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Long-lived photoluminescence from an eight-
coordinate zirconium(IV) complex with four
2-(20-pyridyl)pyrrolide ligands†

Dylan C. Leary, Jordan C. Martinez, Novruz G. Akhmedov,
Jeffrey L. Petersen and Carsten Milsmann *

The photoluminescent eight-coordinate zirconium complex Zr(HPMPH)4

supported by four monoanionic 2-(20-pyridine)pyrrolide ligands was

synthesized. This molecule shows dual emission via fluorescence

and phosphorescence with an overall quantum efficiency of 4% at

room temperature in solution. The phosphorescence lifetime is

dependent on concentration, indicating excimer formation at higher

concentrations, and reaches almost 800 ls at high dilution.

The broad utility of photosensitizers in applications such as dye-
sensitized solar cells,1 organic light-emitting diodes (OLEDs),2,3

and photocatalysis4,5 makes them diverse tools available to
the scientific community. Molecular transition-metal photo-
sensitizers have traditionally relied on precious 2nd and 3rd
row metals, most prominently ruthenium and iridium, whose
scarcity,6 coupled with a global effort towards more sustainable
chemistry, encourages the development of more environmen-
tally friendly alternatives.

Inspired by their precious metal counterparts, work on Earth-
abundant photoluminescent transition-metal complexes has
with few exceptions7 focused on electron-rich 1st row transition
metals that allow access to metal-to-ligand charge transfer
(MLCT) excited states.8–10 A major challenge in these systems
arises from the smaller ligand-field splitting in 1st row transi-
tion metals that leads to low-lying metal-centred (MC) excited
states. These states provide a pathway for facile non-radiative
decay,11 resulting in significantly shorter excited state lifetimes
and poor photoluminescence quantum yields. While recent
work employing strong-field ligands has shown promise for
circumventing excited-state deactivation in 3d6 emitters,12–16

the complete elimination of MC excited states in copper(I)
systems with 3d10 ground state configurations has made them

the most popular Earth-abundant alternative to precious metal
photosensitizers.17

A fundamentally different but equally promising strategy to
prevent MC excited states altogether is considering d0 metal
centres. Supporting early transition metals with electron-rich
ligands has resulted in the development of photoluminescent
complexes whose excited-state manifold is based on ligand-to-
metal charge transfer (LMCT).18–20 In this arena, we have shown
that the complexes Zr(R1PDPR2)2 ([R1PDPR2]2� = 2,6-bis(5-R1-3-
R2-pyrrol-2-ide)pyridine) exhibit strong photoluminescence via

thermally activated delayed fluorescence (TADF) with lifetimes
in the microsecond range and are competent photosensitizers
for applications in visible light photoredox catalysis21–23 and
photon upconversion.24

Inspired by the success of pyridine dipyrrolide ligands, we
recently employed a related monoanionic pyridine monopyrrolide
ligand in the seriesM(MePMPMe)3Cl (M = Zr, Hf; [MePMPMe]1� = 3,5-
dimethyl-2-(20-pyridyl)pyrrolide).25 These seven-coordinate com-
plexes exhibit visible-light induced photoluminescence, proposed
to result from dual emission via fluorescence and phosphores-
cence pathways. However, it was shown that their structural
flexibility provides pathways for facile non-radiative decay mani-
fested in poor photoluminescence quantum yields (FPL r 0.01).
Furthermore, the relatively open coordination sphere around
zirconium leaves the Zr–Npyrrolide bonds vulnerable to hydrolysis,
which makes the complexes unstable to residual air or moisture.
We hypothesized that both drawbacks could be addressed by
coordinatively saturating the zirconium centre with another
[PMP]1� unit. Due to the increased steric congestion around the
zirconium centre, the proposed eight-coordinate species should be
more rigid, resulting in reduced non-radiative relaxation, and less
prone to Zr–Npyrrolide bond hydrolysis. In this work, we demon-
strate that the use of unsubstituted (2-pyridyl)pyrrolide ligands,
[HPMPH]1�, allows facile synthetic access to the air-stable,
photoluminescent complex Zr(HPMPH)4, which shows improved
optical properties compared to the seven-coordinate species
Zr(PMP)3X (X = Cl, benzyl).
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In pursuit of Zr(HPMPH)4, four equivalents of HHPMPH

(HHPMPH = 2-(20-pyridyl)pyrrole) were heated at 90 1C with
one equivalent of tetrabenzyl zirconium. Despite this particular
stoichiometry, the seven-coordinate complex Zr(HPMPH)3Bn was
isolated (Scheme 1) in 90% yield as the only metal-containing
product. Heating Zr(HPMPH)3Bn in the presence of excess
HHPMPH at temperatures greater than 90 1C provided no further
reaction towards the desired eight-coordinate Zr(HPMPH)4. Single
crystal X-ray diffraction (Fig. S1, ESI†) revealed a C1-symmetric,
seven-coordinate structure for Zr(HPMPH)3Bn directly analogous
to Zr(MePMPMe)3Cl.

25 The Zr–CH2–Cipso angle of 114.6(4)1 and
long Zr–Cipso distance of 3.180(5) Å indicate the benzyl group is Z1-
bound26 which contrasts the Z2-benzyl binding motif in recently
reported Zr(MePMPMe)2Bn2.

27 Similar to Zr(MePMPMe)3Cl, the struc-
ture of Zr(HPMPH)3Bn in solution is highly flexible, which was
established by variable-temperature (VT) NMR spectroscopy
between �58 1C and +70 1C in toluene-d8 (Fig. S2 and S3, ESI†).
While a C1-symmetric structure consistent with the crystallo-
graphic data is observed at low temperatures, a rapid dynamic
process with an estimated energetic barrier of DG‡ = 16.4 kcal
mol�1 renders all three [HPMPH]1� ligands equivalent on the
NMR timescale at and above room temperature, resulting in
apparent C3 symmetry for the molecule (see ESI† for details). No
photophysical data were collected for Zr(HPMPH)3Bn because
the complex undergoes rapid decomposition under ambient
light (Fig. S13, ESI†), likely due to photolysis of the zirconium-
benzyl bond.

In an attempt to reduce the steric profile of the zirconium
starting material and eliminate the presence of temperature-
and light-sensitive Zr-benzyl moieties, Zr(NMe2)4 was identified
as a potentially more suitable precursor to Zr(HPMPH)4. Reac-
tion of 4 equivalents of HHPMPH with 1 equivalent of Zr(NMe2)4
at 120 1C (Scheme 1) provided the air- and moisture-stable
Zr(HPMPH)4 as a yellow crystalline solid in 88% yield. The
molecule crystallizes in the monoclinic space group C2/c with
a crystallographic C2 axis passing through the zirconium centre
(Fig. 1). The Zr–Npyrrole distances (2.2272(9) and 2.2344(9) Å) are
similar to other reported Zr(PMP)mXn complexes23,25 while the
Zr–Npyridine distances (2.3996(9) and 2.4039(9) Å) are slightly
elongated. The coordination geometry around zirconium was
analysed with the help of the program SHAPE28 and is best

described as a distorted triangular dodecahedron (TDD) (see
ESI† for details), the most common eight-coordinate parent
polyhedron.29 Interestingly, the 1H NMR spectrum shows only
seven resonances, indicating higher symmetry in solution than
in the C2-symmetric solid-state structure (Fig. S14, ESI†). This
can be explained by considering a minor distortion to an S4-
symmetric geometry, which renders all four ligands equivalent
(Fig. 2). The small root-mean-square deviation (RMSD) of 0.26 Å
between the C2- and S4-symmetric structures highlights their
remarkable similarity. The small energetic barrier expected for
such a soft distortion precluded its observation by VT-NMR.

The electronic absorption spectrum of Zr(HPMPH)4 in
dichloromethane (DCM) is shown in Fig. 3 and exhibits three
strong, featureless absorption bands (el 4 20 000 M�1 cm�1).
The lowest energy band (lmax = 380 nm) is significantly red-
shifted compared to that of the free ligand (Fig. S17, ESI†)
indicating contributions from the metal centre to the frontier
molecular orbitals. Absorption profiles recorded in solvents of
varying polarity revealed a complete lack of solvatochromism
(Fig. S18, ESI†), suggesting no significant change in dipole
moment between ground and excited states. Time-dependent
density functional theory (TD-DFT) calculations were carried
out to elucidate the nature of the observed electronic

Scheme 1 Synthesis of the two zirconium complexes discussed in this
study.

Fig. 1 Molecular structure of Zr(HPMPH)4 determined by X-ray crystal-
lography. The symmetry-related ligands (transparent) are generated by the
crystallographic C2 axis passing through the zirconium centre.

Fig. 2 Perspective view of the C2-symmetric crystal structure (bold)
compared to the S4-symmetric structure (shaded) generated by Chem-
craft. The two structures have a root-mean-square deviation (RMSD) of
0.26 Å which highlights their similarity.
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transitions, and satisfactory agreement with experiment was
obtained using the B3LYP functional (Fig. 3). While no sym-
metry constraints were imposed during the calculations, effec-
tive S4 symmetry (vide supra) is highlighted by the degeneracy of
the S1 and S2 states within computational error (DES2–S1 =
0.5 cm�1) suggesting classification as a 1E excited state. Inspec-
tion of the unrelaxed difference densities (Fig. 3) confirmed
significant LMCT character in the lowest energy singlet excited
states. A Mulliken population analysis of the unrelaxed densities
of S1 and S2 (

1E) shows significant negative charge migration to
zirconium (Dq = �0.36 e) when compared with the S0 ground
state, as expected for an LMCT transition. The delocalized nature
of the 1E excited state, involving equal contributions from all four
[HPDPH]1� ligands, is consistent with the absence of an excited
state dipole moment and the observed lack of solvatochromism.

Under N2 atmosphere, excitation of the lowest energy
absorption band results in a broad emission band (fwhm =
2496 cm�1) centred at 544 nm (Fig. 3). As for the absorption
spectrum, no significant solvatochromism was observed for the
emission profile (Fig. S19, ESI†). The photoluminescence quan-
tum yield was measured to be 0.04 in DCM (Fig. S23 and S24,
ESI†), a modest four-fold improvement over the previous PMP-
based chromophores. Leveraging the stability of Zr(HPMPH)4,
emission measurements in the presence of 3O2 were conducted
by exposing a DCM solution of the complex to air. The resulting
steady-state emission spectrum revealed a significantly less
intense, hypsochromically shifted band with a peak maximum
at 521 nm (Fig. 3) consistent with partial luminescence quench-
ing by 3O2. This experiment suggests the presence of two
distinct emission pathways in Zr(HPMPH)4 that were assigned
as prompt fluorescence and phosphorescence. Due to the shift

in emission maximum upon exposure to air, a delayed fluores-
cence mechanism was dismissed because both prompt and
delayed fluorescence are expected to emanate from the lowest-
lying singlet excited state and should therefore have the same
emission energy. Emission spectra recorded at 77 K in frozen
solution (Fig. S20, ESI†) further support this assignment. Aside
from more clearly resolved vibrational fine structure, the 77 K
data show very little change when compared to the room
temperature spectrum, which would be inconsistent with a
thermally activated emission process.

Time-resolved emission measurements were conducted in
DCM solution at room temperature (Fig. 4) and confirmed
the presence of multiple emissive states with vastly different
luminescence lifetimes for Zr(HPMPH)4. Rapid prompt fluores-
cence (tPF r 1 ns) manifests in a large initial drop of the
emission intensity immediately following excitation. A second
long-lived luminescence decay component with a lifetime of
several hundred microseconds can be attributed to phosphores-
cence. Wavelength-dependent luminescence detection showed a
more pronounced initial drop in the excited-state decay trace at
shorter wavelengths than at longer wavelengths. These observa-
tions are fully consistent with the static emission spectra under
N2 and air (vide supra), based on which one would expect a larger

Fig. 3 Electronic absorption (solid black) and emission (dotted black)
spectra of Zr(HPMPH)4 in dichloromethane. The TD-DFT calculated spec-
trum (solid blue, fwhm = 2000 cm�1) along with the predicted transitions
(grey bars) are overlayed. The lowest energy 1LMCT (1E) state is shown in
terms of difference densities (red = gain of electron density, yellow = loss
of electron density) with the corresponding TD-DFT transitions shown as
red bars. The emission spectrum under air (transparent, navy) was sub-
tracted from the spectrum under N2 atmosphere (dotted black) to obtain
the proposed phosphorescence spectrum (transparent, wine).

Fig. 4 Time-resolved emission data at variable detection wavelengths (top)
and concentration (bottom). The insets show the data on a logarithmic scale.
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contribution from fluorescence at shorter wavelengths and a
larger contribution from phosphorescence at longer wavelengths.
Complete disappearance of the long-lived feature in the presence
of 3O2 is fully consistent with spin-forbidden emission from a
triplet excited state. The simultaneous observation of singlet and
triplet emission suggests that intersystem crossing and prompt
fluorescence are competitive processes that occur with similar
time constants in Zr(HPMPH)4.

Interestingly, the profile of the long-lived excited-state decay
was dependent on the detection wavelength (Fig. 4, top). At
longer wavelengths, a crest-like behaviour was observed where
an initial rise in emission intensity is followed by simple
monoexponential decay. Detection at a range of shorter wave-
lengths showed a gradual disappearance of this effect, accom-
panied by a slight increase in luminescence lifetime. This type
of behaviour has been observed in aggregation-dependent
emission processes such as excimer formation.30,31

To gain further insight into potential diffusion-controlled pro-
cesses, concentration-dependent measurements were conducted in
DCM solution. The electronic absorption spectra (Fig. S21, ESI†)
revealed no significant changes across two orders of magnitude in
concentration (ca. 2 � 10�6 to 1 � 10�4 M), suggesting that
aggregation in the ground state is unlikely to contribute to the
observed optical properties. In contrast, the steady-state emission
spectra (Fig. S22, ESI†) showed small but systematic changes across
the same range of concentrations, reflected in a slight redshift and
sharpening of the emission band. Additionally, time-resolved emis-
sion data (Fig. 4, bottom) displayed increasingly crest-like behaviour
at higher concentrations. At the same time, the fitted time constant
for the long-lived decay component decreased with increasing
concentration, ranging from 793 ms for the most dilute sample to
473 ms for the most concentrated. While a complete understanding
of the solution dynamics of Zr(HPMPH)4 under visible light irradia-
tion will require more detailed studies that are beyond the scope of
this initial report, our experimental observations are consistent with
excimer formation following photoexcitation. The intermolecular
interactions seem to be relatively weak based on the small perturba-
tions of the emission profiles but cause a significant reduction of
the luminescence lifetime.

In conclusion, we have synthesized a novel, air- and moisture-
stable zirconium(IV) complex which exhibits dual emission via

prompt fluorescence and phosphorescence following excitation of
an absorption band with significant LMCT character. A remarkably
long photoluminescence lifetime of almost 800 ms was obtained in
dilute solution, which minimizes the amount of excimer formation.
To the best of our knowledge, Zr(HPMPH)4 exhibits the longest
photoluminescence lifetime of any early transition metal chromo-
phore reported to date.
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