, [Re(CO)2(-

^N)(tpp)]+ complexes (from the left to right). Data for the bpy (left
ns from these HOMO�1 or HOMO�2 where their metallic character is
ansitions from the HOMO, HOMO�1 or HOMO�2 originated from the

0 ) 3*MLCT emissions. Insert presents relation of the TD-DFT energy
to the DEST values calculated according to eqn (12). Data for the
ymbols), [Re(CO)3(N^N)(Cl)] (red symbols), [Re(CO)3(N^N)(CH3CN)]+

7dmphen (marked with * character) and bpy ligands.

This journal is © The Royal Society of Chemistry 2020
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the excited 3*MLCT and 1*MLCT states.67,68 Thus, one can
rationalize the observed DEST inconsistency taking into account
the nature of the jS and jT wave functions of the lowest excited
S1 and T1 states. If the S1 state is nearly “pure” MLCT state, one
can assume localization of the unpaired electrons mainly on the
d and p* orbitals. In such a case, with neglecting smaller
contributions from other ligand or metal orbitals, one can
express the jS wave function as follows:

jS ¼ jd + jL (10)

where jd and jL are the wave functions of the unpaired elec-
trons localized on the d and p* orbitals. The latter is the LUMO
orbital of the N^N ligand. In the excited 3*MLCT state the
unpaired electrons are localized, due to mixing between “pure”
3*LC and 3*MLCT states, on the d, p and p* orbitals. Thus, one
can express the jT wave function as follows:

jT ¼ cMLCTjd + cLCTjH + jL (11)

where jH is the wave function describing the unpaired electrons
localized on the p orbital (HOMO of the N^N ligand). Since the
nature of the jS and jT wave functions determine the exchange
energy, one can expect larger DEST values for the MLCT emitters
with larger cLCT coefficients. Searching of any connection
between the TD-DFT results and the cLCT and DEST parameters
from the emission band-shape analysis, we have found
following empirical relationship

DEST ¼ cLCTJex þ V33
2

ELCT � E00

(12)

where Jex is the energy exchange characterizing the given N^N
ligand. Taking into account the respective Jex values, 1.00 eV
for 47dmphen53 and 1.05 eV for bpy55,69 ligands as determined
from the uorescence and phosphorescence spectra of their
Zn(II) complexes, one can calculate the “theoretical” DEST
values using eqn (12). Agreement between the TD-DFT values
of the DEST energy gap with those calculated according to eqn
(12) (cf. Fig. 11) can be regarded as more than satisfactory.
Some deviations are explainable by errors in the analysed
DEST, cLCT and V33 values. Although Fig. 11 and Table 4 present
data only for bpy and 47dmphen complexes, the found rela-
tionship seems to have a more general meaning. This
conclusion arises from preliminary TD-DFT results obtained
for some other [Re(CO)3(N^N)(CH3CN)]

+ and [Re(CO)3(-
N^N)(Cl)] complexes where the DEST vs. cLCT relationship is
fullled as well.
Fig. 12 Relationships between the Mem and ELCT � E00 quantities for
the Re(CO)3

+ (top) and Re(CO)2
+ (bottom) complexes. Data for

[Re(CO)2(N^N)(tpp)2]
+ (yellow symbols), [Re(CO)2(N^N)(dppv)]+ (grey

symbols),20, [Re(CO)3(N^N)(tpp)]+ (blue symbols), [Re(CO)3(-
N^N)(CH3CN)]+ (green symbols),12 and [Re(CO)3(N^N)(Cl)] (red
symbols)12 complexes in CH3CN solutions at room temperature.
Transition dipole moments of S0 )
3*MLCT emission

The close analogy between complexes within the Re(CO)3
+ and

Re(CO)2
+ series is also seen in the N^N ligand induced changes

in the Mem values (cf. Fig. 12) where the Mem values are plotted
against the ELCT � E00 difference. The applied correlation is
based on our previous works,12,20,29–31 where following relation-
ship between the Mem and (ELCT � E00)/hc~n

max
em was introduced
This journal is © The Royal Society of Chemistry 2020
Mem ¼ V10VSOCDm

V33
2

� ELCT � E00

hc~nmax
em

(13)

where VSOC is the spin–orbit coupling element between the
lowest 3*MLCT and 1*MLCT states and Dm is the difference in
the dipole moments of the S0 and “pure” 1*MLCT states. Eqn
(12) predicts linear correlation (with slopes equal to the
cM ¼ V10VSOCDm/V33

2 terms) between the experimentally avail-
able Mem and (ELCT � E00)/hc~n

max
em values when the remaining

parameters are constant (or nearly constant) within analysed
series of MLCT emitters. This may be expected when the coor-
dinated N^N ligands are varied whereas the central metal ion
and other coordinated ligands remain the same. The trend in
the Mem values observed for the [Re(CO)2(N^N)(tpp)2]

+ series is
similar to that found for the [Re(CO)2(N^N)(dppv)]

+ one whereas
the [Re(CO)3(N^N)(tpp)]

+ complexes are more resembling their
[Re(CO)3(N^N)(CH3CN)]

+ or [Re(CO)3(N^N)(Cl)] counterparts.
The found cM slopes for the Re(CO)2

+ series are distinctly
smaller than those found for the Re(CO)3

+ ones.
The above presented ndings might suggest applicability of

the eqn (12) in the quantitative interpretation of the experi-
mentally found Mem values. Some fundamental reservations,
however, allow regarding the observed coincidence as some-
what accidental. These arises because eqn (13) was derived
assuming that the intensity borrowing from the lowest excited
1*MLCT state is responsible for the radiative S0 ) 3*MLCT
deactivation. Then the transition dipole momentMem is related
to the DEST energy gap according to following relationship70

Mem ¼ M01VSOC/DEST (14)

whereM01 is the transition dipole moment of the S0 )
1*MLCT

transition. Combining eqn (14) with eqn (9) and assuming that
the M01 values follow the Hush-Mulliken formalism

M01 ¼ DmV10/hc~n
max
em (15)
RSC Adv., 2020, 10, 29642–29658 | 29653

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06262f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

30
/2

02
5 

2:
28

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
one can straightforwardly obtain eqn (13) which can be treated
as the limiting cMLCT z 1 and cLCT z 0 case. Since in any more
realistic situation cMLCT < 1 and cLCT > 0, one can correct eqn
(13) taking into account eqn (12) with additional assumption
that the effective spin–orbit coupling constants VSOC depend on
the cMLCT coefficients as follows

VSOC ¼ cMLCTV
0
SOC (16)

where V0SOC characterize the spin–orbit coupling between the
“pure” 3*MLCT and 1*MLCT states. Then one can simply obtain
following expression

Mem ¼ cMLCTV
0
SOC

cLCTJex þ V33
2
�ðELCT � E00Þ

� V10Dm

hc~nmax
em

(17)

Since the cLCT and cMLCT coefficients are affordable from eqn
(1) and typically cLCTJex [ V33

2/(ELCT � E00) one can further
simplify eqn (17) to

Mem ¼ V10V
0
SOCDm

V33Jex
� ðELCT � E00Þ

hc~nmax
em

(18)

The obtained expression, similarly to eqn (13), predicts again
linear relationship between the experimentally determinable
Mem and (ELCT � E00)hc~n

max
em quantities. Potentially one could

apply eqn (18) in interpretation of the found similarities and
variation of the experimentally found Mem values but some
doubts appear concerning the spin–orbit coupling induced
mixing of the lowest excited 3*MLCT and 1*MLCT states. This is
because a 3*MLCT state may couple effectively with a 1*MLCT
state if their electronic congurations involve the same p*

ligand orbital, but different d metal orbitals.71,72 Thus, the
required spin orbit coupling may be only weakly operative.
Moreover, in the case of some a-diimine fac-Re(CO)3

+

complexes, the oscillator strengths of their lowest S0/
1*MLCT

transitions (cf. data in Table 4) are very low, too low for an
effective intensity borrowing responsible for the S0 )

3*MLCT
emission.

Possible mixing between the lowest 3*MLCT state with other
singlet states may be treated as any plausible option explaining
the experimentally observed Mem values. Then the resulting
transition dipole moment Mem of the S0 ) 3*MLCT emission
can be expressed as follows70

Mem ¼
X
n

hSn|M|S0i hSn|VSOC|T1i
EðSnÞ � EðT1Þ (19)

where theM and VSOC are the dipole moment and the spin–orbit
coupling operators, respectively. The VSOC operator mixes the
lowest triplet state T1 with energy E(T1) with the excited singlet
states Sn with energies E(Sn) whereas the M operator is
responsible for the transition dipole moments of the spin
allowed S0 ) Sn transitions. In the case of organometallic
luminophore its 1*MLCT states close in energy to the 3*MLCT
one are expected contributing mostly to the overall Mem value.
This conclusion arises from relatively small energy gaps
E(3*MLCT) � E(1*MLCT) and anticipated large values of the
29654 | RSC Adv., 2020, 10, 29642–29658
spin–orbit coupling constants. The latter is caused by the
metallic character of the interacting 3*MLCT and 1*MLCT
states. With this assumption, one can consider three excited
1*MLCT state as potentially operative in the required intensity
borrowing. Because one can exclude the electronic HOMO /

LUMO transition from considerations, only the HOMO�1 /

LUMO and HOMO�2 / LUMO transitions need more
attention.

The perceived congruity between the band-shape analysis
data and results from the performed TD-DFT computation
allows considering the TD-DFT data as quite trustworthy. Thus,
despite of low level of our computations, one can apply them to
discuss the experimental Mem values in more details. Analysing
the data collected in Table 4, however, it is rather difficult to
nd any simple correlation between the Mem and hSn|M|S0i/
[E(Sn) � E(T1)] quantities. According to eqn (17) one can also
expect (in some specic cases) the Mem values independent off
the oscillator strengths redistribution over tree considered S0
) 1*MLCT transitions. However, this could be only possible
when the numerators h1*MLCTn|VSOC|

3*MLCTi in eqn (19)
would be proportional to the denominators E(1*MLCT) �
E(3*MLCT). Then, for all three conceivable contributions, the
VSOC/DE terms remain constant and the resulting Mem values is
simply proportional to the sum of h1*MLCTn|M|S0i. Perhaps
one can consider this special case as imaginable explanation of
the experimental ndings, but at the present stage of investi-
gations, it remains as possible but very unlikely opportunity.

The second option is the intensity borrowing from the spin
allowed T1 / Tn transitions. In such a case, one can relate the
Mem values to the spin–orbit induced coupling between the
ground S0 state and Tn states hTn|VSOC|S0i and the transition
dipole moments of the transitions hTn|M|T1i occurring within
the triplet manifold70

Mem ¼
X
n

hTn|M|T1i hTn |VSOC|S0i
EðTnÞ � EðS0Þ (20)

This option is, however, still less credible because the energy
gaps E(Tn) � E(S0) are relatively large that should result in
distinctly smaller VSOC values. Because values of the hTn|VSOC-
|S0i and hSn|VSOC|T1i terms are anticipated to be similar, one
could consider this option only for the hTn|M|T1i values much
larger than their hSn|M|S0i complements. This is, however, very
unlikely. Thus, one can expect potentially possible intensity
borrowing from the T1 / Tn transitions as rather small, most
probably too small to explain the experimentally observed Mem

values.
Finally, one can also consider a permanent dipole difference

contribution arising from the direct spin–orbit coupling
induced interactions between the ground S0 and the excited
3*MLCT states. Both involved states are metallic in their char-
acter that precludes possibly effective spin–orbit induced
interactions between them. In this particular case the Mem

values will depend on the differences between the dipole
moments, m(T1) and m(S0), of the states involved in the S0 )
This journal is © The Royal Society of Chemistry 2020
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3*MLCT transition and the spin–orbit coupling hT1|VSOC|S0i
element responsible for interaction between them70

Mem ¼ ½mðT1Þ � mðS0Þ� hT1|VSOC|S0i
EðT1Þ � EðS0Þ (21)

One can attribute the energy gap E(T1) � E(S0) in eqn (21) to
the emission maxima hc~nmax

em of the given S0 ) 3*MLCT tran-
sition. For both remaining terms, m(T1) � m(S0) and hT1|VSOC-
|S0i, one can expect their functional dependence on amount of
the metallic character in the 3*MLCT emitter. Both considered
quantities depend on the value of the cMLCT coefficient. Thus,
the m(T1) � m(S0) difference is approximately equal to cMLCT

2Dm.
Correspondingly, one can approximate the hT1|VSOC|S0i value as
cMLCTV

0
SOC. With the above remarks, one can simply obtain the

following expressions

Mem ¼ cMLCT
3 V

0
SOCDm

hc~nmax
em

(22)

According to eqn (22), one can anticipate the experimental
Mem values related to the cMLCT

3 factor. In fact a monotonic
relationship between Mem and cMLCT seems to be evident (cf.
Fig. 13) but, instead of the expected Mem � c3MLCT association,
the Mem values can be linearized against cMLCT

9. Similarly, as
one can see in Fig. 12, the trends in the Mem values reect the
MLCT character of the given emitter. The experimental points
are similarly scattered but the picture is more coherent, all ve
discussed Re(I) series follow the same layout. The larger the
cMLCT values in the 3*MLCT state, the larger are the transition
dipole moments attributed to the S0 ) 3*MLCT emission.
Evidently, the cMLCT coefficient is the most important factor
affecting the Mem values. Most probably, the higher MLCT
characteristic involved in the singlet and triplet excited states,
the spin–orbit coupling is more pronounced. Any exact origin of
Fig. 13 Relationships between the Mem and cMLCT quantities for the
Re(CO)2

+ and Re(CO)3
+ complexes. Data for [Re(CO)2(N^N)(tpp)2]

+

(yellow symbols), [Re(CO)2(N^N)(dppv)]
+ (grey symbols),20, [Re(CO)3(-

N^N)(tpp)]+ (blue symbols), [Re(CO)3(N^N)(CH3CN)]
+ (green

symbols),12 and [Re(CO)3(N^N)(Cl)] (red symbols)12 complexes in
CH3CN solutions at room temperature.

This journal is © The Royal Society of Chemistry 2020
the observed correlation remains, however, an open question.
Thus, one should treat the observedMem� cMLCT

9 relation as an
empirical rule. On the other hand, similar correlations, e.g.,
between the Mem and (ELCT � E00)/hc~n

max
em values, have been

found for in our previous works concerning some Os(II) or Ru(II)
complexes.29–31 Preliminary results from our investigations of
the cyclometalated Ir(III) complexes [Ir(C^N)2(N^N)]

+ suggests
that these chelates follow the same trend as well. Thus, the
correlations described in this work may have a general meaning
and the problem is worthy for further investigations. To obtain
an adequate solution, however, one can speculate that it will be
necessary to go beyond simple perturbation theory. Very likely,
a proper account of the spin–orbit coupling between the ground
S0 and the lowest 3*MLCT states will require considerations of
the spin-vibronic coupling.73

Concluding remarks

Comparative studies of the luminescence properties of Re(CO)2
+

and Re(CO)3
+ a-diimine chelates point to very similar nature of

their lowest excited states. In both types of the complexes, their
emissions in solutions at room temperature take place from the
lowest excited T1 states possessing distinct MLCT character. For
most of the complexes discussed in this work, the 77 K emis-
sions in solid matrices exhibit MLCT character as well. In some
cases, however, the character of the 77 K emission change from
MLCT to LC. Particularly well pronounced temperature effect
can be seen for the [Re(CO)3(N^N)(tpp)]

+ series where, inde-
pendently of the coordinated N^N ligand, structured emissions
have been recorded.

Despite all similarities, the investigated Re(CO)2
+ and

Re(CO)3
+ complexes exhibit some important differences,

particularly in the reorganization energies accompanying the
electron transfer between the metallic center and the coordi-
nated N^N ligand. Typically, the reorganization energies asso-
ciated with high and low/medium frequency modes are
distinctly smaller for the Re(CO)2

+ complexes as compared to
the Re(CO)3

+ ones. This affects strongly the non-radiative
deactivation of the excited 3*MLCT states making the
Re(CO)2

+ chelates better emissive that is reected in the higher
emission quantum yields and longer emission life-times.

One can regard the reported complexes as well suited for the
fundamental studies of the structure/properties relations for
the MLCT emitters. In this work, two different approaches,
analysis of emission band shapes and TD/TD-DFT computa-
tions, have been applied to clarify the observed changes in their
luminescence properties as caused by the nature of the main
and ancillary ligands. Well congruent results obtained from
both applied methodologies shown that the data from band
shape analyses are applicable in testing results from the
quantum-mechanical computations, and vice versa. Particu-
larly, both applied approaches point to crucial role of the lowest
excited state 3*LC localized within the coordinated N^N ligands.
Mixing of the “pure” 3*LC and 3*MLCT congurations deter-
mines the nature of the given MLCT emitter affecting all
quantities associated with the radiative as well as non-radiative
S0 )

3*MLCT transitions.
RSC Adv., 2020, 10, 29642–29658 | 29655
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Results from the performed band shape analyses of the S0)
3*MLCT emissions have been applied in the interpretation of
the experimentally determined rates of the non-radiative deac-
tivations of the excited 3*MLCT species. In most cases, the
theoretically predicted knr values remain in nice agreement with
those found experimentally. This conrms a close connection
between the radiative and non-radiative deactivation of the
excited states with the MLCT character. Intrinsic deviations
between calculated and experimental knr values were, however,
found for some of the MLCT emitters with large contributions
of the 3*LC excitation. Any more detailed explanation of this
nding requires further systematic investigations.

Another unclear issue, origin of the electronic coupling
between the lowest excited 3*MLCT and the ground S0 state
requires further systematic investigations as well. The S0 )
3*MLCT transitions are, due to spin conservation rule,
forbidden processes. They might become possible when the
intensity borrowing through the spin–orbit coupling effects
cause the mixing between the singlet and triplet states. Ana-
lysing the obtained TD-DFT data we are, however, not able to
nd any S0 / Sn or T1 / Tn transition responsible individually
for the required intensity borrowing. At least not one which
could be common for all ve discussed series of Re(I) complexes
with adequate explanation of the N^N ligand induced changes
in the Mem values. Perhaps, one should treat each of the ana-
lysed MLCT emitters independently but this option seems to be
improbable. The latter conclusion is based on the monotonic
relationship between the Mem values and cMLCT coefficients
characterizing the MLCT character of the given MLCT emitter.
Although the found Mem � cMLCT

9 correlation looks somewhat
amazing, this nding can have a more general meaning because
similar behaviour is characteristic for other a-diimine
complexes. At the present stage of investigations, however, it is
rather difficult to provide any reliable explanation of these
ndings. Further work in such direction seems to be required
for any decisive answer.

Experimental
Materials

Solvent used in UV-vis absorption and emission studies,
acetonitrile – ACN, methanol, and ethanol, were of spectro-
scopic grade purchased from Aldrich. Reagents and analytical
grade solvents, used without further purication in performed
syntheses and purication of the investigated complexes, were
purchased from Trimen, Acros Organics, Sigma-Aldrich or Alfa
Aesar companies.

Both investigated series, [Re(CO)2(N^N)(tpp)2]
+ and [Re(CO)3(-

N^N)(tpp)]+, have been synthesized in the form of PF6
� salts from

[Re(CO)3(N^N)(Cl)] precursors1,10,11 prepared according to well-
known procedure reacting equimolar mixtures of Re(CO)5Cl and
appropriate N^N ligand in reuxing toluene under argon for 4–
5 h. The obtained precursors were further converted into
[Re(CO)2(N^N)(tpp)2]

+/PF6
� salts by reuxing their deoxygenated

o-dichlorobenzene solutions containing TlPF6 as dehalogenation
agent and seven fold excess of tpp ligand for 2–4 h in dark.16 Aer
ltering of precipitated TlCl, the reaction mixture was cooled to
29656 | RSC Adv., 2020, 10, 29642–29658
room temperature and an excess of diethyl ether/hexane mixture
was added to precipitate [Re(CO)2(N^N)(tpp)2]

+/PF6
� products.

The synthesized complexes were further puried by means of the
column chromatography on activated acidic alumina with
CH2Cl2/acetone 3 : 1 v/v mixture as eluent. The [Re(CO)3(-
N^N)(tpp)]+/PF6

� salts74 were prepared in a similar way using
chlorobenzene as reaction medium. The reaction mixture was
heated to 105–110 �C under argon in dark for 3 h. Due to the lower
reaction temperature, reuxing of the deoxygenated chloroben-
zene solutions containing equimolar amount of [Re(CO)3(-
N^N)(Cl)] and tpp with slight excess of TlPF6 leads to
[Re(CO)3(N^N)(tpp)]

+/PF6
� as main products. Column chroma-

tography, performed on silica gel with CHCl3/CH3OH 100 : 1 v/v
as an eluent, resulted in nal separation and purication of
these complexes. Identication of all synthesized complexes was
done by means of FT-IR, 31P NMR and 1H NMR spectroscopy.
Acquired spectroscopic data conrm the expected structures of
the synthesized complexes without any doubts. The recorded FT-
IR spectra exhibit the presence of two (1919–1931 and 1830–
1854 cm�1) or three ((2027–2037, 1935–1954 and 1902–
1935 cm�1) sharp and intense absorption band in the nC^O

stretching region in accordance with the presence of two or three
CO ligands in the [Re(CO)2(N^N)(tpp)2]

+ or [Re(CO)3(N^N)(tpp)]
+

series, respectively. All the investigated complexes exhibit
common features in their 31P NMR spectra, exhibiting the pres-
ence of characteristic septet signals arising from the PF6

� coun-
terions (d ¼ �144.7 ppm, J � 706 Hz). Additional singlet signals
(with singlet-to-septet 2 : 1 or 1 : 1 intensity ratio) from the coor-
dinated tpp ligands, in the range of 17–23 ppm for the
[Re(CO)2(N^N)(tpp)2]

+ or 15–19 ppm for [Re(CO)3(N^N)(tpp)]
+

series, correspond to the presence of two or one tpp ligand(s) in
the analysed species. The presence of N^N and tpp ligands in
these complexes is also nicely reected in their 1H NMR spectra
where the integrated intensities of signals and their positions
reproduce nicely the expected numbers of protons. Here the
performed syntheses and identication of the synthesized
complexes are only briey mentioned. Any more detailed
description will be reported elsewhere.
Instrumentation and procedures

FT-IR, 31P and 1H NMR spectra were acquired using Shimadzu
IRAffinity-1 and VARIAN 400-MR spectrometers, respectively.
UV-vis absorption spectra were measured using Shimadzu UV
3100 spectrophotometer, whereas corrected steady-state lumi-
nescence spectra and emission decays by means of Gilden
Photonics FluoroSense and FluoroSense-P uorimeters. In the
case of emission studies, the investigated CH3CN solutions were
carefully deaerated by the prolonged saturation with prelimi-
nary puried and dried argon.

As a quantum yield standard, a solution of quinine sulphate
in 0.1 N H2SO4 (fref ¼ 0.51)75 was used. The obtained emission
quantum yields fem were measured with the estimated 10%
accuracy. Emission spectra were tted by means of a least-
square method using OriginPro 9.0 soware (Origin Lab
Corp.) with user-dened functions. The experimental decay
curves were analysed by the single-curve method using the
This journal is © The Royal Society of Chemistry 2020
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reference convolution based on the Marquardt algorithm.76

with the c2 test and the distribution of residuals serving as the
main criteria in the evaluation of t quality. Emission lifetime
sem values, characterizing the recorded decays were measured
with the temporal resolution of ca. 0.01 ms. DFT and TD-DFT
results presented in this work were obtained with the
Gaussian soware supported by GaussView 5.0.77
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12 A. Woźna and A. Kapturkiewicz, Phys. Chem. Chem. Phys.,

2015, 17, 30468.
13 Top. Curr. Chem., ed. V. Balzani and S. Campagna, 2007, vol.

280.
14 Top. Curr. Chem., ed. V. Balzani and S. Campagna, 2007, vol.

281.
15 E. Schutte, J. B. Helms, S. M. Woessner, J. Bowen and

B. P. Sullivan, Inorg. Chem., 1998, 37, 2618.
16 J. L. Smithback, J. B. Helms, E. Schutte, S. M. Woessner and

B. P. Sullivan, Inorg. Chem., 2006, 45, 2163.
17 Y. Shen, B. Maliwal and J. Lakowicz, J. Fluoresc., 2001, 11,

315.
18 Y. Reece and D. G. Nocera, J. Am. Chem. Soc., 2005, 127, 9448.
19 H. Tsubaki, A. Sekine, Y. Ohashi, K. Koike, H. Takeda and

O. Ishitani, J. Am. Chem. Soc., 2005, 127, 15544.
20 A. Kamecka, K. Prachnio and A. Kapturkiewicz, J. Lumin.,

2018, 203, 409.
This journal is © The Royal Society of Chemistry 2020
21 S. Sato and O. Ishitani, Coord. Chem. Rev., 2015, 282–283, 50.
22 C. D. Windle and R. N. Perutz, Coord. Chem. Rev., 2012, 256,

2562.
23 Q. Zhao, F. Li and C. Huang, Chem. Soc. Rev., 2010, 39, 3007.
24 K. K.-W. Lo, K. Y. Zhang and S. P.-Y. Li, Eur. J. Inorg. Chem.,

2011, 3551.
25 K. K.-W. Lo, Acc. Chem. Res., 2015, 48, 2985.
26 L. C.-C. Lee, K.-K. Leung and K. K.-W. Lo, Dalton Trans., 2017,

46, 16357.
27 G.-W. Zhao, J.-H. Zhao, Y.-X. Hu, D.-Y. Zhang and X. Li,

Synth. Met., 2016, 212, 131.
28 Y. Yamazaki, H. Takeda and O. Ishitani, J. Photochem.

Photobiol., C, 2015, 25, 106.
29 A. Kamecka and A. Kapturkiewicz, Phys. Chem. Chem. Phys.,

2015, 17, 23332.
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