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The luminescence properties of the heteroleptic [Re(CO)s;(NNN)CI]
and [Re(CO)3(NNN)(CH3CN)]* complexes in view of the combined
Marcus-Jortner and Mulliken-Hush formalism

Agnieszka Wozna and Andrzej Kapturkiewicz*

The luminescence properties of the heteroleptic fac-Re(CO)s* complexes with a-diimine NNN ligands, neutral
[Re(CO)s(NNN)CI] and cationic [Re(CO)3(NNN)(CH3CN)]* species have been studied in acetonitrile solutions at room
temperature. The investigated complexes exhibit the metal to ligand charge-transfer (MLCT) phosphorescence with the
emission characteristics strongly affected by the nature of coordinated a-diimine NNN ligands. The observed trends can be
quantitatively described by invoking the electronic interactions between 3*LC and **MLCT states as well as the spin-orbit
interactions between 3*MLCT and *MLCT states, respectively. All quantities necessary for the description can be
straighforwardly accounted from analysis of the radiative **MLCT « So and >*MLCT — So charge transfer processes. It is also
demonstrated that the radiative k, and non-radiative k  decay rate constants of the excited **MLCT states can be
interpreted within the same set of parameters. As expected from the Mulliken-Hush formalism the both processes are
strictly related that allows prediction of the non-radiative k. rate constants using the parameters available from analysis

www.rsc.org/pccp

Introduction

Light emitting transition metal complexes with organic ligands
have found prevalent interest due to their potential application
in many modern optoelectronic applications. These include
light-to-electricity conversion!? (dye-sensitized solar cells —
DSSC) as well as electricity-to-light conversion*® (organic light
emitting devices — OLED). Other important examples are
chemical and biological sensors’®, photo-catalysts'®? or
photodynamic therapy.'31>

Organometallic emitters are interesting species not only due
to their practical applications but also from the theoretical point
of view. The later interest arises from the fact that the emissive
properties of these complexes are usually very different from
those typical for “pure” organic molecules.'®” Despite that, the
photophysical properties of organic and organometallic
compounds can be understood in similar manner following the
same general lines usually based on the Jablonski diagram. The
picture is, however, more multifaceted in the case of
organometallic emitters because of presence of a panoply of
the electronic excited-states for such species and strong spin-
orbit coupling (SOC) between them caused by the presence of
heavy metal ion(s). The SOC effects are especially important for
complexes with the 4d or 5d metal ions.

Institute of Chemistry, Faculty of Sciences, Siedlce University of Natural Sciences
and Humanities, 3 Maja 54, 08-110 Siedlce, Poland
E-mail: andrzej.kapturkiewicz@uph.edu.pl. Phone: +48-25-643-10-97.

This journal is © The Royal Society of Chemistry 2015

of the radiative *MLCT < So and **MLCT — So charge transfer processes.

The photophysical and photochemical behaviour of the
transition metal complexes are governed by the relative
energetic position and the interplay of the closely lying excited
states of different character. In the general case, apart from the
excitation localized/delocalized within individual ligand/ligands
(LC) or metal ion(s) (MC), these may include metal-to-ligand
charge-transfer (MLCT), ligand-to-metal charge transfer
(LMCT), metal-to-metal charge transfer (MMCT), and ligand-to-
ligand charge transfer (LLCT) states. Fortunately, in many cases
the actual picture can be simplified considering only these of
the excited states that are essential for the proper description
of the observed properties of organometallic emitters.

Depending on the metal/ligand(s) combination, the
photophysical and photochemical properties of organometallic
emitters may be quite different even for the same metal ion
with pretty similar ligands present in its coordination sphere.
Typical examples are fac-Re(CO)s* complexes®?* with
bidentate NNN a-diimine ligands (e.g., 2,2’-bipyridine or 1,10-
phenanthroline and their derivatives), neutral [Re(CO)s(NNN)X]
(where X = anions like CI~, Br-, CN~) and ionic [Re(CO)3(NNN)L]*
(where L = monodentate ligand axial to the NNN plane).
Appropriately changing NNN and X or L ligands attached to the
fac-Re(CO)s* core one can precisely tune character of the
observed emission from the excited 3*MLCT to 3*LC state with
the excitation localized within NnN or (sometimes) L ligand. The
emission from fac-Re(CO)s* chelates is also sensitive to many
other factors like temperature or medium rigidity. It makes fac-
Re(CO)s* complexes ideal candidates for testing the
relationships between the structure of the transition metal
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[Re(CO)s(NNN)CI] [Re(CO)s(NNN)(CHsCN)]*
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Fig. 1 Ligands orientation around the central Re* ion in the studied neutral [Re(CO)s;(NNN)CI] and cationic [Re(CO)3(NNN)(CHsCN)]* complexes (left) and structures of
the bidentate a-diimine NNN ligands employed (right). Acronyms used for NNN ligands: 1,10-phenanthroline —phen, 3,4,7,8-tetramethyl-1,10-phenantroline —tmphen,
4,7-dimethyl-1,10-phenathroline —dmphen, 4,7-diphenyl-1,10-phenatroline — dpphen, 2,9-dimethyl-1,10-phenantroline — 29dmphen, 5,6-dimethyl-1,10-phenantroline

— 56dmphen, 2,2’-bipirydine — bpy, and 4,4’-di-t-butyl-2,2’-bipyridine — dtbbpy.
complexes and their photophysical and photochemical
properties — one of the most important tasks in inorganic
physical chemistry.

The above stated, monotonic changes in the nature of
organometallic emitters from the excited 3*MLCT to 3*LC state
seems to be more or less characteristic for many other emissive
organometallic derivatives, especially for complexes of 4d® and
5d® ions like Ru?*, Os%*.or [r3*.1>16.23-25 Thjs arises from the
comparable energies of the excited 3*LC states (typically 2-3 eV
for most of m-aromatic ligands) and 3*MLCT states emitting in
the visible part of UV-vis radiation. The situation is similar to
that characteristic for “pure” organic intramolecular charge-
transfer states when the electronic interaction between the
excited CT state *(A—D*) and locally excited states localized
within the acceptor — **A and/or donor — **D subunits forming
a given A—D molecule play a crucial role 2627

Both fundamental, the radiative and non-radiative
deactivation 1*(A—D*) > So 3*MLCT - So processes
recovering the ground state So can be discussed in the terms of
electron transfer in the inverted Marcus region.?83! The same is
also valid for the radiative *(A—D*) <~ Sp and *MLCT < So
transitions. It means that the same approach can be used in
description of the excited *(A—D*) and 3*MLCT species. Some
intrinsic information on properties of the excited *(A—D*) or
3*MLCT states can be independently obtained from the
comparative analysis of the CT and MLCT absorption band
exemplifying the radiative charge separation and/or from the
kinetics of the radiative and non-radiative charge
recombination. All of these processes can be described using a
“Golden rule” type formula leading to the appropriate rate
constant that is principally dependent on two quantities, a
Franck-Condon weighted density of states (function of
energetic and nuclear parameters) and the electronic matrix
elements (V) describing the electronic coupling between the
states involved in the given transition. Relatively simple
estimation of the above-mentioned factors is possible from a
band-shape analysis of the CT/MLCT absorption and/or
luminescence and values of transition dipole moments of the
charge-transfer absorption ( M, ) and emission ( M, ),
correspondingly. Moreover, in the case of MLCT systems the
above described methodology allows also estimation of the

and
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spin-orbit coupling elements (Vsoc) describing interactions
between the excited **MLCT and 3*MLCT states.3?

Systematic studies of connections between the related
optical and thermal electron transfer, however, are not
thoroughly performed. Only a limited amount of organic CT or
organometallic MLCT systems have been explored to date in
this way despite that the physical formalism describing the issue
seems to be quite intuitive. Typically CT and MLCT luminescence
properties of newly synthesized compounds are mainly
analysed by means of more or less advanced quantum-
mechanical calculation. Despite of its versatility such approach
may lead to serious over-interpretation of the experimental
spectroscopic data because the quantum-mechanical
calculations (also those done with the use of TD-DFT method)
usually wrongly estimate the energies of the excited charge-
transfer states.3®3* Thus, particularly in the case when the
excited *D/**A and *(A—D") or 3*LC and 3*MLCT states are
close in energy, an additional information about the nature of
the emissive *(A—D*) or 3*MLCT species may be crucial for
proper interpretation of their properties.

As mentioned above the combined Mulliken-Hush (applied
in the analysis of M, and M, values) and Marcus-Jortner
(applied in the determination of energetic and nuclear
quantities associated with charge-transfer processes)
formalisms are not often used in the description of CT or MLCT
phenomena. One can hope, however, that such approach will
become more commonly used if any other, different from those
already elaborated, CT or MLCT system will be effectively
analysed. To follow this anticipation we have decided to
reinvestigate the photophysical properties of the famous
organometallic luminophores containing fac-Re(CO)s* core.
Although the a-diimine complexes with this ion have been
widely studied (including band shape analysis of their
luminescence spectra3>37) we have found that some additional
information about nature of the excited 3*[Re(CO)3(NNN)X] and
3*%[Re(CO)3(NNN)L]* states will become available when results
from the ordinary spectroscopic measurements (UV-vis
absorption and emission spectra, emission quantum yields ¢,
and lifetimes 7,, ) are analysed in a somewhat more
sophisticated way. As the model systems for our studies we
have selected easily synthetically affordable fac-Re(CO)s*
chelates, the neutral [Re(CO)3(NNN)CI] and their cationic

This journal is © The Royal Society of Chemistry 2015
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Table 1 Spectroscopic and photophysical properties of the cationic [Re(CO);(NNN)(CH;CN)]* and neutral [Re(CO);(NNN)CI] complexes. Absorption maxima Vi , molar extinction

coefficients &, , and transition dipole moments M, of *MLCT < S, transitions. Emission maxima vem , emission quantum yields ¢, , lifetimes ,,., resulting radiative k, and
non-radiative k. rate constant, and transition dipole moments M, of 3*MLCT — S, transitions.
Complex type *MLCT <« So transition 3*MLCT — So transition
Lgand AN J2%/em™ &, /M7em™ M, /D Vem /cm™ P [T k/s? k, /s M, /D
[Re(CO)s(NNN)(CHCN)]*
dpphen 17420 0.45 15.7 2.9x10* 3.5x10* 0.077
bpy 17500 0.14 0.59 2.4x10° 1.5x10° 0.221
dbbpy 17900 0.20 0.71 2.8x10° 1.1x10° 0.233
phen 18000 0.37 3.1 1.2x10° 2.0x10° 0.150
29dmphen 18400 0.13 1.7 7.7x10* 5.1x10° 0.117
56dmphen 18400 0.40 42.4 9.4x10° 1.4x10* 0.041
47dmphen 19440 0.19 10.7 1.8x10* 7.6x10* 0.052
tmphen 19350 0.21 16.1 1.3x10* 4.9x10* 0.045
[Re(CO)s(NNN)CI]
dpphen 26950 7.8x10° 2.7 15100 0.031 0.32 9.7x10* 3.0x10° 0.176
bpy 26950 3.2x10° 1.7 15400 0.006 0.048 1.3x10° 2.1x107 0.194
dbbpy 27470 3.4x10° 1.8 15650 0.015 0.089 1.7x10° 1.1x107 0.220
phen 27250 3.9x10° 1.9 15650 0.022 0.15 1.5x10° 6.5x10° 0.205
29dmphen 26880 1.9x10° 13 15850 0.014 0.069 2.0x10° 1.4x107 0.237
56dmphen 26180 4.3x10° 2.0 15750 0.025 0.23 1.1x10° 4.2x10° 0.175
47dmphen 28250 4.6x10° 2.0 16300 0.057 0.64 8.9x10* 1.5x10° 0.151
tmphen ~29000 ~2.0x10° ~1.3 16750 0.12 1.9 6.8x10* 4.7x10° 0.126
[Re(CO)3(NNN)(CH3CN)]* analogues (cf. Fig. 1). In this straightforwardly used in estimation of the transition dipole

communication we present the obtained results.

Results and discussion

1¥MLCT < So absorption and 3*MLCT — S, emission

The results of the
summarized

room-temperature experiments are
in Table 1. The measurements have been
performed in acetonitrile solutions to surely exclude potentially
possible replacement of the monodentate CHsCN ligand
attached to fac-Re(CO)s* core according to
[Re(CO)3(NNN)(CH3CN)]* — [Re(CO)3(NNN)(solvent)]* reaction.
Whereas the neutral [Re(CO)3(NNN)CI] chelates are very stable
species, their cationic [Re(CO)s;(NNN)(CHsCN)]* analogues are
more labile that make them useful as starting material in
preparation of other [Re(CO)3(NNN)L]* complexes by the ligand
exchange. On contrary to that, a prolonged heating of the
solutions containing [Re(CO)s(NNN)CI] and AgClO4 (or other Ag*
salts) is required for abstraction of Cl~ ion.

The acquired UV-vis absorption spectra (cf. Fig. 2) are very
similar to those reported previously in the literature and the
assignments have been made accordingly.3®42 The spectral
maxima of the low-energy absorption band (below ca. 30000
cm™!) and the more intense higher energy absorption bands are
the characteristic MLCT and *rt <— & transitions, respectively. In
the case of the studied neutral [Re(CO)3(NNN)CI] chelates quite
well separated *MLCT < Sp and **LC < So bands can be clearly
seen. It allows quite precise determination of ¢, (molar
extinction coefficient), Vabe (position of absorption maximum),
and Avip (spectral width) quantities characterizing the optical
*MLCT «<—So  transitions. These quantities can be

This journal is © The Royal Society of Chemistry 2015

moment M, values. The found M, values in the range of
1.3-2.0 D are characteristic for most of the neutral
[Re(CO)3(NNN)CI] chelates studied in this work. Only in the case
of [Re(CO)s(dpphen)Cl] complex the estimated M, value is
somewhat larger being equal to 2.7 D. In the performed
estimation of M,  values so-called the “lazy man's”
approximation*® have been used because principally more
correct approach based on the integrated absorption band
intensity****> could not be applied due to the partial overlap of
*MLCT «— Sp and *LC < Sp bands.

Molar extinction coefficient /10*M

45 40 35

Wavenumber /10%cm™’

Fig. 2 UV-vis absorption spectra of the investigated neutral [Re(CO)s;(NNN)CI] (red lines)
and cationic [Re(CO)s(NNN)(CHsCN)]* (blue lines) complexes. Data for NNN = 47dmphen
(bottom) and dtbbpy (top). Spectra of [Re(CO);(dtbbpy)Cl] and
[Re(CO)s(dtbbpy)(CH3CN)]* are shifted along Y-axis by a factor 6x10%. Low-energy parts
of the spectra are expanded by a factor 10 to emphasize low intensity *MLCT < S,
transitions.
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UV-vis absorption spectra of the studied cationic
[Re(CO)3(NNN)(CH3CN)]* complexes are pretty similar to those
recorded for their neutral [Re(CO)3(NNN)CI] counterparts. The
main difference is the hypsochromic shift (ca. 2000 cm™!) of
*¥MLCT «<— Sp transitions. It makes the overlap of *MLCT and
*1 < 1 bands still more pronounced that precludes enough
precise estimation of g, \;;“;x , and A‘;l/z quantities (for this
reason not reported in Table 1). Nevertheless, one can conclude
that the M, values characterizing 1*MLCT <« Sg transitions are
(in the case of the same NNN ligand) similar for both types of
the studied fac-Re(CO)s* chelates.

Typical examples of the room temperature emission spectra
for a number of the complexes are shown in Fig. 3. The
complexes displayed broad emission spectra which can be
assigned as MLCT-based luminescence, characteristic for this
type of luminophores.3®*2 Moreover, following trends for
emission energy maxima, the emission spectra show a clear
progression from the broad structureless emission (low energy
emitters) to slightly structured emission (high energy
[Re(CO)s(tmphen)(CHsCN)]* and [Re(CO)s3(47dmphen)(CHsCN)]*
emitters). This behaviour, similar to that previously reported for
[Re(CO)s3(NNN)(pyridine)]* or [Re(CO)3(NNN)(isonitrile)]*
complexes,*#? can be explained assuming more or less
pronounced mixing of the excited 3*LC (localized within NNN
ligands) and 3*MLCT states. The more energetic is the emission
the smaller is the energy gap between the excited 3*LC and
3*MLCT states that leads to stronger mixing between them.
Changing NNN ligands one can tune the energy gap AE,
between the states involved in the electronic interaction
because energies of the excited 3*LC and *MLCT/3*MLCT
states depend on the ligand nature in different way. The
introduction of the methyl substituent into 1,10-
phenanthroline kernel shifts energies of the excited 3*LC and
3*MLCT states in the opposite directions (down and up,
respectively) what results in the lowering of AE,, values. On the
other hand, the presence of the phenyl groups attached to 1,10-
phenantholine kernel results in the parallel lowering of the
excited 3*LC and 3*MLCT states energies. This effect is
somewhat larger for 3*LC, turning the photophysical properties
of [Re(CO)s(dpphen)(CHsCN)]* chelate distinctly different from
that characteristic for [Re(CO)s(phen)(CHsCN)]*. These effects
are considerably more important for the cationic
[Re(CO)3(NNN)(CH3CN)]* complexes what is reasonable taking
into account the axial ligand induced the hypsochromic shift in
their emission energies. Energies of the emissive
3*[Re(CO)3(NNN)(CHsCN)]* states E,, are distinctly higher as
compared with 3*[Re(CO)s(NNN)CI].

The ligand induced changes in the spectroscopic and
photophysical properties of the investigated chelates are also
clearly seen in values of the emission quantum yields ¢, and
the lifetimes of emission decays 7,,. Whereas the neutral
[Re(CO)3(NNN)CI] complexes are weakly emissive, their cationic
[Re(CO)3(NNN)(CH3CN)]* analogues belong to extremely
efficient organometallic emitters. Similarly, very different
values of the emission lifetime 7z, have been found for the
investigated complexes (cf. Fig. 4). Due to the observed mono-
exponential character of the 3*MLCT emission decays the

4 | Phys.Chem.Chem.Phys., 2015, 00, 1-12

Emission intensity /a.u.

Wavenumber /10%m""’

Fig. 3 Emission spectra of the neutral [Re(CO);(NNN)CI] (red lines) and cationic
[Re(CO)s(NNN)(CHsCN)]* (blue lines) complexes. Data for NNnN = 47dmphen
(bottom) and dtbbpy (top).

radiative k. and non-radiative k, rate constant values are
directly related to the 3MLCT emission quantum yields and
lifetimes

kl' =¢em/z—em (1a)

knr :(1_¢em)/Tem (1b)

and the resulting electronic transition dipole moments M,
values are given by**

2

Deactivation of the excited 3*[Re(CO)3(NNN)(CHsCN)]* states is
much slower as compared to their 3*[Re(CO)s(NNN)CI]
counterparts. To some extent, it can be explained by the energy
gap law, but the more detailed inspection of the values of
radiative k. and non-radiative k, rate constants leads to

Signal intensity

Signal intensity /au

Time /us

Fig. 4 Emission decay recorded for the neutral [Re(CO)3(29dmphen)Cl] chelate (yellow
line) with the excitation pulse profile (blue line) and the fitted decay curve (dashed black
line). Insert presents the long-lived emissions decays of the cationic
[Re(CO)s(phen)(CHsCN]* (orange line), [Re(CO)s(tmphen)(CHsCN]* (blue line), and
[Re(CO)3(56dmphen)(CH3CN]* (green line) complexes.

This journal is © The Royal Society of Chemistry 2015
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Table 2 Summary of the quantities describing 3*MLCT — S, emission from the excited 3*[Re(CO)3(NNN)(CHsCN]* and 3*[Re(CO);(NNN)CI] states. The values of the outer A, and

0

inner A, reorganization energies, the vibrational quanta hv, , the Huang-Rhys factor S, the free energy gap E,, . as obtained from analysis of the MLCT emission band profiles,
energy gap values between the NNN ligand centred 3*LC and 3*MLCT states AE,, , effective values of electronic coupling elements describing interactions between the excited

3*MLCT and ground S, states, experimental and computed k, values.

Complex type k, /s
Ligand NNN A, 1 eV Alev hv, [ eV S Eyer / €V AE,, [ eV V,,/10%eV  computed experimental
[Re(CO)s(NNN)(CHsCN)I*
dpphen 0.26 0.27 0.16 1.69 2.57 0.02 11.1 3.0x10* 3.5x10*
bpy 0.37 0.28 0.18 1.56 2.67 0.21 32.0 3.3x10° 1.5x10°
dbbpy 0.36 0.29 0.18 1.61 2.72 0.11 34.4 2.7x10° 1.1x10°
phen 0.38 0.23 0.19 1.21 2.70 0.05 22.3 3.9x10° 2.0x10°
29dmphen 0.27 0.32 0.17 1.88 2.72 0.03 17.8 2.5x10° 5.1x10°
56dmphen 0.18 0.32 0.17 1.88 2.62 -0.02 6.2 2.5x10* 1.4x10*
47dmphen 0.13 0.34 0.17 2.00 2.69 -0.02 7.9 1.7x10* 7.6x10*
tmphen 0.13 0.35 0.17 2.06 2.70 -0.01 7.1 1.7x10* 4.9x10*
[Re(CO)s(NNN)CI]
dpphen 0.45 0.22 0.18 1.22 2.41 0.18 220 1.1x10° 3.0x10°
bpy 0.45 0.21 0.18 1.17 2.45 0.43 24.7 6.0x107 2.1x10’
dbbpy 0.49 0.24 0.18 1.33 2.51 0.32 28.5 2.2x107 1.1x107
phen 0.53 0.20 0.18 1.11 2.53 0.22 26.6 6.2x10° 6.5x10°
29dmphen 0.52 0.22 0.18 1.22 2.56 0.19 31.0 1.1x10’ 1.4x10’
56dmphen 0.46 0.20 0.18 1.11 2.48 0.12 22.8 2.8x10° 4.2x10°
47dmphen 0.45 0.26 0.18 1.44 2.58 0.09 20.3 5.8x10° 1.5x10°
tmphen 0.47 0.22 0.18 1.22 2.63 0.06 17.5 7.1x10° 4.7x10°
conclusion that the energy of the given emitter £, is not a B )
single factor controlling its radiative and non-radiative I(Vem) 647" M e”’s’ N
deactivation. Comparing [Re(CO)s(dpphen)(CH3CN)]*  with (Vem) 30 "I
[Re(CO)s(bpy)(CH:CN)I* as well as [Re(CO)s(dpphen)Cl] with (Eure o — i —hehen)’ @)
[Re(CO)s(bpy)Cl] one can clearly see the essential difference exp aikT

between the complexes W|th dpphen and bpy ligands despite
that their emission maxima ven are located at nearly the same
wavenumbers.

Emission band shape analysis

An additional information on the properties of the excited
*MLCT and 3*MLCT states can be obtained from the band
shape analysis of the charge transfer absorption *MLCT < S,
and/or emission 3*MLCT — So. The absorption band profile, i.e.,
the relationship between the molar absorption coefficient

SM(;abs) and the absorbed photon energy hcvas can be
expressed as follows*6-4°
EylVas) 870 M2, e’5$’><
nvas 310 ¢ & !
) ~ 3)
exp (Eier + A, + jhV, —hcvas)
4 k,T

where n, ¢, k;, and T are the solvent refraction index, light
velocity, the Boltzmann constant, and absolute temperature,
respectively. In a similar way, the MLCT emission profile, i.e., the
relationship between the emission intensity /(ven) (in photons
per second per unit of spectral energy) and the emitted photon
energy AcVen is given by>0-52

This journal is © The Royal Society of Chemistry 2015

where h denotes the Planck constant. In both of the above
relationships the electron-vibration coupling constant, the
Huang-Rhys factor S, is equal to the inner reorganization energy
A expressed in units of vibrational quanta hv, (S=A4/hv,).The
inner reorganization energy A corresponds to the high-
frequency motions (represented by a single “averaged” mode
characterized by hv, ) associated with the intra-ligand changes in
the bond lengths and angles. The outer reorganization energy
A, is related to the low- and medium-frequency motions
(reorientation of the solvent shell, changes in the metal-ligands
bond lengths, etc.) accompanying the electron transfer.
According to the above two equations the Franck-Condon factor
for the MLCT absorption processes differs from that for the
MLCT emission process only in the sign of the A + jhv, term.
Thus one can expect a mirror image between the normalized,
so called reduced &(Vass)/vas and /(l;em)/\;zm spectra. Of
course, strictly mirror image behaviour could be only observed
if all intrinsic, £,,;, 4,, 4, and hv, quantities are exactly the
same for both *MLCT «- Sp and 3*MLCT — So processes (the
case of nearly degenerated *MLCT and 3*MLCT, both with
100% MLCT character). Usually, it is not a case due to the
differences in the electronic interactions between the excited
L*MLCT and **LC or 3*MLCT and 3*LC states.

The results from the performed band shape analyses are
collected in Table 2. Representative examples of the numerical

Phys.Chem.Chem.Phys., 2015, 00, 1-12 | 5
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fits (presented in Fig. 5) show that the experimental MLCT
emission profiles of all the fac-Re(CO)s* chelates studied could
be adequately reproduced within a single high-frequency mode
approximation. It should be noted, however, that E,, ., and 4,
as well as 4 and hv, quantities turn out to be somewhat
correlated, leading to a numerical uncertainty (+0.02 eV) of
their fitted values. Due to the applied model approximations,
however, the real uncertainty can be still larger, for example as
a consequence of assumption that the M, value is
independent of the emitted photon energy. Moreover
neglecting of a medium-frequency mode contributions leads to
the small overestimation of the fitted £, and 4, quantities.
Despite of all simplifications in the formalism used to fit the
band profiles of the experimentally observed 3*MLCT — So
emission spectra some conclusions, however, can be drawn
based on the data from the performed band shape analyses.
First of all, the same set of E,, ., 4,, 4, and hv, parameters
can be further used in discussion of the non-radiative
3*MLCT — So transition.

Due to the analogy between the CT optical spectroscopy and
the thermal electron transfer processes, values of non-radiative
k. rate constants can be predicted (within the framework of

semi-classical approach) from the following expression>3-56
2 2 -Sci
_art Vg e*s!
" h 47[}~DkBT j=0 jl

exp| — (EMLCT - /10 - jhvi)z
4.k, T

®)

Thus the data derived from the band-shape analysis of the MLCT
emission spectra can be used to reproduce the experimentally
found k, rate constants when the “effective” values of
electronic coupling element V., describing the electronic
interaction between the excited 3*MLCT and ground Sy states
become available from any other experimental data. In the case
of radiative CT processes the electronic coupling elements V can
be obtained from the experimental values of the electronic
transition dipole moments M, and M, in terms of the
Mulliken model originally developed for the CT complexes.>”>2
Within this models M, and M, are related to the electronic
coupling matrix element for the thermal electron transfer, V.,
via the change in dipole moment Ay associated with the
electron transfer and the energy gap AE between the states
involved in these processes. Thus in the case of MLCT systems
the observed M, value characterizing the spin-allowed
radiative 2*MLCT <— S transition can be expressed as follows

V,
Moy = —mx At (6)

hCVabs

whereas in the case of the spin-forbidden radiative
3*MLCT — Sp transition the mixing between the excited **MLCT
and 3*MLCT states, proportional to the spin-orbit coupling V.
and inversely proportional to the energy gap AE; between
them, is additionally taken into account>®6°

6 | Phys.Chem.Chem.Phys., 2015, 00, 1-12

Emission intensity /a.u.

T
15.0

Wavenumber /10%cm™

Fig. 5 3*MLCT — S, luminescence spectra of [Re(CO)s(tmphen)(CH3CN)]* (blue circles),
[Re(CO)3(29dmphen)(CH3CN)]* (green circles), and [Re((CO)s(dtbbpy)(CHsCN)]* (red
circles) complexes and the corresponding numerical fits (solid lines) according to eq. 4.
Dashed lines show contributions from the individual vibronic transitions. Six vibronic
transitions (0 — 0,0 — 1, 0 — 2, etc.) have been taken into account. Only five of them
can be seen in the presented figures because very low, marginal contribution from the
vibronic transitions with j > 5.

— ‘/SOC VCT A — \/eff
em — ~max -

AEST hcVem

Ap @)

~max

hcvem

Both equations are only valid if contribution from the locally
excited 1*LC configurations can be neglected. %3 However, due
to relatively large energy gap between the excited *LC and
3*MLCT states, one can use equation 7 (at least in the first-order
approximation) in estimation of V. terms from the
experimentally available M, values. The experimentally found
M, values (data in Table 1) together with the assumed
Ay =15 D lead to V,; values (data in Table 2) further used to
compute k rate constants according to equation 5. The results
of the performed calculations are summarized in Table 2 and
illustrated in Fig. 6. The discrepancies between the
experimentally found and computed rate constants k_ are not

L} T L} T ]
10° 10* 10° 10° 107 10°
k, (comp) /s'
Fig. 6 Relation between the computed and experimental values of non-radiative
k. rate constants of 3*MLCT — S, transitions for the investigated

[Re(CO)s(NNN)CI] (red symbols) and [Re(CO)s;(NNN)(CHsCN)]* (blue symbols)
complexes.
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exceeding a factor 3-4 that may be regarded as more than
satisfactory. The obtained agreement allow us also to assume
that the fitted £, 4,, 4, and hv, quantities have been
properly estimated and their values can be used for further
discussion.

An additional possibility to test self-consistency of the fitted
Ewea » 4, 4, and hv, parameters arises from the expected
mirror image between the MLCT absorption and emission
spectra. Comparing the experimentally found values of the
transition dipole moments M, . and M, (data in Table 1)
describing both types of the investigated transitions one can
expect that the f values (and ¢, correspondingly) for the spin-
allowed *MLCT « Sq ca. are two orders of magnitude larger
than characterizing the spin-forbidden 3*MLCT <« S transition.
This makes direct observation of the 3*MLCT « So absorption
band in the ordinary UV-vis spectra hardly possible. However,
using the fitted £, 4,, 4, and hv, quantities, one can
predict shape and position of the 3*MLCT «<— So bands, not
observed experimentally due to small values of the oscillator
strength f characterizing these transitions. Examples of the
“hypothetical” 3*MLCT <—So bands are depicted in Fig. 7
together with the experimentally found *MLCT <« S, spectra.
As expected, both bands are localized in the nearly same
spectral region making a separation of 3* MLCT <« So transitions
from ca. hundred times more intense **MLCT «— Sp band really
impossible. As expected (cf. the right chart in Figure 8), small
bathochromic shift between *MLCT <—So and 3*MLCT < S
transition can be clearly seen. The observed shift 1700-2300
cm™ (ca. 0.2-0.3 eV) can be very roughly attributed to the
energy splitting AE;; between the excited *MLCT and 3*MLCT
states. It should be noted, however, that, due to systematic
errors, especially in the estimation of E,, ., and A4, values (vide
infra) the resulting AE; values are extremely imprecise.

Inner and outer reorganization energies

As mentioned above, neglecting of a medium-frequency
mode contribution may lead to the parallel over-estimation of
Eyc and 4 values when the simplified one high-frequency
mode approximation is used in the procedures applied to fit
emission spectra. However, this can be to some extend
overcome as it has been proposed by Cortes, Heitele, and
Jortner.®* Their approach, based on the semi-classical treatment
of the medium-frequency modes together with the classical and
quantum treatment of the low-frequency and high-frequency
modes, respectively, leads to reformulation of equations 3, 4
and 5 through simple modification of the denominator in the
exponential parts of these equations. Due to contribution of the
medium-frequency modes hv,, (associated with the
reorganization energy A4, ) the original 44 k,T denominator
should be replaced by 4k,T4, +2hv, 4, coth[hv,, / 2k,T| term. The
proposed modification arises from dividing of the outer
reorganization energy A, into contribution of the low-
frequency (mainly solvent) and the medium-frequency modes
(mainly solute) associated with the reorganization energies 4,
and A respectively. In view of the introduced modification of

the denominator one can correct the fitted £,,, and A, values

This journal is © The Royal Society of Chemistry 2015
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Absorption intensity /a.u.
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Wavenumber /10%cm ™’

Fig. 7 Profiles of the experimentally observed *MLCT « S, (blue lines) and
“hypothetical” 3*MLCT < S, (red lines) absorption bands for [Re(CO)s(dtbbpy)Cl] (top)
and [Re(CO)3(47dmphen)Cl] (bottom) complexes. Dashed lines show contributions from
the individual vibronic transitions. Six vibronic transitions (0 >0, 0 > 1, 0 > 2, etc.)
have been taken into account. Only five of them can be seen in the presented figures
because very low, marginal contribution from the vibronic transitions with j > 5.

(without performing any additional fits) according to the
following relations®*

: 12 26T ]
ﬂo(flt)—/io(true)_ﬂ,{l A tanthTH (8a)

M B

and

. _ _2/<75T hv,,
EMLCT(flt)—EMLCT(true)—ﬂm{l h tanth Tﬂ (8b)

VM B

The corresponding corrections depend on 4,, and hv,, values.
For typical value of the medium-frequency mode hv,, =0.050 eV
(400 cm™) the right side term in equations 8a and 8b is equal to
ca. 20% of A, For a more detailed analysis, an additional
information about relative contributions of 4 and A4, are
necessary for estimation of the appropriate corrections. This
information could be available from any more advanced (e.g.,
temperature effect on emission spectra®#®°), studies. The
already available data allow only estimation of the upper limit
of these corrections. Taking into account the fitted 4, values
one can conclude that the correction are relatively small,
ranging from ca. 0.02-0.03 eV for the cationic
[Re(CO)s(tmphen)(CH3CN)]* or [Re(CO)s3;(47dmphen)(CHsCN)]*
chelates up to maximally ca. 0.1 eV for the neutral
[Re(CO)3(NNN)CI] species. It means that the “true” values of the
energy gaps AE,;, between the excited 3*LC and 3*MLCT states
within the investigated fac-Re(CO)s* chelates are somewhat
more positive than presented in Table 2. In a similar way the
“true” A, values are somewhat smaller than the fitted ones.
However, because the corrections are small, all the observed
trends (e.g., monotonic relationship between AE,, and A,
values) remain essentially unaffected.

For all the complexes under study the average quantum
spacing, hv, is in the range of 0.16-0.19 eV (1300-1550 cm™?).
Nearly constant hv; value (contributions from the vibrational
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modes of N=C, N=C, and C=C bond stretching) reflects a similar
ligands environment around the central fac-Re(CO)s* core.
Values of the inner reorganization energies, 4 (and the Huang-
Rhys factors S) depend to some extent on the nature of the
given emitter. Interestingly, in the case of neutral
[Re(CO)3(NNN)CI] chelates the found 4 values (0.20-0.26 eV)
are markedly smaller than those characteristic for their ionic
[Re(CO)3(NNN)(CH3CN)]* analogues (up to 0.35 eV). Most
probably the effect is connected with different nature of the
neutral Re(CO);Cl and ionic Re(CO)3;(CH3CN)* fragments
participating in the electron transfer process associated with
the MLCT excitation. In the case of studied complexes an
electron is transferred from Re(l) ion to NNN ligand. Thus the
MLCT excitation process corresponds to the intramolecular
oxidation of Re(l) to Re(ll) that forces changes in the Re—C and
C=N bonds. Such changes should be more pronounced in the
case of ionic [Re(CO)3(NNN)(CHsCN)]* complexes where the
charge on the central rhenium atom changes actually from +1
to +2. In the case of neutral [Re(CO)3(NNN)CI] complexes, due
to the covalent character of Re—Cl bond, the central ion charge
changes apparently from 0 to +1. The above considerations
about changes of charge on Re(CO)sCl or Re(CO)s(CH3CN]*
kernels remain also valid when strong electronic interactions
between the excited 3*LC and 3*MLCT states take place. In such
the case the effective charge changes from 0 to +0.5-1 or +1 to
+1.5-2 are expected still to diversify the investigated
[Re(CO)3(NNN)CI] and [Re(CO)s(NNN)(CHsCN)]* complexes.
Thus the observed differences in the fitted A values can be
rationalized with regards to different ability of CO ligand to
coordinate the low and high valance metal ions. Similar effects
should be observed in any electron transfer processes involving
fac-Re(CO)s* complexes. Their rates should be smaller in the
case of Re(CO)3(CH3CN)* derivatives due to larger (as compared
to these containing Re(CO)sCl kernel) values of 4 energies. In

fact, it has been observed in the electrochemical studies®®%° of

[Re(CO)3(NNN)(CH3CN)]* species is usually slow and
electrochemically quasi-reversible, the analogous processes
involving [Re(CO)3(NNN)CI] chelates are much faster exhibiting
the electrochemical reversibility as it can be deduced from the
observed difference in the anodic and cathodic peaks potentials
on the recorded cyclic voltammetry curves.

Another, well pronounced trend can be seen in the relation
between the fitted 4, and AE,; values. The observed
behaviour can be rationalized in terms of the excited 3*LC and
3*MLCT states mixing governed by the energy gap between
them. This can be roughly estimated taking into account the
energies of the 0-0 transition in the phosphorescence spectra of
free NNN ligands’®7? and the E,,, energies available from the
performed fitting of the 3*MLCT — Sp emission band profiles.
The larger the energy gap between the excited 3*MLCT and 3*LC
states, AE,, , the larger the observed A, value. It arises from
different contribution of the excited 3*LC state to the wave-
function characterizing the given 3*[Re(CO)(NNN)(CH3CN)]* or
3*[Re(CO)(NNN)CI] emitter. When the excited 3*MLCT and 3*LC
states are close in energy, the resulting emitter is characterized
by an equivalent contribution of them. It results in lowering of
the outer reorganization energy 4, to ca. % of that
characterizing “100% pure” MLCT state. It is indeed observed in
the case of studied fac-Re(CO)s* chelates with A, ranging from
0.13 to 0.53 eV for the smallest and largest AE,, values,
respectively. Whereas /4, depends monotonically on AE, ,
changes in 4 do not follow the same trend. It arises from
similar 4 values for both of the mixing 3*LC and 3*MLCT
configuration and distinctly different A, values characterizing
“pure” 3LC — Sp and 3*MLCT — Sp transitions.

Electronic and spin-orbit coupling elements

Data available from the performed band shape analyses allow
also for more or less accurate discussion of the potential energy
curves describing adiabatic/non-adiabatic transitions between
the excited 3*LC and 3*MLCT or *LC and *MLCT states. Less

[Re(CO)3(NNN)(CH3CN)]* and [Re(CO)3(NNN)CI] complexes.
Whereas the electrochemical oxidation of accurate when necessary values of the electronic coupling
“Le / L /
> i T / = >
& \ < &
@ % K *MLCT @ @ *MLCT
[ =4 | =4 | =
G |Le SMLCT w w MLCT
100% *LC, | 100% **MLCT 100% “LC | | 100% **MLCT 100% *LC, | 100% **MLCT

ET coordinate

ET coordinate

ET coordinate

Fig. 8 Potential energy curves of the ligand centred **LC, 3*LC, and ***MLCT excited states. Dashed lines represent the initial states whereas solid lines
correspond to the resulting states due to electronic interaction between them. Green and blue solid lines are related to the resulting diabatic **MLCT state
and the lowest *LC state, whereas the red solid line shows the adiabatic transition from the lowest excited *'LC state to >*MLCT state, respectively. Pictures
correspond to different energy gaps between the initial 3*LC and MLCT states, —0.1 eV (left), 0 eV (middle), and +0.1 eV (right), respectively (negative and
positive signs of the energy gap denote localization of the 3*MLCT state above >*LC state. Potential energy curves were simulated with 4, =0.55 eV (assumed
for 100% “pure” MLCT configuration) and V,, =V,, = 0.25 eV. Value of 0.8 eV was taken as energy gap between the excited *LC and **LC states.
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elements V are arbitrary chosen, and more accurate (as it is
presented in Fig. 8) when their values are experimentally
accessed. Fortunately, in the case of complexes under
investigations the already available photophysical data allow
quite precise estimation of the necessary quantities: the V;
values describing the spin-allowed interactions between the
excited *MLCT and the ground states So as well as the V,,
values responsible for the electronic interactions between the
excited 3*MLCT and 3*LC states.

To evaluate V,; value one can consider the estimated values
of the transition dipole moments M, describing the
*MLCT « Sp transitions. According to Eq. 6 one can obtain V,,
values from the experimental M, and hcvas data collected in
Table 1. The resulting V; = 0.3-0.6 eV must be, however,
treated as the upper limit estimates because the applied
procedure neglects plausible contribution of the intensity
borrowing from the *LC<«- Sy transitions and possible
overestimations of the M,  caused by partial overlapping of
I*MLCT «— Sp and 1*LC < Sg absorption bands.

The V,, values can be accessed taking into account the
position of the 0—0 transition in the structured emission spectra
of fac-Re(CO)s* complexes exhibiting 3*LC — So transitions.
Position of the 0-0 transitions in the 3*LC — Sg emission in these
complexes is, as compared to the isolated NNN ligands,
batochromically shifted due to the electronic interactions
between the excited 3*LC and, higher energetically located,
3*MLCT state. The observed shift hcAvoo can be related to the
energy gap between the excited 3*MLCT and 3*LC states,
approximated by the difference in the 3*LC — Sy emission and
3*MLCT < Sp (or nearly iso-energetic **MLCT <« Sp) absorption
maxima as follow

v
hevis —her @

hCA\jufo =

In estimation of the V,, values one can use results from the
measurements performed at 77 K if the medium rigidity effect
are large enough to change the energetic sequence of the
excited 3*MLCT and 3LC states and the character of the
observed emission. Alternatively, and still better, one can use
photophysical data for some similar fac-Re(CO)s* complexes
exhibiting the 3*LC — So type emission in the fluid media at
room temperature. Although this is not a case for the studied
complexes, some of their analogues, namely
[Re(CO)(NNN)(RNC)]* chelates in which the axial CH3CN ligand
is replaced by an aliphatic isonitrile, exhibit the 3*LC — S, type
emission at such conditions.2 With the observed hcAv o values
(being equal to ca. 0.08-0.09 eV for [Re(CO)3(47dmphen)(t-
BUNC)]* or [Re(CO)s;(tmphen)(t-BuNC)]* species), and the
estimated hcvas —hcvem terms (in the range of ca. 0.8-1.0 eV)
the resulting V,, =0.2-0.3 eV are close to the lower limit of the
previously discussed V., quantities.

The remaining V,; values, describing the spin-allowed
interactions between the excited *MLCT and 1*LC states, is not
directly accessible but, at least in the first order approximation,
one can assume V,; #V,, . Assumption about comparable values
of these electronic coupling terms is based on the Dogonadze

This journal is © The Royal Society of Chemistry 2015
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concept’? relating the electronic coupling between the central
metal ion and the attached ligand(s) to the nature of the frontier
orbitals involved in these interactions. Due to the similar values
of the LCAO coefficients describing the frontier orbital of a-
diimine ligand, either for the isolated NNnN molecules (e.g., from
semi-empirical calculations) as well as for the attached to fac-
Re(CO)s* core (e.g., from DFT calculations’3), one can anticipate
Vi, =V,; and V,, =V . It should be also emphasized that precise
knowledge of V,, values is much less essential for the discussed
issue because the electronic interactions between the excited
1*¥L.C and ™MLCT state are only weakly affecting the 3*MLCT/
3*LC or 3*MLCT/So relations.

As mentioned above, the estimated values of the electronic
coupling elements together with the energetic AE,; and A,
parameters available from the performed emission band shape
analyses allow us a more quantitative discussion of the
potential energy curves describing the investigated MLCT
systems. Due to relatively large V,, values, larger than 4 /4
terms, shape of the potential energy curve, resulting from the
electronic interaction between the initial “pure” 3*LC and
3*MLCT states, strongly depends on the energy gap between
them. Contrary to that, shapes of the potential energy curve of
the initial “pure” *MLCT and '*LC state remains much less
affected, mostly due to larger energy gaps between the excited
*¥LC and ™MLCT or MLCT and So states, respectively.
Moreover, the both types of the electronic interactions
affecting energy of the excited **MLCT state are working in the
opposite direction that to a large extent cancels their energetic
contributions.

Electronic interactions between the excited 3*MLCT and
3*%LC states are distinctly more pronounced than those
characterizing the semi-detached *MLCT/**LC/So systems. It
leads to quite different shapes of the potential energy curves
describing the singlet and triplet states possessing MLCT
character and the energy gap AE; between them. The latter is
particularly important because AEg; affects strongly the mixing
between the excited *MLCT and 3MLCT states that results in
appropriate changes of values of the transition dipole moment
M, values characterizing the 3MLCT — S, emission (cf.
equation 7). For the given MLCT emitter AE; can be related to
the sum of AE,; and A, terms that are directly available from
the emission band shape analyses.

2
Vs

AE =—3—
AE, + 4,

(10)

ST

Although both AE;;and 4 values are somewhat overestimated,
the estimation errors (the same for both quantities) cancel in
the calculation of the vertical energy gaps AE,, +/1, between
the excited *MLCT and 3MLCT states with the solvent/solute
conformation characteristic for the equilibrated conformation
of the emissive 3MLCT species.

The energy splitting AE;, between the excited 3*MLCT and
1*MLCT states depends inversely on the sum of two terms, the
energy gap AE,, between the lowest excited 3*LC (within the
a-diimine N ligand) and the outer reorganization energy A, .The
smaller the sum AE,; + /4, the larger the AE,; difference what
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results in less pronounced mixing between the excited 3*MLCT
and *MLCT states. Because A, depends also on AE,, , one can
observe (as it is presented in this work) quite huge changes in
the observed values of k. and k,, rate constants despite that
very similar NNN ligands are present in the investigated
[Re(CO)3(NNN)CI] or [Re(CO)3(NNN)(CH3CN)]* complexes. For
the studied complexes one can estimate AE; values using the
experimentally affordable parameters. With the electronic
coupling value V;; =0.25-0.30 eV and the sum AE,, + 4 in the
range of 0.11-0.88 eV (cf. data in Table 2) one can obtain AE;
as small as 0.07-0.10 eV (e.g., [Re(CO)s(bpy)Cl] chelate) or as
large as 0.57-0.82 eV (e.g., [Re(CO)s(tmphen)(CH3CN)]* chelate).
Nearly one order of magnitude large span of the estimated AE;
values clarifies the observed differences in the emissive
properties of the studied fac-Re(CO)s* complexes. The AE;
values estimated for [Re(CO)s(dtbbpy)Cl] (0.08-0.11 eV) and
[Re(CO)3(47dmphen)Cl]  (0.12-0.17 eV) complexes are
somewhat smaller than those anticipated (0.2-0.3 eV) from the
differences between their absorption maxima of *MLCT <-So
(experimental) and 3*MLCT <— Sp (simulated) transitions (cf.
Figure 7). However, taking into account all possible errors and
approximations made, the agreement can be regarded as
satisfactory.

The AE; values characterizing the investigated fac-
Re(CO)s* complexes can be used to discuss the experimental
values of the transition dipole moment M, of 3*MLCT « So
transitions. By combining equation (7) with equation (10) one
can obtain

M = VocVer x AE,, +/10

o Au (11

Vs hcvem
According to the above equation the transition dipole moments
M, should increase with value of AE,;+/4, term. It can be
indeed seen comparing appropriate data in Tables 1 and 2.
Optionally one can directly predict the M, values when

necessary parameter V.. is available, e.g., from the quantum

om (€XP) D

=

0.0 T T
0.0 0.1 0.2 0.3

M, (comp) /D

Fig. 9 Relationship between the computed and experimental values of the
transition dipole moments M, of 3*MLCT — S, transitions for the investigated.
[Re(CO)s;(NNN)CI] (red symbols) and [Re(CO);(NNN)(CHsCN)]* (blue symbols)
complexes. The solid line represents linear fit with the intercept value equal zero.
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mechanical calculation or any other photophysical data.
According to results from the DFT calculation V.. values are
equal 0.011 eV for one of the investigated neutral
[Re(CO)s(bpy)Cl] complexes and the 0.0072 eV for the
analogous cationic [Re(CO)3(4-ethylpyridine)]* complex.”* With
the averaged V. = 0.0091 eV one can obtain value of
ViocVirAse/ V2, term (0.683 D™ with Ay =15 D and V=V, =
0.2 eV or 0.455 D' when V, = V,, = 0.3 eV). With the
intermediate V,, V. ,Au/V3 = 0.569 D! one can fairly well
reproduce the expected quantitative relationship between the
experimentally found M, and (A533+10)/ha~/':;x quantities (cf.
Figure 9). Fairly well agreement between the computed and
experimental M, values can be seen that allow to conclude
that the values of both k. and k rate constants, characterizing
the radiative and non-radiative 3*MLCT <— So can be predicted
with similar accuracy (cf. Figure 10).

An approach, similar to that presented above, allows us also
discussion the transition dipole moments M, values for these
fac-Re(CO)s* complexes that exhibit emission with dominant
3*%L.C — So character. In such complexes the energy gap
between the emissive 3*LC state and higher energetically
situated *MLCT state can be approximated through the
difference between 3*LC— Sy emission and *MLCT < Sp
absorption maxima. For the studied [Re(CO)3(NNN)(CH3CN)]*
complexes with NNN = 47dmphen or tmphen ligands the
estimated values of AE; (0.46-0.68 eV) are ca. 1.5-2 times
smaller than the difference hcvap —hcven characterizing their
[Re(CO)3(NNN)(t-BuNC)]*analogues. Thus for the complexes
with the axial ligand t-BuNC one can expect adequately smaller
M, values characterizing their room temperature 3*LC — So
emission. According to the literature ¢, and 7, data*? the
M, values are as small as 0.032 and 0.024 D can be estimated
for [Re(CO)3(47dmphen)(t-BuNC)]* or [Re(CO)s(tmphen)(t-
BuNC)J*, respectively. The corresponding M, values, 0.045
and 0.049 D found respectively for [Re(CO)s(tmphen)(CH3CN)]*
and [Re(CO)3(47dmphen)(CH3CN)]* complexes are ca. 1.5 and

10° 5
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5 [ ] L]
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L
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[} o
. L
= 10% -
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k, (comp) /s”'

Fig. 10 Relationship between the computed and experimental values of the
radiative k, rate constants of 3*MLCT — S, transitions for the investigated.
[Re(CO)s(NNN)CI] (red symbols) and [Re(CO)s;(NNN)(CHsCN)]* (blue symbols)
complexes.
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Table 3. Summary of the FT-IR (CH,Cl, solutions) and *H NMR (CDCl; solutions) data for the investigated cationic [Re(CO)3(NNN)(CHsCN)]* and neutral [Re(CO);(NNN)CI] complexes.

Complex type FT-IR* H NMR
Ligand NNN Veol/em™ 8 /ppm vs. TMS

[Re(CO)s(NNN)(CHsCN)]*
dpphen 2039, 1938 9.33 (2 H, d), 8.14 (2 H, s), 7.89 (2 H, d), 7.55-7.65 (10 H, m), 2.17 (3H, s)
bpy 2038, 1936 8.93 (2 H, d), 8.56 (2 H, d), 8.23 (2 H, t), 7.64 (2 H, 1), 2.22 (3 H, s)
dbbpy 2038, 1935 8.77(2H,d), 837 (2H,d),7.58(2H,dd),2.19(3 H,s), 1.46 (18 H, s)
phen 2041, 1938 9.34 (2 H, dd), 8.75(2H, dd), 8.15(2 H,s),8.01 (2 H, dd), 2.11 (3 H, s)
29dmphen 2041, 1938 8.51(2H,d),7.99 (2 H,s), 7.88 (2 H, d), 3.31 (6 H, s), 2.11 (3 H, s)
56dmphen 2041, 1938 9.25 (2 H, dd), 8.88 (2 H, dd), 7.98 (2 H, dd), 2.86 (6 H, s), 2.07 (3 H, 5)
47dmphen 2039, 1936 9.13(2H,d), 8.27(2H,s),7.77 (2H, d),3.00(3H,s),2.09 (3 H,s)
tmphen 2038, 1935 8.99(2H,s),824(2H,s),2.86(6H,s),2.67(6H,s),2.07(3H,s)

[Re(CO)s(NNN)CI]
dpphen 2021, 1919, 1896 9.44 (2 H, d), 8.05(2H,s),7.80(2H,d), 7.55-7.65 (10 H, m)

bpy 2123, 1919, 1898

dbbpy 2021,1917, 1894
phen 2023,1921, 1898
29dmphen 2021, 1915, 1896
56dmphen 2021, 1917, 1897
47dmphen 2021,1917, 1894
tmphen 2023, 1919, 1896

9.09 (2 H, d), 8.21 (2 H, d), 8.09 (2 H, 1), 7.56 (2 H, t)
8.88 (2 H, d), 8.75 (2 H, d), 7.74 (2 H, dd), 1.44 (18 H, s)
9.42 (2 H, dd), 8.57 (2 H, dd), 8.04 (2 H, s), 7.90 (2 H, dd)
8.34(2H,d), 7.86 (2 H, s), 7.75 (2 H, d), 3.35 (6 H, 5)
9.35 (2 H, dd), 8.71 (2 H, dd), 7.88 (2 H, dd), 2.81 (6 H, s)
9.24 (2 H,d), 8.18 (2 H, s), 7.67 (2 H, d), 2.93 (6 H, 5)
9.12 (2 H,s), 8.15 (2 H,s), 2.79 (6 H, s), 2.63 (6 H, 5)

* The neutral [Re(CO)3(NNN)CI] chelates display three bands in the CO stretching vibration region, whereas for the cationic [Re(CO)3(NNN)(CHsCN)]*
complexes only two CO stretching vibration bands are observed because the A’(2) and A modes are superimposed into a single broad band.3>3°

1.9 times larger than those characterizing their t-BuCN
counterparts. The observed agreement additionally supports
validity of the approach applied in this work, demonstrating
that the same set of main parameters can be applied in the
quantitative interpretation of 3*LC/3*MLCT systems, including
those with the nearly “pure” 3*MLCT character as well as those

with the prevailing 3*LC contributions.

Conclusions

Similarly to our previously published work3? describing the
heteroleptic [OsCI(CO)(PNP)(NNN)]* chelates with a-diimine
NNN and bidentate phosphine PNP ligands, the results
presented in this paper illustrate a close connection between
the radiative and non-radiative deactivation of the excited
states with the MLCT character. In the reported studies the
luminescence properties of the heteroleptic [Re(CO)s(NNN)CI]
and [Re(CO)3(NNN)(CH3CN)]* chelates have been primarily
analysed within the framework of the combined Mulliken-Hush
and Marcus-Jortner formalism. Regardless of all approximations
applied in the performed analyses one can conclude the
evidence for the theoretically expected relation between rates
of the radiative and non-radiative deactivation of the excited
3*[Re(CO)3(NNN)CI] and 3*[Re(CO)3(NNN)(CHsCN)]* states. By
analysing ordinary spectroscopic data one can obtain the
thermodynamic quantities relevant to molecular changes
associated with MLCT phenomena as well as characterize the
electronic and spin-orbit interaction affecting dominantly the
properties of the luminescent 3*MLCT state. The presented
results point to applicability of this approach in description of
the nearly “pure” 3*MLCT systems as well as the systems

This journal is © The Royal Society of Chemistry 2015

possessing the mixed 3*MLCT/3LC character. One can also
anticipate that the luminescence properties of other transition
metal complexes exhibiting the MLCT emission can be analysed
in a similar manner but further studies are necessary to finally
confirm this possibility.

EXPERIMENTAL

Materials

Commercially available NNN ligands (purchased from
Lancaster, Alfa Aesar or Aldrich companies) and Re(CO)sCl
(Strem Chemicals) were used in preparation of the investigated
[Re(CO)s(NNN)CI] and [Re(CO)3(NNN)(CH3CN]* complexes.
Procedures already described in the literature have been
applied in the performed syntheses.3>3969737577 A|| of the
neutral [Re(CO)3(NNN)CI] chelates were prepared by reacting
equimolar mixtures of Re(CO)sCl and appropriate NNN ligand in
refluxing toluene under argon for 4-5 h. The precipitated solids
were filtered after cooling of the reaction mixtures to room
temperature. The investigated cationic [Re(CO)3(NNN)(CH3CN]*
complexes were synthesized (in the form of PFg salts) by
metathesis of their neutral congeners. The substrates were
dehalogenized by reacting with equimolar amounts of AgClO, in
refluxing acetonitrile solutions under argon atmosphere in dark
for 8 h. In each case, the precipitated AgCl was filtered off
before adding KPFs in ca. 10-fold excess. The precipitated ionic
[Re(CO)3(NNN)(CH3CN]*...PFs~ products were further filtered
and dried under vacuum. The obtained complexes were purified
by means of column chromatography and their structures were

Phys.Chem.Chem.Phys., 2015, 00, 1-12 | 11
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confirmed using 'H NMR and FT-IR spectroscopy (data collected
in Table 3).

Instrumentation and procedures

FT-IR and H NMR spectra were acquired with a Shimadzu
IRAffinity-1 and a VARIAN 400-MR spectrometers, respectively.
UV-vis absorption spectra were measured with a Shimadzu UV
3100 spectrometer, whereas corrected steady-state
luminescence spectra and emission decays by means of a Gilden
Photonics FluoroSense and FluoroSense-P fluorimeters. Room
temperature absorption and emission measurements were
performed in the spectroscopic grade acetonitrile solutions. In
the case of emission studies the investigated solutions were
carefully deaerated by the prolonged saturation with
preliminary purified and dried argon. As a quantum vyield
standard a solution of quinine sulfate in 0.1 N H,SO4 ( ¢,,, =0.51)
was used.

Emission spectra were fitted by means of a least-square
method using OriginPro 9.0 software (Origin Lab Corp.) with
user-defined functions. The experimental decay curves were
analysed by the single-curve method using the reference
convolution based on the Marquardt algorithm with the %2 test
and the distribution of residuals served as the main criteria in
the evaluation of fit quality.
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