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ABSTRACT: The synthesis and photophysics of a new Re(I)- 1(2)*

carbonyl diimine complex, Re(PNI-phen)(CO);Cl, where the PNI-

phen is N-(1,10-phenanthroline)-4-(1-piperidinyl)naphthalene-1, m M

8-dicarboximide is reported. The metal-to-ligand charge transfer

(MLCT) emission lifetime was increased approximately 3000-fold <:>
. \Y

at room temperature with respect to that of the model complex 0\\ N— N

[Re(phen)(CO);Cl] as a result of thermal equilibrium between the 0=>RI = 34y O

emissive “"MLCT state and a long-lived triplet ligand-centered / f‘N\ / o

(°LC) state on the PNI chromophore. This represents the longest c{/ Cl I

excited state lifetime (7 = 651 us) that has ever been observed for a

Re(I)-based CT photoluminescence at room temperature. The hv

energy transfer processes and the associated rate constants leading to the establishment of the excited state equilibrium were

elucidated by a powerful combination of three techniques (transient visible and infrared (IR) absorption and photoluminescence),

each applied from ultrafast to the micro/milliseconds time scale. The MLCT excited state was monitored by transient IR using CO

vibrations through time intervals where the corresponding signals obtained in conventional visible transient absorption were

completely obscured by overlap with strong transients originating from the pendant PNI chromophore. Following initial excitation

of the 'LC state on the PNI chromophore, energy is transferred to form the MLCT state with a time constant of 45 ps, a value

confirmed in all three measurement domains within experimental error. Although transient spectroscopy confirms the production of

the MLCT state on ultrafast time scales, Forster resonance energy transfer calculations using the spectral properties of the two

chromophores support initial singlet transfer from '"PNI* to produce the "MLCT state by the agreement with the experimentally

observed energy transfer time constant and efficiency. Intersystem crossing from the '"MLCT to the *MLCT excited state is believed

to be extremely fast and was not resolved with the current experiments. Finally, triplet energy was transferred from the "MLCT to

the PNI-centered *LC state in less than 15 ns, ultimately achieving equilibrium between the two excited states. Subsequent

relaxation to the ground state occurred via emission resulting from thermal population of the >MLCT state with a resultant lifetime

of 651 us. The title chromophore represents an interesting example of “ping-pong” energy transfer wherein photon excitation first

migrates away from the initially prepared '"PNT* excited state and then ultimately returns to this moiety as a long-lived excited triplet

which disposes of its energy by equilibrating with the photoluminescent Re(I) MLCT excited state.

B INTRODUCTION

The absorption, photophysical, and redox properties of d°
transition metals continue to receive considerable attention,
including those based on Re(I).! Rhenium(I) carbonyl-diimine
(Re-CDI) complexes are photo- and redox active complexes that
can be incorporated into supramolecular systems, polymers, and
biomolecules because of their chemical robustness and synthetic
flexibility.> With this adaptability, Re-CDI complexes can be used in
a multitude of applications including solar energy conversion,”*
luminescence sensing,®™** biotechnology,ls’lé photochemical
molecular devices,"”"* and solar fuels photochemistry.'” >

In many Re-CDI complexes, photoluminescence originates
from a lowest energy triplet excited state displaying metal-to-
ligand charge transfer (MLCT) character.”* > It is possible that
other states such as ligand-centered (LC) triplet states could
emit independently of this MLCT emission if these states do not
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readily interconvert.”” However, if the states interconvert on a
sufficiently fast time scale, a thermal equilibrium will be estab-
lished between them, and the emission properties can be
described as a Boltzmann average. In particular, the excited state
lifetime will greatly exceed what is normally observed for MLCT
emission to the extent that the equilibrium is tipped toward a >LC
state having a very long lifetime.”® Numerous examples of
molecular systems having two excited states in thermal equilib-
rium include complexes of metals containing Ru,* 3% Pt,**!
0s, 2" Ir,** Cu,** and W," many of which have been recently
reviewed.*® Contributions from our laboratory have included
investigations of Ru(Il) MLCT complexes covalently linked to
pyrene or naphthalimide chromophores.>* " For example, in
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Scheme 1. Series of Reactions Required to Produce Re(PNI-phen)(CO);ClI (1)
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select molecules, the lifetime of emission observed at room
temperature was extended from less than 1 us for the model
complex, [Ru(bpy)d%, to around 3 and 40 us with attachment
of a single pyrene or napthalimide chromophore, respectively.***°
It is important to note that the precise number of appended *LC-
bearing moieties in equilibrium with the triplet emlttlng state
offer systematic excited state lifetime tuning®* >*** otherwise
not possible using more conventional nonradiative decay-redu-
cing approaches such as the energy gap law,49 59 delocalization
phenomena,®** or ligand strain relief.>> Very recently, the
excited state equilibrium concept has been applied to new classes
of molecular structures, including those based on a ZnTPP—
tungsten alkylidyne,*” and BODIPY-Benzoporphyrin.*' Such
molecules are of fundamental importance toward understanding
singlet—triplet partitioning and exciton management required
for the optimization of next generatlon device technologies mcludmg
organic light emitting diodes, "% organic photovoltaics,"*” and
photochemical upconversion.” In our opinion, continuing investi-
gations of relatively complex photophysical molecular phenomena
will generate fundamental knowledge poised for integration into
desired applications.

One objective of the present study was to achieve an excited
state lifetime in a Re-CDI complex suitable for supporting high
efficiency diffusion-based chemistry while simultaneously in-
creasing its visible absorption cross-section by attaching an
organic chromophore with strong 7—m* 'LC absorptions
overlapping the lower energy portion of the Re—phen
'"MLCT bands. A 3000-fold increase in excited state lifetime
was achieved in the present work by covalently attaching a
4-piperidinyl-1,8-naphthalimide (PNI) chromophore to the S-posi-
tion of 1,10-phenanthroline (PNI-phen) and preparing a new
Re(I) complex, Re(PNI-phen)(CO);Cl (1). While similar Re-
CDI complexes exist,” the lifetime increase in the present case is
by far the largest.

An equally important objective of the current study is to
elucidate the energy transfer processes leading to excited state
equilibrium and their associated kinetics. In prior studies on PNI-
phen complexes of Ru(II), we were able to monitor the ligand-
centered excited state using both transient absorptlon (TA)*®
and time-resolved infrared (TRIR) spectroscopy® on the nano-
second time scale. In the present study of the Re(I) complex, we
extend both of these techniques to the femtosecond time domain
to observe the early tlme evolution of intermediates leading to
the population of the *LC state of the PNI subunit. We also
succeeded in observing the Forster-type fluorescence quenching
of the initially populated 'LC state usrng time-correlated single
photon counting (TCSPC). While the *MLCT signals in TA
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were largely obscured on most time scales resulting from overlap
with signals from the PNI chromophore, the C=O stretching
vibrations of the Re(I) complex provided a critical spectroscopic
handle that enabled *MLCT excited state evolution to be moni-
tored by TRIR techniques on both fs and ns time scales.

Il RESULTS AND DISCUSSION

Synthesis. The PNI-phen 1igand36 and the Re(PNI-phen)-
(CO)5CI (1) complex were synthesized as outlined in Scheme 1
with the final complex being purified with flash chromatography.
'"H NMR and mass spectra of the PNI-phen ligand and its
respectlve precursors are comparable to those published pre-
viously.*® The structure of title compound 1 was confirmed by
'H, *C, and '"H-"H COSY NMR spectra, MALDI-TOF MS, and
FT-IR spectroscopy. This complex is both thermally and photo-
chemically stable in both the solid state and solution, being
soluble in a variety of organic solvents. In the present study,
tetrahydrofuran (THF) was selected because of its favorable
spectroscopic window in the mid-IR enabling direct time-resolved
vibrational visualization of the carbonyl and carbon monoxide
subunits resident on the PNI chromophore and the Re(I) metal
center, respectively.

Absorption and Photoluminescence Spectroscopy. In the
present study, the model used for the PNI chromophore was
N- (4—methylphenyl) 4-(1-piperidinyl)naphthalene-1,8-dicar-
boximide (PNT).*® This model was found to have nearly identical
photophysmal properties to the free ligand PNI-phen reported in
a prior study.* The low energy portion of the absorption spectra of
Re(phen)(CO);Cl, 1,and PNIin THF are presented in Figure 1.
This spectral region is purposely emphasized as only low energy
excitation processes are relevant to the processes described in
this manuscript. The main absorption band of the parent Re-
(phen)(CO)3Cl complex (/1max = 386 nm) has been previously
assigned as 'MLCT in nature.”" The lowest energy absorptron
of the PNI chromophore has also been assigned as a 'CT
transition.®**~% The absorption spectrum of 1 is approximately
the sum of that of the two constituent model chromophores,
Re(phen)(CO);Cl and PNI, with the exception of being red-
shifted by approximately 10 nm (data not shown). The absorp-
tion spectra of the model constituent chromophores substan-
tially overlap so selective excitation of either within 1 cannot be
readily achieved.

The emission spectrum of a deaerated solution of 1 at room
temperature (RT) is compared to that obtained after the sample
was exposed to air, Figure 2a. The deaerated solution exhibited
two emission bands, and only the one at longer wavelength was
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Figure 1. Static electronic spectra of Re(phen)(CO);Cl (black),
1 (red), and PNI (blue) in THF at RT.

quenched upon exposure to air, demonstrating that the latter
likely arises from a triplet state and the one at shorter wavelengths
originates from a singlet state. The phosphorescence of 1 was
obtained by subtracting the spectrum of the sample after exposure
to air from that of the deaerated sample and is compared in
Figure 2b to the emission of the MLCT model complex Re-
(phen)(CO);CL The two spectra are nearly identical in A,,,, and
band shape. The excitation spectrum (not shown) of emission
monitored at the long wavelength peak maximum matched the
absorption spectrum.

The singlet emission of the oxygen-quenched complex has
very similar wavelength and band shape with respect to that of
the free PNI model compound, but is nearly quantitatively
quenched relative to the free PNI, as indicated in Figure 2c.
The quenching of the singlet fluorescence of the PNI moiety in
the bichromophore is also reflected in the lifetime of its
fluorescence emission. From measurements made by TCSPC,
the excited state lifetime (7) for the PNI emission measured at
509 nm decreases from 7.64 ns in the free PNImodel to 49 psin 1
(Table 1). The corresponding energy transfer rate, ke, is there-
fore 2.04 x 10" s, and these lifetime data yield an energy
transfer efficiency of 99.4%. Even though the fluorescence spec-
trum of the free PNI is red-shifted relative to the main '"MLCT
absorption of the model Re(phen)(CO);Cl (Supporting Infor-
mation, Figure S1), there remains some significant spectral
overlap enabling Forster-type energy transfer from the PNI
chromophore to the Re(I) MLCT complex. Forster energy
transfer parameters were determined using PhotochemCAD in
conjunction with these spectral data and a 9.5 A chromophore
separation distance, roughly the distance between the metal
center and PNI from previous molecular modeling.***®~%® These
calculations predict a ke, value of 1.26 x 10'°s™ " and a correspond-
ing energy transfer efficiency of 99.0%, with ] = 520 x 10 '
M ' cm’ and a Forster distance of 20.4 A. Both former values are in
good agreement with those determined experimentally.

The photoluminescence emission intensity decay of a deaer-
ated THF solution containing 1 was adequately fit to a single
exponential function (Supporting Information, Figure S2). The
emission spectrum was independent of concentration, but the
intensity decays displayed concentration-dependent dynamic
quenching (Figure 3). The latter has been previously observed
in the related long-lifetime Ru(II)-PNI-containing polychromo-
phores,* so it is not surprising that a similar phenomenon is
observed here, particularly with such a remarkably extended
excited state lifetime. Throuogh concentration-dependent dyna-
mic Stern—Volmer analysis,”” the self-quenching rate constant
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Figure 2. (a) Static emission spectra of deaerated (gray) and aerated
solutions of 0.177 mM 1 (purple) in THF with 410 nm excitation. (b)
Phosphorescence spectrum of 1 (green) obtained by subtracting the
spectrum of the sample after exposure to air from that of the deaerated
sample and the static emission spectrum of dearated Re(phen)(CO);Cl
(black) in THF (410 nm excitation). (c) Static emission spectra of air-
equilibrated, optically matched (0.1 O.D. at 410 nm) THF solutions of
PNI (blue) and 1 (red) Inset: Expanded view of 1’s photoluminescence
using the same data presented in panel C.

was determined to be 2.14 x 10 M " s~ ". The quantum yield
likewise displayed concentration-dependent quenching (Supporting
Information, Figure S3). At theoretical infinite dilution, the
emission quantum yield of 1 is remarkably close to that of the
model complex Re(phen)(CO);Cl, but its triplet CT emission
lifetime (7 = 651 us) is approximately 3000-fold larger, Table 1.
This immediately implies that the MLCT emission lifetime in 1 is
being significantly perturbed by the pendant PNI subunit, and
the likely origin of this effect is a thermal equilibrium between the
two species at RT. 2834363748

In a frozen 2-methyl-THF (MTHF) glass at 77 K, the emission
profile of the Re(phen)(CO);Cl model was strongly blue-shifted
(Figure 4a), consistent with the polar nature of the CT excited
state,”" but a corresponding MLCT band was not readily apparent
in the corresponding steady-state emission spectrum of 1. Instead,
the steady-state spectrum of 1 at 77 K was dominated by the
residual singlet fluorescence of the PNI moiety, and a band at
600 nm containing a shoulder near 650 nm. The photolumines-
cence decay in the long wavelength region, excluding the residual
PNI fluorescence, was biexponential, unlike the single exponential
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Table 1. Photophysical Data of the Chromophores in This Study”

molecule Jabs max (nm) (& M em ™) Aum max (nm) (298 K)
[Re(PNI-phen)(CO);Cl] 408 (11980) 509, 593
[Re(phen)(CO),Cl] 386 (3550) 594
PNI 396 (8005) 504

Tem (298K)"  Aem max (nm) (77 K) Tem (77 K)" @,

49ps 651 us® 4937595 5308600"  S8us 270ms  0.013°
197 ns 524 7.6 us® 0.013
7.64 ns 482 0.93

“Room temperature measurements were made with THF as a solvent while 77 K measurements were made with 2-methyl-THF. All solutions were
degassed except as noted. ” Emission decay measurements were performed using a nitrogen pumped dye laser apparatus with the exception of PNI and
the air-saturated 1 (residual fluorescence) which were measured using TCSPC. The excitation wavelength for all measurements was set to 410 nm, and
the emission was collected at 650 nm for 1, 600 nm for Re(phen)(CO);Cl, and 505 nm for PNI at room temperature. Emlssmn was collected at 600 nm
for 1 and for Re(phen)(CO);Cl at 77 K.  Quantum yields were measured using [Ru(bpy);]Cl, as the standard. 2434 dpat component (residual
fluorescence) measured for air-saturated 1. “The photoluminescence lifetime and the quantum yield of deaerated 1 at room temperature were
determined in the absence of self-quenching (theoretlcal infinite dilution) from the concentration dependence Steady state emission maxima. ¢ Time-
resolved emission maximum after $ us delay. " Time-resolved emission maximum after 25 ms delay. ' Photoluminescence decay of the short component
(excluding residual PNI fluorescence) measured at 540 nm. ’ Photoluminescence decay of the long component measured at 650 nm. *Values are

referenced from ref 70.

2500+
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Figure 3. Self-quenching of 1 measured in deaerated THF at 22 °C
using the N,-pumped broadband dye laser system (410 nm excitation,
500 ps fwhm). Sample was deaerated using the freeze—pump—thaw
method.”".

decay observed in solution at 298 K. Consistent with the biexpo-
nential decay, time-resolved emission spectra at 77 K revealed
two peaks (Figure 4b). The one revealed after a S us delay has
Amax =530 nm and closely resembles the 77 K emission spectrum
of the Re(phen)(CO);Cl model. It had been obscured by the
overlapping PNI band in the steady-state spectrum. The band
recorded after 25 ms delay has A, = 600 nm and closely
matches the phosphorescence spectrum prewously a351gned to
the PNI moiety in a Ru-containing bichromophore.* Excluding
the PNI fluorescence, the shorter lifetime component of the 77 K
photoluminescence was more pronounced at the shorter wave-
lengths, and the longer component was larger at longer wave-
lengths, consistent with the time-resolved spectra. The decay
time of the short component was determined to be 5.8 us, very
close to that of the Re(I) model complex under the same
conditions (Table 1). The long lifetime component of the
photoluminescence possesses a decay time of 270 ms, clearly
indicating an organic chromophore lacking significant heavy-
atom spin—orbit coupling, consistent with that expected for the
’LC state of the PNI moiety.

The biexponential photoluminescence decay and time-re-
solved emission spectra clearly demonstrate that the *MLCT
and *LC states do not readily interconvert at low temperature in
the rigid glass. However, at RT in THF solution, 1 (excluding the
weak residual fluorescence at shorter wavelengths) possesses
a lifetime intermediate between those of the pure "MLCT and
the pure >LC model chromophores. The latter is indeed indicative

1.004 A

Emission lmens-ty
o o
S o

rm. Em
e o
s &

550 600 650 700 750
Wavelength (nm)

No
&
§-

e = o =
LR

0.00

Norm. Emission Intensity

T T T T

550 600 650 700 750
Wavelength (nm)

&
g

Figure 4. (a) Static 77 K emission spectra of Re(phen)(CO);Cl
(black), 1 (red), and PNI (blue) in MTHF with 410 nm excitation.
(b) Time-resolved 77 K emission spectra of 1 at S us (green) and 25 ms
(gray) after a S00 ps 410 nm laser pulse in MTHF.

of thermal equilibrium between those two triplet excited
states.”®3*3%37% The energy separation between the states at
77 K can be estimated from the time-resolved spectra. In the
absence of a definitive determination of the (0,0) emission
origins, an approximation may be made by taking the emission
energy at the point on the high-energy side of the respective
peaks where the intensity is 25% of the maximum, leading to a
rough estimate of AE as 3090 cm '. However, this estimate
applies to the frozen glass and does not quantitatively address the
situation in solution at RT because the different states likely have
different rigido-chromic and solvent reorganizational effects.
A better estimate lies in estimating the energy of the room
temperature MLCT state provided in Figure 2b using the same
procedure described above, less the energy of the *LC state as
established from the time-resolved emission spectrum at 77 K
(Figure 4b), leading to AE = 1570 cm ™"

The energy separation between *MLCT and °LC states at
room temperature may also be evaluated from the observed
decay rate using eqs 1—3. Here, the value for ks at infinite dilution
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(Table 1) was used to eliminate concentration quenching effects.
For kyy o, the inverse lifetime for the Re(phen)(CO);Cl model
is a good approximation since the photoluminescence spectra
and the quantum yields at room temperature are quantitatively
similar to 1. We were unable to obtain a reliable value for k; ¢ at
room temperature by triplet sensitization of free PNI in THF
using thioxanthone because of strong concentration quenching
and weak transient signals. Therefore, the value of ki deter-
mined above for the PNI chromophore in 1 at 77 K was used to
approximate the rate constant. This assumption is not likely to
introduce a large error even if ki is in fact greater at room
temperature because the kyy c is 6 orders of magnitude greater
than the 77 K value of kyc. Using these estimates of kyyct and
kic, AE = 1680 cm ™' which is in close agreement with the
1570 cm ™! value estimated above from the spectral data.

kobs = atlkic] + (1 —o)[kmrcr] (1)

e - e @)

Ky =+7——=
T 3MLCT 1—-a

AE = —RT In(K.q) (3)

Ultrafast Transient Absorption. Figure Sa displays the
excited state absorption difference spectra for 1 measured on
the ultrafast time scale. As reported by Greenfield and co-
workers,” the 'LC state of the PNI moiety is visualized by a
strong excited state absorption centered at 445 nm and corre-
sponding stimulated emission at 540 nm. Both the excited state
absorbance and the stimulated emission decay with the same
time constant of T = 44 ps (Figure Sb and Sc), in excellent
quantitative agreement with the decay of the residual PNI
fluorescence measured by TCSPC, T = 49 ps. After the 'LC
features had largely depopulated by 100 ps, a broad absorption
band centered at 480 nm persisted for the duration of the
experiment (1.5 ns). This particular excited state absorption
feature has been quantitatively reproduced in the present model
complex Re(phen)(CO);Cl on the same time scale under the
identical experimental conditions and is clearly attributable to the
*MLCT excited state (Supporting Information, Figure $4). We
note that similar transient features have been observed in related
Re(I)-CDIs.”%”>7 The kinetics related to the production of the
*MLCT state in 1 could not be tracked because of significant
overlap with the 'PNT* absorbance and its stimulated emission.
Features that could potentially be ascribed to a "MLCT inter-
mediate as implied by the Forster energy transfer studies were
not observed for 1, consistent with extremely rapid intersystem
crossing typical of MLCT states.”* In ultrafast transient absorp-
tion, the initial formation of '"PNI* leads directly to the observa-
tion of the >MLCT* which persists to the end of the experimental
time regime (1.5 ns).

Ultrafast TRIR Spectroscopy. The Re(PNI-phen)(CO);Cl
complex possesses optimal IR markers useful for tracking both
the MLCT and the ligand-centered excited states. On the Re(I)
metal center in the ground state, the three metal C=0O bonds
absorb very strongly at 2019, 1918, and 1893 cm™'.”® On the
PNI ligand, the two C=O imide bonds absorb at 1714 and
1673 cm™ %% Figure 6 indicates a blue shift of the metal C=0
bonds immediately following 400 nm excitation, which is a direct
result of reduced 7-back-bonding in the MLCT excited state
resulting from depletion of metal center electron density. The
two C=O0 imide stretches display an opposite energy shift and
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Figure 5. (a) Ground state UV/vis absorbance spectra and excited state
absorption spectra of 1 in THF following 400 nm pulsed excitation
(110 fs fwhm) with experimental delay times indicated. (b) Excited state
transients of 445 nm (blue) of 1 in THF following 400 nm pulsed
excitation (110 fs fwhm). (c) Excited state transients of 540 nm (black)
of 1 in THF following 400 nm pulsed excitation (110 fs fwhm). The red
lines in Figure Sa and Sb are the single time constant fits to the
absorption transients.

direction of signal change with time. The infrared vibrational
frequencies are collected in Supporting Information, Table S1.
The absorptions of the imide stretches in the molecular excited
state appear red-shifted relative to the two ground state C=0
bleaching signals. The kinetics of these transients are presented
in Figure 7, which compares the growth of the metal carbonyl
stretch at 1945 cm™' and the decay of the imide vibrational
stretch at 1645 cm ™ '. The observed time-constants for both
these processes match what was observed by the femtosecond
TA and TCSPC for the decay of the 'LC state localized on PNL
Because the ground state 'MLCT and 'LC absorption bands
overlap, a portion of the population of molecules is likely excited
directly into the '"MLCT state. This accounts for the nonzero AA
for the C=O stretch at ¢ = 0 in the TRIR experiments (Figure 7,
bottom).

Nanosecond Transient Absorption Spectroscopy. The
formation of the *LC state can be clearly observed in the nano-
second TA experiment. Figure 8 shows two broad excited state
bands centered at 470 and 680 nm, which are associated with the
’LC state of the PNI moiety by comparison to results from our
previous study.*® The only ground state bleaching observed
(~400 nm) is consistent with depletion of the 'CT band of
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Figure 6. Ground state FT-IR spectrum and time-resolved infrared
difference spectrum of 1 in THF following 400 nm pulsed excitation
(90 fs fwhm). The spectral resolution for the time-resolved measurements
was approximately 4 cm™ ' and the experimental delay times are specified.

=452z 1.2 ps

AA x103
boocoo==
uouq&mnm

AA x103
N

04 =446+ 1.3 ps
100 200 300 400
Time (ps)

o«

Figure 7. Single wavelength IR transients measured at 1645 cm™'

(pink) and 1945 cm ™ (orange) for 1 in THF following 400 nm pulsed
excitation (110 fs fwhm).

the PNI moiety. The transient assigned to the *MLCT state that
was present at the end of the 1.5 ns duration of the femtosecond
TA experiment was not clearly resolved in the nanosecond TA
because of substantial overlap with the *PNI* transients. The
growth of the *PNI* state occurred promptly (7 < 15 ns) making
it impossible to extract a precise time constant for its formation
because of the time resolution of this instrument. The process
taking place between 1.5—15 ns, the only missing time window in
this study, is most likely triplet—triplet energy transfer between
the MLCT excited state and the *LC (°PNI) states. The
subsequent decay of the *LC excited state as ascertained by laser
flash photolysis was found to be kinetically superimposable with
the >MLCT photoluminescence decay of the identical sample
(Figure 9), demonstrating that these two states are in rapid
thermal equilibrium and decay to the ground state with the same
time constant. This confirms the earlier conclusion drawn from the
fact that the photoluminescence intensity decay was single expo-
nential with a lifetime intermediate between those of the Re(I)
model complex and the free PNI chromophore. Since the *LC state
is lower in energy with respect to the MLCT state and the RT
lifetime strongly lies toward that of the *PNI* 77 K lifetime, the

Absorbance

-0.2

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 8. Ground state UV/vis absorbance spectra and excited state
absorption difference spectra of 1 in THF following 410 nm pulsed
excitation (5—7 ns fwhm). The sample was purged with high quality
argon and pumped through a flow cell with a path length of 1 cm, and the
experimental delay times are indicated.
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Figure 9. Comparison of 34 #M 1 sample measured in deaerated THF
at 22 °C using the nanosecond TA transient feature at 470 nm (black
line) and the photoluminescence transient measured at 600 nm (red).
The sample was deaerated using the freeze —pump—thaw method.”!

majority of the excited state clearly resides on the >LC state in 1. This
triplet state is long-lived because it is not well coupled to the metal
center, producing excited state decay controlled by equilibrium
population of the *MLCT state and not by spin—orbit coupling.
Nanosecond Step-Scan FTIR. The nanosecond step-scan
FTIR spectra of 1 are presented in Figure 10, and the vibrational
frequencies are listed in Supporting Information, Table S1. The
ground state bleaches and excited state absorptions of the C=0O
stretches associated with the MLCT excited state that were
observed to grow with a time constant of 45 ps in the femtose-
cond TRIR (Figures 6 and 7) were found to decrease within
about 60 ns in the step-scan experiment, Figure 10. By 60 ns after
the 410 nm (5—7 ns fwhm) laser pulse, new C=0 excited state
absorptions appeared that revealed slight red shifts relative to the
ground state absorptions. This phenomenon has been reported
in previous studies of metal carbonyl complexes containing *LC
excited states.”® This result clearly indicates that the excited state
is no longer of *MLCT parentage as the C=O transients no
longer indicate its presence at longer delay times. At the same
time, ground state bleaches and excited state absorptions corre-
sponding to the C=0 imide stretches were produced at nearly
the same frequencies where decays were observed with a time
constant of 45 ps in the ultrafast TRIR experiments (Figures 6
and 7; Supporting Information, Table S1). The 45 ps decay time
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Figure 10. Ground-state FTIR spectra and time-resolved step-scan
FTIR difference spectrum of 1 in THF following 410 nm pulsed
excitation (S—7 ns fwhm). The sample was purged with high quality
argon and pumped through a flow cell with a path length of 330 4m. The
spectral resolution for the time-resolved measurements was approxi-
mately 8 cm™', and the approximate experimental delay times are
indicated.

constants associated with those IR transients were assigned to the
decay of the 'LC excited state of the PNI moiety, an assignment
strongly supported by independent TCSPC and ultrafast TA
experiments. The absorptions and bleaches generated on the
nanosecond and longer time scales are consistent with the
production of the *LC on PNI, precisely the same conclusion
drawn from the nanosecond TA study. The imide vibrations of
the *PNI* state have been previously examined in step-scan
experiments on the PNI model and closely resemble the data
presented in Figure 10.°°* We also note that time-resolved IR
spectroscopy has been performed on related Pt(II)-containing
NDI structures and the associated *NDI LC excited state.®”
Excited State Evolution and Decay. The energy transfer,
equilibrium, and decay processes occurring in the excited state of
1 are summarized in the energy level diagram displayed in
Figure 11. The quenching of the initially prepared excited state
identified as a PNI singlet was observed independently with
TCSPC, fs TA, and fs TRIR to have a time constant of about 45
ps. The combined ultrafast measurements provided substantive
spectroscopic evidence for the subsequent formation of the
*MLCT excited state on the Re(I) complex. The kinetic forma-
tion of the >MLCT could not be clearly resolved with fs TA but
was definitively assigned using fs TRIR with associated C=0
transient kinetics exhibiting an identical time constant to the 'LC
decay observed in the other two techniques. The formation of the
"MLCT state as implied by resonance energy transfer sensitiza-
tion experiments through the 'PNI* moiety could not be
resolved, presumably because of a combination of competitive
absorption processes in concert with rapid intersystem crossing.
Intersystem crossing is known to be very fast in related MLCT
complexes, generally with time constants <200 fs.”* The agree-
ment between the observed quenching rate of the 'LC state and
energy transfer efficiency with respect to those values calculated
using Forster theory strongly support the formation of the
"MLCT state as an intermediate in the observed evolution from
'LC to *MLCT parentage. The production of *PNI* was clearly
resolved in both nanosecond TA and nanosecond IR as a prompt
signal with a formation time constant <15 ns. Clear-cut transients
related to *MLCT* could not be clearly resolved in flash photo-
lysis experiments because of the sizable *PNI* transient signals.

e =ssssssnrnnas IPNI-Phen*
4y | e A
n,
ML ssns
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AE -1680 cm™* H :
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H =6 s
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Figure 11. Energy level diagram describing the photophysical processes
of 1 in THF at room temperature. The solid lines represent radiative
transitions, and the dashed lines represent nonradiative transitions. The
presented time constants (7) are the inverse of the observed rate
constants for the associated processes. See text for details.

Although not reliable in terms of specific delay time, step-scan
FTIR measurements display prompt difference spectra clearly
attributable to *MLCT* that decay over the same time interval as
transients related to *PNI* are produced, indicative of triplet
energy transfer. The rather slow time constant, between 2 and
1S ns, for the triplet energy transfer is consistent with the PNI
chromophore not being coupled to the MLCT chromophore,
undoubtedly because the phen and the PNI are not conjugated
because of rotation about the 0 bond connecting them. Although
the *MLCT had clearly decayed over the time of the *LC
formation, photoluminescence continued to emerge from the
*MLCT state in 1. This photoluminescence intensity decay
quantitatively matches the "PNI decay kinetics observed in the
nanosecond TA experiment, ultimately illustrating that these two
states are in rapid thermal equilibrium and that the emission
emanates from the *MLCT state as a result of thermal activation.
In contrast to the single exponential decay observed for the room
temperature solutions (excluding the residual fluorescence of
'LC), biexponential kinetics was necessary to adequately fit the
luminescence intensity decays measured in MTHF at 77 K. The
two emissions, now emerging as independent chromophores at
low temperature and no longer arising from states in equilibrium,
were separated and characterized by time-resolved emission
spectroscopy on long time scales. The higher energy and faster
emission process is assigned to the *MLCT state by quantitative
comparison to the Re(phen)(CO);Cl model complex, whereas
the lower energy, long lifetime component was assigned to the *LC
state on the PNI subunit. The energy gap between the two triplet
states in solution at RT was calculated to be 1680 cm ™" from the
observed decay rate extrapolated to infinite dilution and eq 1, using
the decay rate of the Re(I) model complex along with that of the
long component determined for *LC in the frozen glass.

B CONCLUSIONS

Attachment of the PNI chromophore to the MLCT core in 1
as a phen-based diimine ligand increased both the visible light
harvesting capacity of the complex and rather impressively
enhanced the excited state lifetime by 3000-fold with respect
to the Re(phen)(CO);Cl parent structure, but retaining the
same quantum yield. The dramatic increase in lifetime resulted
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from the fairly large energy difference (1680 cm ') between the
lower energy *LC state and the *MLCT state, strongly favoring
the former in the equilibrium mixture and imparting “pure”
PNI organic triplet-like photophysics into the *MLCT* decay.
A powerful combination of transient absorption and infrared
spectroscopy, each on the femtosecond and nanosecond time
scales, combined with fluorescence decay kinetics enabled by
TCSPC in concert with transient photoluminescence experi-
ments facilitated the elucidation of all the intermediates involved
in the evolution of the excited state decay processes exhibited by
1. The only intermediate state not directly detected was inferred
to be involved in excited state evolution by comparing Forster
resonance energy transfer parameters to the observed 'PNI*
quenching rates, both found to be in excellent agreement. In
instances where select assignments were not feasible by transient
absorption spectroscopy, the corresponding transient infrared
experiments enabled clear monitoring of that specific state. In
most cases, the origin of select excited state intermediates could
indeed be observed by multiple techniques, which simply aided
in reinforcing the spectroscopic assignments and kinetic pro-
cesses. The title chromophore represents an interesting example
of bidirectional “ping-pong” energy transfer wherein photon
excitation first migrates away from the initially prepared 'PNI*
excited state and then ultimately returns to this species as a long-
lived excited triplet. Because the *PNI decays so it slowly
disposes of its energy by equilibrating with a photoluminescent
Re(I) MLCT excited state having a faster decay rate, resulting in
the same quantum yield as the model Re(phen)(CO);Cl com-
plex but exhibiting a thermal average lifetime of 650 us at RT.

B EXPERIMENTAL SECTION

Reagents and Chemicals. All synthetic manipulations were
performed under an inert and dry argon atmosphere using standard
techniques. Piperidine, 4-nitronaphthalene-1,8-dicarboxyanhydride,
2,2,4-trimethylpentane, Re(CO)sCl, and N,N-dimethylformamide
(DMF) were obtained from Sigma-Aldrich and used as received.
S-Amino-1,10-phenanthroline was purchased from Polysciences and
used without further purification. N-(4-methylphenyl)-4-(1-piperidi-
nyl)naphthalene-1,8-dicarboximide (PNI) was available from our pre-
vious study.>® All other reagents were obtained from commercial sources
and used as received.

N-(1,10-phenanthroline)-4-nitronaphthalene-1,8-dicar-
boximide. NNI-phen was prepared using the procedure from Tyson
and co-workers.*® 4-Nitronaphthalene-1,8-dicarboxyanhydride (374 mg,
1.54 mmol) and S-amino-1,10-phenanthroline (300 mg, 1.54 mmol)
were refluxed in anhydrous ethanol (50 mL) for 2 days. Once cool,
precipitation was promoted by adding a small portion of cold petroleum
ether. The light tan solid was collected on a fine frit and rinsed with cold
ethanol and followed by rinsing with cold petroleum ether. The product
was obtained in 53% yield and used without further purification
producing analytical data consistent with that observed previously.*®
"HNMR (CDCL;), 0: 9.25 (m, 2H), 8.95 (d, 1H), 8.80 (t, 2H), 8.47 (d,
1H), 8.29 (dd, 1H), 7.97—8.12 (m, 2H), 7.88 (s, 1H), 7.70 (dd, 1H),
7.58 (dd, 1H). EI-MS: m/z 420 (M"). ESI-HRMS Found: 421.0941
(MH"), C,,H,3N,0, requires 421.0937.

N-(1,10-Phenanthroline)-4-(1-piperidinyl)naphthalene-
1,8-dicarboximide (PNI-phen). PNI-phen was prepared using a
modified procedure from Tyson and co-workers.*® N-(1,10-Phenan-
throline)-4-nitronaphthalene-1,8-dicarboximide (343 mg, 0.81 mmol)
and piperidine (404 #L, 4.05 mmol) were refluxed in anhydrous DMF
(9 mL) for 2 h. Once cool, the reaction mixture was poured into CH,Cl,
(100 mL) and washed twice with water, dried over MgSO,, and rotary

evaporated to a dark residue. The residue was dissolved into a minimal
amount of dry CH,Cl, and slowly dripped into cold petroleum ether.
The yellow precipitate was collected on a fine glass frit and rinsed with
cold petroleum ether. Column chromatography was used to purify the
compound using deactivated silica gel and CH,Cl,/methanol 25:1 as the
eluent. The mass and "H NMR (CDCI;) analytical data are consistent
with that previously published.*® Because of overlap with solvent,
d®-acetone was found to be a more suitable NMR solvent for this
compound: "HNMR (CO(CD3),), 6: 9.19 (m, 2H), 8.62 (m, 2H), 8.51
(d,2H), 8.40 (m, 1H), 8.13 (s, 1H), 7.90 (m, 1H), 7.67—7.84 (m, 2H),
744 (d, 1H), 3.36 (m, 4H), 1.96 (m, 4H), 1.77 (m, 2H). EI-MS:
m/z 458 (M*). ESLHRMS Found: 459.1812 (MH"), C,oH,3N,0,
requires 459.1821.

Tricarbonylchloro(N-(1,10-phenathroline)-4-(1-piperidinyl)-
napthalene-1,8-dicarboximide)-rhenium [Re(PNI-phen)-
(CO)sCI] (1). 1 was prepared using a modified procedure from Guarr
and co-workers.”” Re(CO)sCl (190 mg, 0.53 mmol) and N-(1,10-
phenanthroline)-4-(1-piperidinyl )napthalene-1,8-dicarboximide ~ were
refluxed in 2,2,4-trimethylpentane (isooctane) for 6 h. Once cool, the
solid was collected over a fine frit and washed with cold petroleum ether.
The title compound was obtained in 47% yield after flash column
purification. "H NMR (DMSO), 8: 9.53 (dd, 2H), 9.02 (d, 2H), 8.55
(m, 3H), 8.46 (dd, 1H), 8.18 (dd, 1H), 8.02 (dd, 1H), 7.91 (dd, 1H),
7.42(dd, 1H), 3.30 (m, 4H), 1.88 (m, 4H), 1.71 (m, 2H). "*C NMR (d°-
DMSO), 8: 24.33,26.19, 54.53, 115.46, 115.71, 123.51, 126.18, 126.44,
127.46, 127.50, 129.19, 129.33, 129.97, 130.85, 131.47, 131.83, 133.15,
133.64, 136.17, 140.21, 146.14, 146.66, 154.50, 154.86, 157.91, 164.19,
164.83, 198.03. "H-"H COSY spectra are presented in the Supporting
Information. MALDI-TOF MS: m/z 764.29 (M"), 729.36 (M — CI)".
ESI-HRMS: Found [M + CO,H]" 809.0789, Cs3H,3N,O,CIRe re-
quires 809.08134. FT-IR ATR (vemo: 2025, 1915, 1871 cm ™} ve—o:
1697, 1655 cm ™).

General Techniques. 'H, *C, and 2D COSY NMR spectra were
recorded on a Bruker Avance III 500 MHz instrument operating at
working frequencies of 500 and 125 MHz for 'H and '°C, respectively.
MALDI-TOF mass spectra were measured by a Bruker Daltonics
Omniflex Spectrometer using dithranol as the primary matrix. Optical
absorption spectra were measured on a Cary 50 Bio UV—vis spectro-
photometer from Varian. Steady-state luminescence spectra were obtained
ona QM-4/2006SE fluorescence spectrometer from Photon Technologies
Incorporated. Static FT-IR spectra were measured with a Jasco 4100 FT-
IR. Solid samples were measured using the ATR accessory while solutions
were measured using a standard CaF, FTIR cell.

Nanosecond Transient Absorption Spectroscopy. Nanose-
cond transient absorption spectra were collected on a Proteus spectro-
meter (Ultrafast Systems) equipped with a 150 W Xe-arc lamp (Newport),
a Chromex monochromator (Bruker Optics) equipped with two
diffraction gratings blazed for visible and near-IR dispersion, respec-
tively, and Si or InGaAs photodiode detectors (DET 10A and DET 10C,
Thorlabs) optically coupled to the exit slit of the monochromator.
Excitation at 410 nm with a power of 2.0 mJ/pulse from a computer-
controlled Nd:YAG laser/OPO system from Opotek (Vibrant LD
355 1I) operating at 10 Hz was directed to the sample with an optical
absorbance of 0.6 at the excitation wavelength. A flow cell with a path
length of 1-cm was used to prevent sample photodegradation. The data
consisting of a 256-shot average were analyzed by Origin 8.0 software.”®

Ultrafast Transient Absorption Spectroscopy. The primary
laser system for the ultrafast transient absorption measurement was
described previously.”” The 800 nm laser pulses were produced at a
1 kHz repetition rate by a mode-locked Ti:sapphire laser (Hurricane,
Spectra-Physics). The pulse width was determined to be (fwhm) 110 fs
using an autocorrelator (Positive Light). The output from a Hurricane
was split into pump (85%) and probe (8%) beams. The pump beam
(800 nm) was sent into second harmonic generator (Super Tripler,
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CSK) to obtain a 400 nm excitation source. The energy of the pump
beam was 3 4] /pulse. The probe beam (800 nm) was delayed by a delay
stage (MM 4000, Newport) and then focused into a CaF, crystal for
white light continuum generation between 330 and 800 nm. An optical
chopper was used to modulate the excitation beam at 100 Hz frequency
and obtain the value of the transient absorption signal. The relative
polarization between the pump and the probe beams was set at the magic
angle (54.7°). The pump and probe beams were overlapped in the
sample. The flow cell (Spectrocell Inc., 0.7 mL volume with 2 mm path
length), pumped by a variable flow peristaltic lab pump (VWR), was
used to prevent photodegradation of the sample. After passing through
the flow cell, the continuum was coupled into an optical fiber and input
into a CCD spectrograph (Ocean Optics, $2000). The data acquisition
was achieved using in-house LabVIEW (National Instruments) software
routines.*® Alternatively, another pump—probe system was utilized that
has been described in detail elsewhere.®'

Nanosecond Step-Scan FTIR. TRIR experiments were per-
formed using instrumentation based on a Bruker IFS-55 FT-IR spectro-
meter with 8 cm™ " resolution, placed on a laser table equipped with
vibration isolation support. Excitation was performed at 410 nm with a
power of 2.0 mJ/pulse from a computer-controlled Nd:YAG laser/OPO
system from Opotek (Vibrant LD 35S II) operating at 10 Hz. Experi-
ments were performed on the sample in argon-deaerated THF using two
CaF, windows separated by a 330 xm spacer, configured as a flow cell
(10 mL/min). The compound was probed from 2600 to 1400 cm ™', and
the data was averaged 64 times per time slice.***

Ultrafast Time-Resolved Infrared Spectroscopy. Mid-IR
transient absorption spectra were obtained using the femtosecond
pump—probe setup described previously.*> The source of femtosecond
pulses at 800 nm (1 kHz repetition rate, ~90 fs pulse width) was a Ti:
Sapphire oscillator/regenerative amplifier (Hurricane, Spectra Physics).
The output from the amplifier was split into two beams, and the
wavelengths for pump and probe beams were obtained using two
TOPAS-C systems (Quantronix/Light Conversion). The pump pulses
at 410 nm were chopped at 500 Hz frequency using an optical chopper
(C-995, Terahertz Technologies Inc.) and time-delayed using a motor-
ized translation stage (ILS 250 mm, Newport). The energy of the pump
beam at the sample was about 2 uJ/pulse. Pump and probe beams were
set at magic angle (54.7°) using a UV polarizer (ThorLabs) for the pump
beam. The portion of the probe beam was split to produce reference and
probe beams, and both beams were directed through a sample cell. The
sample solution flow was achieved using a variable flow peristaltic lab
pump (VWR) through a demountable liquid flow cell with Swagelok
fittings (DSC-S25, Harrick Scientific Products Inc.). The path length
was 250 um, which was created by Teflon spacer between two round
CaF, windows (25 X 2 mm, REFLEX Analytical Corporation). After
passing through the sample cell, the probe and reference beams were
directed to a Chromex Imaging Spectrograph (250 I1S/SM), and the
signal was read by a 2 X 32 array of MCT detectors (Infrared Systems
Development Corporation). Before the transient IR measurement, the
femtosecond TRIR system was purged by dry air for about 30 min to
remove water and CO,. The dry air was produced by a PCR compressed
air dryer (PCR-SBX-1A-64FM, Puregas). The experimental data were
collected using in-house LabView software (Version 7.1) and analyzed
using Origin 8 software.

Time-Correlated Single Photon Counting (TCSPC). Time-
resolved fluorescence experiments were accomplished using a time-
correlated single photon counting (TCSPC) spectrometer (Edinburgh
Instruments, LifeSpec IT). Fluorescence signals were measured using a
microchannel plate photomultiplier tube (Hamamatsu R3809U-50) in a
Peltier-cooled housing. A Ti:Sapphire laser (Chameleon Ultra II,
Coherent) was utilized as the excitation light source. Laser power was
monitored using a Molectron Power Max 5200 power meter. For
fluorescence intensity decay measurements, the Chameleon laser was

tuned to 820 nm, pulse picked to a 4 MHz repetition rate (Coherent
9200 Pulse Picker), and finally frequency doubled (APE-GmbH SHG
Unit) to afford sample excitation, 4., = 410 nm. The TCSPC fluores-
cence intensity decays were analyzed using Edinburgh FAST software.*®

Time-Resolved Photoluminescence Intensity Decays. Sin-
gle wavelength emission intensity decays of Re(PNI-phen)(CO);Cl and
Re(phen)(CO);Cl at 77 K and room temperature were acquired with a
N, pumped dye laser (2—3 nm fwhm) from PTI (GL-3300 N} laser, GL-
301 dye laser) using an apparatus that has been previously described**
with a few minor modifications. Excitation was achieved using POPOP
as the dye with the wavelength tuned to 410 nm. Photoluminescence
transients were collected at 650 nm for most experiments, with all
exceptions noted in text. Time-resolved emission spectra of Re(PNI-
phen)(CO);Cl was achieved by varying the emission monochromator
wavelength while maintaining all other instrumental parameters constant.

B ASSOCIATED CONTENT

© Supporting Information. Additional static and time-
resolved spectra, structural characterization data for Re(PNI-phen)-
(CO);Cl, and tabulated vibrational frequencies. This material is
available free of charge via the Internet at http://pubs.acs.org.
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