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ABSTRACT: The optical properties of two Re(CO);(bpy)Cl complexes in which the bpy is substituted with two donor
(triphenylamine, TPA, ReTPA;) as well as both donor (TPA) and acceptor (benzothiadiazole, BTD, ReTPA-BTD) groups
are presented. For ReTPA, the absorption spectra show intense intraligand charge-transfer (ILCT) bands at 460 nm with
small solvatochromic behavior, for ReTPA-BTD the ILCT transitions are weaker. These are assigned as TPA — bpy transi-
tions as supported by resonance Raman data and TDDFT calculations. The excited state spectroscopy shows the presence
of two emissive states for both complexes. The intensity of these emission signals is modulated by solvent. Time-resolved
infrared spectroscopy definitively assigns the excited states present in CH>Cl, to be MLCT in nature and in MeCN the
excited states are ILCT in nature. This switching with solvent may be explained through calculations in which the access to
states is controlled by spin-orbit coupling and this is sufficiently different in the two solvents to select out each of the charge-

transfer states.

Introduction

Inorganic donor-acceptor (DA) systems, based around
diimine ligands have been extensively studied due to be-
ing electronically and structurally diverse, with interest-
ing and complex behaviours.'> This can be achieved by
modification of the ligand or metal center, with metals
such as Ru(II),% Os(ID),*” Re(I),*°and Cu(I)’ having
been utilized. One system of particular interest is
Re(CO)3(NN)X, where NN is a diimine ligand such as
2,2’ bipyridine (bpy),*!! 1,10-phenanthroline (phen)'*
17 or dipyrido[3,2-a:2',3'-c]phenazine (dppz)'®-2.

Through substitution of the diimine ligand, the energy
of the lowest energy excited state can be modified. Worl
et al.® demonstrated structural changes could be used to

tune the excited state by changing the electron with-
drawing nature of 4,4’-substituted bipyridyl ligands.
This resulted in a systematic tuning of the energy of the
lowest energy state and lifetime of the MLCT (metal-to-
ligand charge-transfer) state. Similar results have been
reported for phen based systems.?! The use of more
structurally and electronically complex ligands, such as
dppz, accesses a range of new states. By using dppz as
the diimine ligand, it is possible to populate MLCT
states in which the photoexcited electron resides on
phen or phenazine (phz) based molecular orbitals, a lig-
and centered state may also be populated.?>>> The inter-
play between these states, coupled with the fact the
MLCTyphen state is emissive, while the MLCTyn state is
dark results in dppz complexes showing a “light-switch”



behaviour, which can be exploited for sensing the chem-
ical environment the complex is in.?> 26

It is possible to alter the electronic structure of metal
polypyridyl complexes further by the introduction of
ligands which are themselves active chromophores or
electroactive. This merging of inorganic and organic
chromophores is recognized as a useful way to imbue
materials with new optical properties.”’ This can tune
the MLCT state, or add new ligand based states such as
ligand centered (LC) or intra-ligand charge transfer
(ILCT), with the ligand based states existing with some
degree of communication with the MLCT states. One
example of this is the work of Castellano et al. who
demonstrated that by attaching a naphthalene-dicar-
boximide or pyrenyl based group to a phen diimine lig-
and for Re(I), Ir(I) and Ru(Il) complexes. The lifetime
of'the MLCT state of the Re compound was over 500 ps,
at room temperature in deaerated tetrahydrofuran, due
to coupling between the *MLCT and naphthalene-dicar-
boximide or pyrenyl based *LC. This resulted in an os-
cillation (“ping-ponging”) between the two types of tri-
plet states, ultimately increasing the lifetime of the ex-
cited population.'> 283! For the Re(CO)3(NN)X systems
modification of the ancillary ligand (X) can also be used
to tune the electronic behaviour of the complexes. It has
been shown that by attaching an ethene or ethyne linked
donor to a pyridine ancillary ligand resulted in an ancil-
lary based, dark, intraligand state, which could interact
with the lowest energy MLCT state 3>

Another example of this is given by Kitamura et al., they
showed that the appending of triarylborane electronic
acceptor off phen or bpy diimine ligands significantly
perturbs the electronic nature of the system.*-*® This is
due to the interaction between the MLCT and ligand
based Tary1-p(B) CT states, which resulted in increased
MLCT absorbance and lifetimes. Kitamura ez a/, studied
bpy diimine ligands with triphenylborane (TPB) units
on either the 4 or 4 and 4’ positions.*>* It was found in
shifting from the mono- to the di-substituted systems re-
sulted in increased conjugation and lowered the energy
of the MLCT transition, with a red-shifted of 2200 cm™.
The lowering of energy of the MLCT state combined
with its more extensive conjugation can affect the ex-
cited state lifetime in two ways; firstly the reduced en-
ergy gap decreases the lifetime as shown by Worl et al.,
the effect of the increased conjugation or greater delo-
calization of the excited state can increase the lifetime
by reducing the non-radiative decay pathways as shown
by Treadway et al.’® In this case the balance of factors
leads to an increased lifetime (140 ns) relative to the par-
ent species Re(CO)3(bpy)Cl (90 ns).*

Recently Wang et al.>! constructed ligands in which the
TPA donors and BMes: acceptor units were incorpo-

rated into copper complexes. The lowest energy absorb-
ance of these complexes was found to be dominated by
ligand characteristic. The lowest energy transition was
found, via computational modelling, to be predomi-
nately ILCT in nature, with only slight MLCT contribu-
tion.’!32 The emissive propertied showed greater varia-
tion upon complexation, with a 6000 cm™ redshift in the
emission maximum and two order of magnitude de-
crease in the lifetime at 77 K.

In a series of studies on donor acceptor ligands incorpo-
rating TPA and dppz it was found that the photophysics
was dominated by ILCT excited states. The rationale for
this was that the acceptor MO was based on the phena-
zine MO of the dppz which is electronically discon-
nected from the metal centre.!®1% 2% 53 Additional stud-
ies on 1,10-phenanthroline based ligands with appended
TPA units also showed ILCT excited states playing a
dominant role in the optical properties and photochem-
istry; again the metals played a peripheral role.'>>*

In an attempt to better understand the interactions be-
tween appended donor (and acceptor units) on metal-to-
ligand charge-transfer chromophores we have used
ethyne linkers with appended donor (TPA) and acceptor
benzothiadiazole (BTD) groups on Re(bpy) systems.
These complexes build on earlier studies using ethylene
linkers.’ The complexes were studied using a range of
electronic and spectroscopic techniques, including tran-
sient emission and absorbance spectroscopies, reso-
nance Raman spectroscopy and time-resolved IR and
Raman spectroscopies, with the experimental data com-
plemented by quantum chemical simulations performed
at the density functional (DFT) and time-dependent
DFT (TDDFT) level of theory including scalar relativ-

istic effects.
ReTPA-BTD Q

ReTPA, @
"’”—CT(" N MLCTC
N N
CI(OC);RE,
P

CI(OC),R,
W

MLCT

Figure 1: Pair of D-A complexes studied in this work.
Arrows indicate key potential CT transitions.



Table 1: TDDFT predicted lowest energy transitions (S; to S7) for ReTPA; as calculated in CH>Cl, and MeCN.

ReTPA:2: CH:Cl2

State Transition Weight/% AE/eV A/nm f Aexp / N

Si nrpA(218) — T¥bpy(219) (ILCT) 54 2.82 440  0.4920 466
dre(216) — T¥upy(219) (MLCT) 34

Sz rpa(217) — TH0py(219) (ILCT) 68 2.90 428 1.1759 448
dre(215) — T*upy(219) (MLCT) 20

S; dre(216) — T¥upy(219) (MLCT) 62 2.99 414 0.2952 -
Trpa(218) — THepy(219) (ILCT) 24

S4 dre(215) — m*0py(219) (MLCT) 75 3.16 392 0.1328 -
1ea(217) — Tepy(219) (ILCT) 15

S5 mrea(217) — w¥epy(220) (ILCT) 65 3.49 355 0.3370 368
1pA(218) — THopy(219) (ILCT) 13

Se  dre(214) — T*opy(219) (MLCT) 96 349 355 0.0039 -

S7 mrea(218) — Wrupy(220) (ILCT) 69 352 352 0.6809 362
nrea(217) — Thopy(219) (ILCT) 3

ReTPA:: MeCN
State Transition Weight/% AE/eV A/nm f Aexp / N

Si rpA(218) — T¥0py(219) (ILCT) 68 2.85 436  0.6174 446
dre(216) — mHopy(219) (MLCT) 20

Sz rpA(217) — TH0py(219) (ILCT) 77 2.93 424 1.2019 437
dre(215) — w*opy(219) (MLCT) 13

S dre(216) — TH0py(219) (MLCT) 76 3.04 407  0.1639 -
nrPA(218) — T¥6py(219) (ILCT) 14

St dre(215) — Trepy(219) (MLCT) 82 322 385 0.0517 ;
11rA(217) — Tepy(219) (ILCT) 10

Ss mea(217) — wropy(220) (ILCT) 69 350 354 03471 359
pA(218) — T¥opy(219) (ILCT) 13

Se  mrea(218) — w¥ppy(220) (ILCT) 73 3.53 351 0.6892 350
wpa(217) — T*opy(219) (ILCT) 8

S7 dre(214) — m¥0py(219) (MLCT) 95 3.55 350  0.0121 -

Electronic spectroscopy

The absorption spectra of the complexes were recorded
in a variety of solvents (Figure 2). Both complexes ex-
hibited two distinct transitions in the spectral region of
interest, at about 350 and 440 nm. Across the range of
solvents studied the absorbance maximum of the lowest
energy transition shifted about 130 cm™. For ReTPA-
BTD the lowest energy transition showed about half ex-
tinction coefficient of ReTPA2. This, combined with the

small variation in absorbance energy between the com-
plexes suggest the lowest energy is similar in both com-
plexes and has a large degree of ILCT TPA—BTD char-
acter. The dependence of the extinction coefficient of
the lowest energy transition on the number of donor
units is consistent with what has been reported for sim-
ilar systems.>>-%
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Figure 2: Electronic absorbance spectra for ReTPA2 and
ReTPA-BTD in a range of solvents.

A more detailed insight into the nature of the chromo-
phores may be afforded by the use of TDDFT calcula-
tions. Quantum chemical simulations at the TDDFT
level of theory have been performed for both complexes
including implicit solvent effects for MeCN and
CH2Cly, respectively (details of these methods are given
in Section 5 of the ESI). The predicted excited state
properties are in good agreement with the experimental
data and, thus allow assignment of the electronic transi-
tions. In case of ReTPA: these data are presented in Ta-
ble 1. This shows that intense transitions are predicted
at about 450 nm, as observed and these are attributed to
bright states (S1 and S) that are involve electron density
changes at both the potential donor sites (the Redr and
the TPAx) however they are predominantly ILCT in
nature. At higher energy states that are predominantly
MLCT in character are predicted (S; and S4) and at
350 nm additional ILCT transitions — with different
orbital parentage from the Si and S states may be seen
(Ss and S¢). The calculations show broadly the same
behaviour whether suing the CH2Clz solvent field or that
for MeCN - consistent with the experimental data.

Resonance Raman Spectroscopy

Resonance Raman spectroscopy (RRS) may be used to
experimentally evaluate the nature of chromophores in
the electronic spectra.’® 37-% For these compounds the
RRS spectra were collected from 355 to 491 nm in both
CH:Cl2 (Figure 3) and MeCN (Figures S15 and S16).

From the experimental RRS data and computational
modelling the nature of the lowest energy transitions
may be assigned. The TDDFT (Tables 1, S1-S6) simu-
lations provide further insight into the nature of the elec-
tronic transitions, which can be used to support the anal-
ysis of the RRS. The agreement of the simulated and the
experimental spectra (Figure 3) demonstrates the accu-
racy of the applied computational protocol to elucidate
the excited state properties for the present Re(I) com-
plexes, allowing for confidence when interpreting the
TDDFT data.

The resonance Raman data for ReTPA2 are shown in
Figure 3a. The pattern of band enhancement changes on
going from 355 nm excitation to 491 nm. For ReTPA»
the band enhancement pattern alters between Aexc. =
355 nm and 375 nm with the v234 vibrational mode los-
ing intensity relative to v240. Eigenvectors for all key
modes discussed here can be found in Tables S11. The
enhancement pattern changes again on going to longer
wavelengths with a subtle increase in the relative inten-
sity of vies with redder excitation. The simulations com-
prise contributions from excitations into the states Si to
S4 in the blue part of the visible region and into Ss and
Se in the UV region (see section 5.1 in the ESI for de-
tails) and allow to reproduce, and thus to assign, the ex-
perimentally observed band patterns with respect to the
excitation wavelength.

All transitions show enhancement of a mixture of TPA
and bpy modes, along with the C=C modes (v2ss and
va9) stretching mode and slight enhancement of the
metal carbonyl symmetric stretching mode (v246). These
data are consistent with the simulated RRS data (also
shown in Figure 3 and detailed in Tables S7 to S10). It
is possible to use the relative enhancements of differing
modes as proxies of orbital involvement in the various
transitions that are present. For example for ReTPA2 va4s
is enhanced by ILCT transitions from 7rpa to 7t¥bpy.
However, the higher energy transitions, S3 and S, show
greatest enhancement of a bpy based mode (v22g) and,
relatively, less enhancement of the C=C modes (v24s and
vaa9). This suggests that the higher energy transition
have more bpy nt* or MLCT character than the ILCT
dominated lower energy transitions. The increased
MLCTyypy character is seen in the increased enhancement
of the metal carbonyl stretching mode in the calcula-
tions.
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Figure 3: Resonance Raman spectra for ReTPA2 (A) and ReTPA-BTD (B) in CH2Cl2 (10 mol L) at the excitation
wavelengths listed. Eigenvectors for all labeled can be found in Table S11.

For ReTPA-BTD again four unique transitions are ob-
served, the three lowest energy, lying above 400 nm and
at 375 nm are similar to those observed for ReTPA> and
can be assigned to the mixed Treamt*BTD / TrPATT bpy €XCI-
tation (S1) as well as to the MLCTupy excitations Sz and
Ss. The enhancement pattern, particularly of vios over
vi9s (Figures S15 and S16), suggests that the predicted
nreaTt*pTD contribution has little effect on the spectral
signature. Another transition, resonant at 355 nm, shows
enhancement of both the BTD moiety (viss over vie7; see
Figures S15 and S16) and the metal carbonyl (vi94) and
this is consistent with a MLCTs1p transition. As with the
lower energy transitions this assignment is supported by
computational modeling revealing the semi-bright and
bright states Ss and S¢ (both in MeCN and in CH2Cl),
see Table S4. In addition enhancement of the bpy to
BTD C=C (v195) over the bpy to TPA C=C (vi96) further
supports this assignment.

Emission Spectroscopy

The electronic emission spectra for these complexes
were found to be solvent sensitive (Figure 4). Each com-
plex showed two distinct emission bands, termed low
energy (LE) and high energy (HE). In solvents with a
low polarity LE (~650 nm) and HE (~420-500 nm)
emission were observed, with the LE emission showing
greater relative intensity. This LE emission is consistent
with that reported for the comparable copper com-
plexes.’! The HE emission profile is comprised of two
peaks. In ReTPA: these occur at 425 and 500 nm, while
in ReTPA-BTD they occur at 420 and 445 nm. In more
polar solvents, the LE emission loses intensity. For
ReTPA: this drop off is near complete, however for
ReTPA-BTD a weak peak at ~650 nm is still present.
Due to the energy of the HE emission it can be surmised
that emission band is inaccessible up initial S; photoex-
citation and most likely arises from higher energy
MLCT states (S; or Ss4 in ReTPA:2 and Ss or Se in
ReTPA-BTD, as calculated by TDDFT (Tables 1 and S4
and Figures S23 and S24)). This is supported by the ex-
citation profile of the HE emission peak (Figure S13).



The strong change in the emission as a response to sol-
vent suggests that the solvents are influencing the com-

plex.
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Figure 4: Steady state emission spectra for ReTPA2 and
ReTPA-BTD in a range of different solvents.

Transient Absorption and Emission Spectroscopies

The excited state dynamics were first examined using
transient emission (TE) spectroscopy. Spectra were rec-
orded in CH2Cl> and MeCN for both complexes. In
CH2Cl2 the HE emission of both complexes was found
to be short-lived T <6 ns, consistent with a singlet state
(Figure S18). The LE transition however was found to
be longer -lived t ~200 ns for ReTPA» and t ~100 ns for
ReTPA-BTD (Figure S19). The existence of dual emis-
sion has also been observed by Liu et. a/** for Pt com-
plexes with similar D-A-D bpy based ligands, with sim-
ilar TPA based donors.

In MeCN a short singlet emission was observed, with a
lifetime of <6 ns in both complexes. This is consistent
with the high energy emission in CH2Clz, suggesting
that between CH2Cl> and MeCN we see a loss of the low
energy triplet emission.

In addition to TE, transient absorbance (TA) was used
to examine the behaviour of each complex in CH2Cl
and MeCN, respectively. Between the solvents both
complexes showed consistent variations in their respec-
tive TA spectra (Figure 5). In CH2Clz the excited state
absorbance is consistently red shifted relative to that of
MeCN and significantly greater intensity is observed at
~800 nm. Variations between ReTPA> and ReTPA-
BTD were observed. The peaks in ReTPA-BTD were
consistently broader than those in ReTPA». Further-
more, ReTPA2 showed an excited state absorption at
350 nm, not seen in ReTPA-BTD. The presence of the

strong absorbance at 780 nm is consistent with the
TPA™ species,” 1% 53 65 while the strong absorption at

390 nm is consistent with bpy™.6¢-¢7

When the lifetimes of the TA where compared between
CH2Cl2 and MeCN (Figure S20) further insight into the
variations in the excited state nature was observed. In
CH:Cl, lifetimes consistent with those observed in the
TE were recorded, 190 (£ 20) ns for ReTPA2 and 100
(= 20) ns for ReTPA-BTD. However, while the TE for
both complexes in MeCN showed only singlet emission
a long-lived excited state was observed in the TA. In
ReTPA: a lifetime of 140 (+ 20) ns was recorded, while
for ReTPA-BTD the lifetime was 80 (£ 20) ns. These
results mean that in CH2Clz there is a long-lived emis-
sive state, but in MeCN the nature of the excited state
has been modified to result in a ‘dark’ excited state.

The TA and TE properties of ReTPA2 differ from those
for the alkene bridge analogue. While the steady state
properties are similar with regards to the energy of the
transitions the lifetimes vary significantly. The alkene
bridge analogue shows a single emissive state with a
<10 ns and a ‘dark’ state (t ~ 600 ns) in CH>Cl».’
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Figure 5: TA spectra for both complexes in MeCN and
CH2Cl..

Time Resolved IR Spectroscopy

In order to gain further insight into the nature of the ex-
cited states and how it varies with respect to solvent
time-resolved IR (TRIR) spectra of ReTPA: and
ReTPA-BTD were collected in CH2Cl2 and MeCN. Fig-
ure 6 shows the TRIR spectra for both complexes ob-
tained 1 ps after irradiation in CH2Cl> — evidently,
v(C=0) peaks are bleached and transients are produced
with bands shifted up relative the ground state. This shift
of the C=0 stretching modes to higher wavenumbers in
indicative of an MLCT transition.?% %% As time delay
of the TRIR is increased from 1 to 50 ps, the transient
bands narrow and shift to
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Figure 6: TRIR spectra obtained following irradiation of (a) ReTPA2 and (b) ReTPA-BTD in CH2Cl2 together with the
decay profiles obtained from global fitting from these data for (c) ReTPA> and (d) ReTPA-BTD.

slightly higher wavenumber (ReTPA2: 2045 and
1990 cm™ and ReTPA-BTD: 2050 and 1993 cm™)
which is consistent with vibrational cooling from the in-
itial excited state being generated in a vibrationally ex-
cited state similar that observed in fac-Re(bpy)CO3C1.7
Thus, this MLCT transition can be assigned as a vibra-
tional state: *MLCT. Figure 6 also shows the kinetic
profile obtained from the global analysis of these TRIR
data with initial decay from a vibrationally excited state
of ca. 20 ps for both complexes followed by a decay
back to the respective parent (t = 125 ns (ReTPA2) and
7=90ns (ReTPA-BTD)). Overall, these two transitions
decayed on the nanosecond timescale can be assigned as
the lowest-lying electronic MLCT state in each Re
complex.

In MeCN however significantly different results were
observed. Figure 7 shows the TRIR spectra for both

complexes obtained 1 ps after irradiation in MeCN and
it is clear that following that parent v(C=0) peaks are
bleached and transients are produced with bands mainly
shifted down relative the ground state (see Figure 7).
The TRIR spectra reveal that the photophysics of
ReTPA: and ReTPA-BTD is more complex in MeCN
compared to those obtained in CH2Cl2 and there appear
to be v(C=0) bands shifted up as well as down relative
to the parent bands. The interpretation is aided by global
analysis of these data and the TRIR spectra shows the
presence of at least five species that contribute to the
evolving TRIR spectra for both complexes. Initially the
parent bands are bleached, and two transients are pro-
duced with largely ILCT character initially in a vibra-
tionally excited state. These species behavior differently
following vibrational cooling. The first shorter lived
state (state 1) shows v(CO) bands shifted to higher
wavenumber (lower intensity) with the presence of



bands shifted to higher wavenumber bands being more
noticeable in the TRIR spectra of ReTPA-BTD but for
both complexes the TRIR kinetics obtained from the
v(CO) bands to high and low wavenumber decay show
the same decay kinetics (see ESI) and state 1 is tenta-
tively assigned to a mixed MLCT/ILCT state. State 1
decays back to the ground state and global analysis
shows state 1 ReTPA-BTD (t = 34 ps) decays slightly
quicker than in vase of ReTPA:z (t = 57 ps). The longer

lived ILCT state (state 2) decays partially to reform the
parent and to form another transient also with ICLT
character. This process is tentatively assigned to a 'ILCT
state decay to the parent and also forming 3ILCT, which
subsequently decays back to the parent on the 50-100 ns
timescale. The kinetics for conversion of 'ILCT =
SICLT are slightly quicker for ReTPA-BTD (t = 400 ps)
compared to ReTPA: (t = 1-2 ns). These lifetimes are
consistent with the ‘dark’ state observed in the TA.
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The combination of time-resolved and steady state tech-
niques allowed to provide detailed insight into the ex-
cited state nature and dynamics of the complexes. From
the RRS it can be determined that the immediately pop-
ulated state is identical in nature in both complexes in
both solvents. This stated shows a mix of ILCT(TPA-
bpy) and MLCT(Re-bpy) in nature. From the TA, TE
and TRIR data it can be seen that the long-lived triplet
state varies in nature, depending on solvent. In CH2Cl
a long-lived emissive state is observed, which was as-
signed as *MLCT in nature. However, in MeCN the
long-lived state is dark in nature and, from TRIR, is
identified as being *ILCT.

The tuning of the lowest accessible triplet state between
MLCT and ILCT as a function of solvent environment
is atypical and has important ramification for the overall
excited state dynamics for the Re(CO);(NN)X com-
plexes as accessing a MLCT or ILCT state with while
significant impacts on the quantum yield and ability to
tune the energy of the said state.

Computational Modelling

To evaluate the unexpected highly solvent-dependent
nature of the excited relaxation pathways on a molecular
level, we performed (scalar relativistic) TDDFT simula-
tions to address i) the intersystem crossing (ISC) at the
Franck-Condon (FC) point based on the spin-orbit cou-
plings (SOCs) among the initially bright excited states
in the vicinity of the excitation wavelength of 355 nm
and the energetically close triplet states and ii) the nature
of the emissive state. Insight into the singlet-triplet pop-
ulation transfer was obtained at the SR-ZORA-TDDFT
level of theory, whereas the SOC among the spin-free
singlet and triplet states allowed for the prediction of the
nature of the initially populated triplet state in the FC
region. In agreement with the simulation for previously
investigated structurally similar Re(CO)3(NN)X com-
plexes,'? an efficient SOC is exclusively possible be-
tween 'MLCT and *MLCT states, which feature typi-
cally pronounced SOCs ranging from 200 to 600 cm™.
On the other hand, couplings among 'ILCT and *MLCT
states are mostly predicted between 0 and 100 cm'. This
general picture is obtained in both MeCN and CH2Cl»
and is not surprising as the 'ILCT excitation does not
involve the Re center. Therefore, independent of the os-
cillator strength for the excitation into the '!MLCT states,
population transfer to the triplet manifold is exclusively
possible via a 'MLCT/MLCT gateway. Surprisingly,
the nature of the gateway highly depends on the solvent
but not on the substitution pattern of the investigated
Re(I) systems. In MeCN, ReTPA2 and ReTPA-BTD
show a pronounced SOC of 614 and 395 cm™!, respec-
tively, from the S3 'MLCT state (ReTPA2: at 389 nm;

ReTPA-BTD: at 387nm) to the Tiz MLCT state
(ReTPA:2: at 342 nm; ReTPA-BTD: at 348 nm), which
features the unpaired electrons in the dxy and the w*ppy
orbitals (Tables S14 and S22). However, in the less po-
lar CH2Cl2 several efficient spin-orbit interactions are
estimated between the 'MLCT state S; (ReTPA»: at
399 nm; ReTPA-BTD: at 395 nm) and the energetically
close *MLCT states, while the respective SOCs are with
133-434 cm™' considerably smaller. In addition, neither
of these coupled MLCT states in CH2Clz is of dxym*bpy
nature. Therefore, the solvent polarity allows to control
the '™MLCT/AMLCT gateways as well as the subsequent
excited states relaxation pathways.

The solvent-dependent energetic landscape of the low-
lying triplet states were investigated by DFT and
TDDFT simulations for ReTPA2 and ReTPA-BTD. The
lowest 3ILCT and *MLCT states (Franck-Condon re-
gion) in ReTPA: were fully relaxed to gain insight into
possible emissive channels. In MeCN, the 3ILCT
Franck-Condon state (T1) is predicted at an energy of
2.20 eV and undergoes merely a slight stabilization of
0.05 eV upon equilibration, while the SMLCT (T3) is
stabilized by ~0.17 eV along the 3ILCT relaxation coor-
dinate (Figure 8). Such difference in excited state stabi-
lization is not surprising, as the geometry differences be-
tween the FC region and ILCT structures are commonly
small, while MLCT state are more sensitive to structural
alterations. In a similar fashion, the *MLCT state,
(2.83 eV, FC region), is stabilized by almost 0.6 eV
upon equilibration along the MLCT relaxation coordi-
nate, while the energy of the *ILCT state is increased to
2.56 eV. Thus, both the 3ILCT as well as the MLCT
states are predicted to be the lowest triplet states within
their respective equilibrium structures, i.e. at 2.15
(*ILCT) and 2.24 eV (*MLCT) (Figure 8). In the less po-
lar CH2Clz, the 3ILCT (2.19 eV, FC region) is stabilized
more efficiently to 2.00 and 2.15 eV within the *ILCT
and *MLCT structures, respectively. The energy of the
SMLCT, 2.78 €V at the FC point and at 2.61 and 2.40 eV
within the *ILCT and the MLCT minima, is less ef-
fected by CH2Clo. Therefore, the nature of the lowest
triplet state is not affected by in the less polar solvent, in
contrast, the pronounced *MLCT stabilization in the po-
lar MeCN alters the decay pathway, allowing access of
the *ILCT state. For ReTPA-BTD the general picture
with respect to the solvent-dependent stabilization along
the respective *ILCT vs. *MLCT relaxation pathways is
in line with the results obtained for ReTPA>. However,
for the D-A-A complex, a TPA—BTD °IL state is pre-
dicted by TDDFT to be always the most stable triplet
state, i.e. within its *IL equilibrium but also within the
SILCT and the *MLCT equilibrium structure. More de-
tails regarding the excited state relaxation pathways are
collected in the supporting information.



The combination of scalar-relativist simulations on the
SOCs within the FC region as well as the excited state
optimizations addressing the nature of the emissive state
form an energetic perspective allows to draw a con-
sistent picture: The polarity of the solvent highly affects
the 'MLCT/*MLCT gateway, especially the character of
the accessible SMLCT state(s) but also the size of the
SOCs. Consequentially, different relaxation pathways
A

are observed both within MeCN and CH2Cl,, while the
solvent affects both complexes in a similar fashion.
From an energetic point of view, the lowest lying state
is SILCT — or of *IL for ReTPA-BTD — in nature for both
solvent fields. However minimal spin-orbit coupling be-
tween the singlet and *ILCT states (Tables S16, S20,
S24 and S28) prevents direct population of the 3ILCT,
meaning in CH2Clz the excited state decay occurs from
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Figure 8: Simplified overview of the various excited states, relative energies and transitions for ReTPA: in CH2Cl

and MeCN. See ESI for details of calculated energy of various states.

the MLCT state. However, in MeCN the energy of the

SMLCT is lowered such that the *MLCT PES intersects
with the *ILCT PES, this allows for the ILCT state to
be populated via internal conversion for the initially ac-
cessible SMLCT states. This computational data agrees
with the overall picture from the experimental data,
which is summarized in Figure 8.

Conclusion

The excited state nature and dynamics of a pair of new
D-A-D and D-A-A Re complexes were explored. From
the combination of TRIR, TA and TE it was determined
that the lowest accessible triplet state was varied be-
tween an emissive "MLCT and dark *ILCT with chang-
ing solvent environment. This variation in behaviour
was linked to the dramatic alteration of the singlet-tri-
plet population transfer as shown by scalar-relativistic
quantum chemical simulation. The simulations clearly
show that the polarity of the solvent highly affects both:
the electronic nature as well as the SOCs of the triplet
accessible by the 'MLCT/MLCT gateway. In the case



of solvents with a low polarity the excited state gets
trapped in a SMLCT state and must decay back to the
ground state from there. However, in more polar sol-
vents the optimized *MLCT geometry is lowered in en-
ergy to create an intersection point with the 3ILCT man-
ifold, allowing access to the lower energy 3ILCT. This
has a series of implications for material design; it clearly
demonstrated the importance of having accessible
MLCT states in order to get significant population of tri-
plet states; and the structural relaxation in the excited
state controls the final accessible state. The dependence
of the accessible excited states on the solvent highlights
the need to take a high-level caution when trying to un-
derstand or predict how a material will perform in dif-
ferent device or environment than initially studied. It is
also interesting to note that the ground state properties
do not provide any insight into the solvent switching of
the excited states — further complicating predictions.

General

All physical measurements were carried out in spectro-
scopic grade solvents as supplied. Spectral data was an-
alyzed using the combination of GRAMS A/l (Ther-
moFisher, USA), Origin Pro 2018 (Origin Lab Corpora-
tion, USA), Flurocale (Edinburgh Instruments, UK) and
Spectragryph 1.2 (Dr. Friedrich Menges, Germany).

Synthesis
Synthetic details can be found in the ESI
Physical Measurements

Steady state emission, excitation emission maps and the
fluorescence lifetimes on a FS5 (Edinburgh Instru-
ments, UK), using specifications as previously re-
ported.'? 2 7! Transient absorption data was collected
using a LP920K (Edinburgh Instruments, UK), with the
setup details reported previously.'? 3334 6271 FT_-Raman
spectra were recorded in the solid state using a Bruker
MultiRam (Bruker, USA), with a 1064 nm Nd:YAG ex-
citation source and a D418T germanium diode detector.
Resonance Raman spectra were collect using a 135° il-
lumination backscattering setup as previously de-
scribed.!? 7273 Details of the TRIR experimental setup
have be previously reported.

Computational Modelling
Computational details can be found in the ESI
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Supporting Information. Synthetic detail, ligand
emission, RRS in MeCN, key vibrational modes, TA and
TE spectra and decay traces, TDDFT calculations, RRS
calculations, TRIR spectra and global analysis of TRIR
are provided in the supporting information. This mate-
rial is available free of charge via the Internet at
http://pubs.acs.org.
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