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Aggregation-Induced Emission in a Flexible Phosphine 
Oxide and its Zn(II) Complexes—A Simple Approach to 
Blue Luminescent Materials

Christin Kirst, Fabian Knechtel, Manuel Gensler, David Fischermeier, Jens Petersen, 
Nader A. Danaf, Jonathan Tietze, Armin Wedel,* Don C. Lamb,* Roland Mitrić,* 
and Konstantin Karaghiosoff*

Easily accessible blue-emitting materials are in the focus of ongoing research, 
as they still lack the efficiency and lifetime of their red and green counter-
parts. The new multidentate phosphine oxide ligands and two respective 
ZnCl2 complexes presented here combine a straightforward synthesis with 
high yields and show interesting luminescent properties. The free ligand 
exhibits blue luminescence in the crystalline state, but not in amorphous 
films or diluted solution. In contrast, the Zn(II) complexes shows intense blue 
luminescence in the crystalline state as well as in amorphous thin films and 
in solution. Fluorescence lifetime imaging microscopy measurements show 
luminescence lifetimes of 3–6 ns indicative of fluorescence. By combining 
the experimental data with quantum chemical calculations, we propose a 
model where the conformation of the molecule is restricted, either via the 
crystal environment, aggregation, or the steric fixation by the coordinating 
central atom, blocking the nonradiative relaxation from the excited into the 
ground electronic state. However, this nonradiative relaxation is still possible 
in the gas phase via elongation of a PC bond. These results may provide a 
general mechanism to explain the luminescence properties in a whole class 
of organic phosphine oxides.
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and rare metals such as Ir(III), Pt(II), 
and Os(II) or large organic molecules.[1–10] 
Their synthesis is often tedious with low 
yields and is hardly scalable. Especially, 
blue emitting materials are still a chal-
lenge due to their low efficiency and lim-
ited lifetime compared to red and green 
emitting materials.[11,12] One approach that 
has been extensively pursued for organic 
light-emitting diode (OLED) applications 
is the use of phosphines or phosphine 
oxides as hosts, emitters, or ligands in 
luminescent metal complexes.[13–25] Used 
as hosts, particularly in blue phosphores-
cent (2nd generation) and thermally acti-
vated delayed fluorescence (TADF, 3rd 
generation) OLEDs, phosphine oxides 
stand out due to their high triplet-state 
energy (T1) and charge mobility, and can 
improve device properties and perfor-
mances.[15,26] The drawback of phosphines 
and phosphine oxides is their rather labile 
PC bond.[27,28] Finding ways to stabilize 
this bond is crucial for the development 

of high-performance, long-lasting OLEDs. Possible options 
for reaching a stabilization are via complexation (limiting the 
degrees of freedom) and/or via exploitation of favorable packing 
effects in a crystal or aggregated solution. These effects, in the 
end, could also lead to aggregation-induced emission (AIE) and 
thus enhanced luminescence.[29–31]
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1. Introduction

The search for novel organic solid-state luminescent materials 
is still attracting many researchers due to their promising appli-
cation in lighting, flat panel displays, optical communication, 
etc. Currently, used materials are based on rather expensive 
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In the following,  we  present a picolyl derived phosphine 
oxide ligand and its neutral and ionic zinc-based complexes, 
which show a blue luminescence. By introduction of a  
methylene group between the pyridine unit and phosphorus, 
our ligands gain in flexibility while, at the same time, sufficient  
stability is provided when coordinated to a metal. This produces 
ligands and complexes that show interesting structural, chem-
ical and physical properties.[32,33]

Materials based on these compounds could be a practi-
cable, cheap, and a “green” alternative to the currently used 
heavy metal-based emitters. Many other research groups have 
reported luminescent complexes of related P,N-ligands before, 
which show promising results with regard to their lumines-
cence properties.[34–43]

The synthesized ligand and complexes were characterized via 
single crystal X-ray diffraction, multinuclear NMR, IR, MS, and 
EA. Moreover, their photophysical properties were measured in 
solution, in solid state and in thin films. Fluorescence lifetime 
imaging microscopy (FLIM) measurements  were  conducted 
to gain insight into the time scale of the photoluminescence 
decay in the compounds. A quantitative Hirshfeld surface (HS) 
analysis was done to provide knowledge about the structural-
property relationships, when combining the results with FLIM. 
In addition, quantum chemical calculations and molecular 
dynamics simulations  were  performed both in the gas phase 
and in the crystal to investigate the origin of the luminescence.

2. Results and Discussion

2.1. Synthesis and NMR Characterization

The synthesis of all compounds is depicted in Scheme 1. The 
preparation of the bis-substituted phosphine 1 was performed 
according to a route previously established by Pierre Braun-
stein, as this synthetic route leads to very high yields of the 
desired phosphine with an easy work-up.[44] The subsequent  
oxidation of 1 using an aqueous solution of H2O2 and 

recrystallization of the obtained solid yielding 93% of pure 
phosphine oxide 2. ZnCl2 complexes of the phosphine oxide 
ligand 2  were  prepared to investigate a possible stabilization 
of the compounds via the metal and the influence of coordina-
tion on the luminescence properties. The detailed procedures 
can be found in the Supporting Information. Compound 1 is a 
non-luminescent intermediate used for generating compounds 
2–4. Compounds 2–4  were  obtained as colorless powders 
and were purified by recrystallization.

We characterized the samples using NMR spectro-
scopy. From the 31P NMR spectra in CDCl3, chemical 
shifts  were  observed at −13.3  ppm for compound 1, 36.7  ppm 
for compound 2, 50.6 ppm for compound 3, and 49.5 ppm for 
compound 4. These values are similar to what is expected for 
such compounds.

2.2. Structural Characterization

The molecular structures of the synthesized compounds in the 
solid-state  were  investigated by single crystal X-ray crystallog-
raphy. Crystals of 2, 3, and 4  were  obtained by slow diffusion 
of cyclohexane into a solution of 2 in dichloromethane (DCM) 
or slow evaporation of acetonitrile for 3 and 4. The crystallo-
graphic data and structure refinement details as well as selected 
bond lengths and angles for all compounds are listed in the  
Figures S1–S3 and Tables S1–S5 (Supporting Information). 
Compound 2 forms pairs of molecules in the crystal, which 
are arranged as chains along the b axis (Figure S4, Supporting 
Information). In the crystal packing, compound 2 shows weak 
attractive hydrogen interactions[45] between oxygen and CH2 
hydrogen atoms (Figure S4, Supporting Information). The 
crystal structure of compound 3 is shown in Figure S2. The 
Zn(II) atom is coordinated in a distorted tetrahedral environ-
ment by the oxygen and nitrogen atoms of the phosphine oxide 
ligand. The phenyl ring is almost perpendicular to the coordi-
nated trimethylpyridine ring (77.9(8)°). In the crystal packing of 
3, there are attractive π–π stacking interactions present between 
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Scheme 1. Synthesis of compounds 1–4. Reactants and reaction conditions for the different steps of the synthesis: a) nBuLi, tetrahydrofurane, 
−78 °C, 1 h, b) TMSCl 2 eq, −78 °C to RT, 12 h, c) PhPCl2 0.5 eq, tetrahydrofurane, −10 °C to RT, 12 h, quantitative, d) H2O2, H2O, dichloromethane,  
−10 °C to RT, 5 h, 93%, e), ZnCl2, acetonitrile, 4 h, 97%, f) ZnCl2, H2O, HCl, acetonitrile, 4 h, 83%.
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the non-coordinated trimethylpyridine rings of neighboring 
molecules (Figure S5, Supporting Information). Figure S3  
(Supporting Information) depicts the crystal structure of 
compound 4 containing a protonated phosphine oxide ligand 
coordinating to ZnCl2 and a [Zn(H2O)Cl3]− anion. Both Zn(II) 
atoms display a distorted tetrahedral environment, formed by 
oxygen and nitrogen atoms in the case of the cation and by 
three chlorine atoms and a water molecule in the case of the 
anion (see also Figure S6, Supporting Information).

It is known from similar picolylphosphine oxide complexes 
that the presented ligands are fairly flexible in solution.[32] 
To investigate possible structural changes of the complexes, 
variable temperature NMR was conducted on compounds  
3 and 4 in CD2Cl2 (Figures S7 and S8, Supporting Information). 
The results show that, at room temperature, a fast dynamics 
is present in compound 3, where the zinc(II) atom stays coor-
dinated to oxygen but the N-coordination switches between 
one collidinyl substituent and the other. This rapid exchange 
is drastically slowed down at low temperature. The signals for 
both collidinyl substituents (coordinating and non-coordinating 
to Zn(II)) are then visible in the 1H NMR spectrum of com-
pound 3 at −80  °C (Figure S7, Supporting Information). For 
compound 4, a dynamical behavior in solution is also observed, 
displaying only one set of signals for the collidinyl substituents 
(Figure S8, Supporting Information). However, when lowering 
the temperature to −60  °C, the dynamics is slowed down and 
signals for the four different methyl groups become visible 
in the 1H NMR spectrum. Additionally, at −80  °C, reversible 

aggregation of compound 4 occurs, visible by a broadening of 
the signals in the 1H NMR spectrum.

2.3. Photophysical Characterization

Solid compounds 2–4 show luminescence when illuminated 
with UV-light (366  nm) and in concentrated solution when 
illuminated at 254  nm. When diluted in solution, neither the 
ligand 2 nor the complexes 3–4 show any luminescence, which 
could implicate AIE. To gain more insights into the lumines-
cent properties of the compounds, a thorough photophysical 
characterization was performed.

The luminescent properties of compounds 2–4  were   
investigated in solution (acetonitrile), in powder form (small 
crystals), and in spin-coated thin films (amorphous). Solu-
tions and thin films were measured by UV–vis spectroscopy in 
transmission mode and luminescence spectroscopy in reflec-
tive mode using quartz glass cuvettes and substrates. Powder  
samples  were  encapsulated in a borosilicate cavity glass and 
measured in an Ulbricht sphere with tunable excitation wave-
length and a luminescence detector attached.

Compound 2 exhibits the same absorbance behavior in  
solution and in thin film with two maxima at 265–266 and  
271–272  nm, respectively (Figure  1). Illuminating the concen-
trated solution (10  g  L−1) or the freshly crystallized powder at 
265 or 270 nm yields a broad luminescence in the UV to blue 
range from 300 to 550 nm. No significant emission is measured 
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Figure 1. Luminescence properties of compound 2. The absorbance spectra were recorded from a solution of compound 2 in MeCN (grey: 0.1 g L−1, 
black: 10 g L−1) and from a thin film on quartz glass (red). The black absorbance line saturates <280 nm. Emission spectra were recorded from solution 
(black dashed line: 10 g L−1) and a thin layer of crystals on quartz glass (blue dashed line) at an excitation wavelength of 265 nm (solution) or 270 nm 
(powder). The 0.1 g L−1 solution and thin film did not exhibit any fluorescence signal. The inset shows a microscopic color image of the luminescence 
from a partially crystallized thin film (top: crystallized, bottom (dark): still amorphous) with illumination at 366 nm. and thin film did not exhibit any 
fluorescence signal. The inset shows a microscopic color image of the luminescence from a partially crystallized thin film (top: crystallized, bottom 
(dark): still amorphous) with illumination at 366 nm.
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for freshly prepared thin films or thin solutions of 0.1  g  L−1. 
Interestingly, also the thin spin-coated films of compound  
2 are crystallizing within some days, yielding luminescent crys-
tals (inset in Figure  1), whose luminance is decaying over the 
course of several days for samples stored under air in the dark.

Complex 3 exhibits similar absorbance maxima as com-
pound 2 (Figure  2). Illuminating the concentrated solution 
(10 g L−1) or the spin-coated thin film at 265 or 270 nm yields a 
broad luminescence from 290 to 500 nm. The luminescence of 
the powder sample is measured at an illumination wavelength 

Adv. Funct. Mater. 2023, 33, 2212436

Figure 2. Luminescence properties of compound 3. The absorbance spectra were recorded from a solution of compound 3 in MeCN (grey: 0.1 g L−1, 
black: 10 g L−1) and a thin film on quartz glass (red). Emission spectra were recorded from solution (black dashed line: 10 g L−1), a thin film and from a 
powder sample inside a borosilicate cavity glass at excitation wavelengths of 265, 270, and 350 nm, respectively. The inset shows a microscopic color 
image of the luminescence from the edge of a film droplet (left) and a powder sample (right) with illumination at 366 nm.

Figure 3. Luminescence properties of compound 4. The absorbance spectra were recorded from a solution of compound 4 in MeCN (grey: 0.1 g L−1, 
black: 10 g L−1) and from a thin film on quartz glass. The emission spectra were recorded from a solution (black dashed line: 10 g L−1), a thin film on 
quartz glass (red dashed line) and from a powder sample inside a borosilicate glass cavity (blue dashed line) at excitation wavelengths of 265, 270, 
and 350 nm, respectively. The inset shows light microscopic color images of an amorphous droplet (left) and crystals (right) using 366 nm excitation.
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of 350 nm instead of 270 nm due to the sample holder being 
non-transparent in the UV-range (borosilicate glass). A broad 
luminescence in the blue range between 380 and 550 nm was 
measured. Using an Ulbricht sphere setup, photoluminescence 
quantum yields (PLQY) of 36  ±  5% for the crystals and of 
3 ± 1% for the thin film were measured. The borosilicate glass 
sample holder is required because, in contrast to compound 2, 
compound 3 does not crystallize on a quartz slide with good 
adhesion.

Compound 4 exhibits the same absorbance maximum 
as compounds 2 and 3 (Figure  3). Illuminating the con-
centrated solution (10  g  L−1) or the spin-coated thin film at  
265 or 270  nm yields a luminescence from 360 to 500  nm. 
The luminescence of the powder sample measured at an 
illumination wavelength of 350  nm yields a broad lumines-
cence in the blue range between 370 and 550 nm. Using an 
Ulbricht sphere setup, PLQY of 42 ±  1% for the crystals and 
of 8 ±  1% for the thin film were measured, both larger than 
for compound 3.

2.4. Lifetime Characterization

Fluorescence-lifetime imaging microscopy was used to measure 
the autofluorescence lifetime decay of compounds 2, 3, and 4. 
For these measurements, saturated solutions of compounds 
2 and 3  were  prepared in acetonitrile and of compound 4 in 
ethyl acetate, due to its high solubility in acetonitrile causing 
an increased luminescent background. Evaluation of the FLIM 
images shows that the samples have crystalline morphology 
(as for the powder samples) and different photoluminescence 
lifetimes (Figure 4; Figures S14–S16, Supporting Information). 
Lifetimes in the range of 3.5 to 5.9  ns  were  measured, which 
are indicative of fluorescence. Compound 2 shows spheri-
cally shaped aggregates with an average autofluorescence life-
time of ≈5.9  ns. Compound 3 forms needle-like crystals with  
differing lifetimes in the center (3–4 ns) and the edges (4–5 ns) 
of the crystals. Compound 4 displays plates of rectangular 
shapes with a homogeneous lifetime distribution of 3.5  ns. 
Figure 4b,c shows the FLIM-data analysis performed by fitting 
of the time-correlated single photon counting (TCSPC) histo-
grams to exponential functions (Figure 4b; Figures S17–S19 and 
Table S6, Supporting Information) and by the phasor approach 
(Figure  4c; Figures S14–S16, Supporting Information). The 
phasor approach graphically transforms the fluorescence life-
time into Fourier space.[46,47] Mono-exponential lifetime decays 
lie along a semi-circle with a radius of 0.5 (Figure  4c, dashed 
black line). Long-lifetime species are located close to the origin 
(0, 0) and short-lifetime species near (1, 0). Multi-exponential 
decays lead to a weighted vector sum of the single species pha-
sors, meaning the population lies on a straight line connecting 
the phasors of the pure species.[46] As a result, in the case of 
multi-exponential decays, the phasor falls inside the semi-
circle.[46,48] The phasors built up from the individual pixels of 
the images for of crystals 3 and 4 lie inside the arc, indicating a 
multi-exponential decay. For compound 2, the major population 
of pixels (higher occurrence) from the image exhibit a lifetime 
located close to the semicircle line of the phasor plot indicating 
a mono-exponential lifetime of 5.9  ns. A small population of 

the pixels is located inside the semicircle exhibiting a bi-expo-
nential decay (Figures S14 and S17, Supporting Information).

Comparing the autofluorescence lifetime decays of the  
different compounds, the lifetime is reduced by coordination to 
ZnCl2 (from 5.9 ns in 2 to ≈3.6 ns in 3 and 4). In contrast, the 
fluorescence intensity measured within the confocal volume 
increases from 332 kHz in 2 to 590 kHz in 4.

2.5. Combination of Hirshfeld Surface  
Analysis with the FLIM Results

As is known from previous results, morphology, crystal packing 
as well as intermolecular interactions play an important role 
in the length and uniformity of the autofluorescence life-
time decay as well as the overall fluorescence intensity.[49] The  
Hirshfeld surface analysis quantifies intermolecular interac-
tions between molecules or predefined units in a crystal based 
on the crystallographic output file (.cif) obtained from single 
crystal X-ray diffraction using the software CrystalExplorer17 
(see Figure S20, Supporting Information).[50,51] By combining 
FLIM results with the HS analysis, a correlation between inter-
molecular bonding interactions and fluorescence properties 
can be investigated.

Major contributors to the total HS are CH⋯HC and 
CH⋯C contacts, which make up the majority of all inter-
actions in all investigated compounds (2: 86.3%, 3:  67.1%, and 4: 
50.4%). The π–π stacking interactions are almost non-existent 
in compound 2 (C⋯C: 0% and C⋯N: 0.6%) and 4 (C⋯C: 0.3% 
and C⋯N: 0%), and only increase slightly in 3 (C⋯C: 1.3% and 
C⋯N: 0.9%). The CH⋯N, CH⋯Cl, and CH⋯O con-
tacts represent the attractive, non-classical hydrogen bonds and  
contribute with 13.2% to the HS of compound 2, 30.4% in 3, and 
48.2% in 4. The relative amount of CH⋯N and CH⋯O contact 
contributions decreases with coordination to the Zn(II), as expected.

By combining the FLIM results with the HS analysis, we 
demonstrated previously that the increase in the attractive 
hydrogen bond interactions within crystals of picolyl derived 
phosphine compounds can result in an increase in the fluores-
cence intensity.[49] This might be explained by increased rigidi-
fication of the molecule, which influences both the transition 
dipole moment and the non-radiative decay rates. In the case 
of the π–π stacking interactions, the compounds here follow 
a clear trend: the higher the π–π stacking content, the lower 
the intensity (Figure 5a). Compound 4 has the least amount of  
π–π stacking interactions and additionally shows the highest 
intensity and shortest fluorescence lifetime of the three com-
pounds. As an increase in π–π interactions usually leads to 
reduced fluorescence intensity, this trend is to be expected. 
However, as those interactions are minimal compared to the 
much more pronounced hydrogen bonding interactions for all 
investigated compounds, their influence on the fluorescence 
intensity should be insignificant.

Regarding the fluorescence lifetime, a clear decrease is 
observed with an increasing amount of attractive hydrogen 
bonding (Figure  5b), which has been observed for other sys-
tems as well.[52] As reported previously,[49]  we  also observed 
the shorter fluorescence lifetimes for the brightest species 
(Figure 5c). Additional effects apart from the types of hydrogen 

Adv. Funct. Mater. 2023, 33, 2212436
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bonds and crystal density influence the intensity values in these 
compounds. The coordination to the metal leads to a lower life-
time of the fluorescence (compound 2 vs 3 and 4) and, of the 
metal containing molecules, the ionic compound (compound 
4) has a higher intensity compared to compound 3 (Figure 5c).

2.6. Quantum Chemical Calculations and  
Nonadiabatic Dynamics Simulations

To shed light on the different emission behavior in the crystal-
line, amorphous thin film and solution phases and to explain 

Adv. Funct. Mater. 2023, 33, 2212436

Figure 4. FLIM images and fluorescence lifetime decays of the compounds 2 (left column, i, scale bars 1 µm), 3 (middle column, ii, scale bars 4 µm), 
and 4 (right column, iii, scale bars 3 µm) highlighting their diverse structural morphologies. a) FLIM images of representative crystals for the three 
compounds. The color code indicates the fluorescence lifetime as a function of the spatial position on the crystal. The color legend is shown in the upper 
panel. b) The fluorescence lifetime decay for each crystal shown in a). c) Phasor plot of the four FLIM images per compound as shown in a), determined 
by phasor transformation of the individual lifetimes for each spatial pixel in the image of the crystals. The grey line (plotted in all three panels) was 
determined from the sum of all FLIM images to provide an axis for calculating the fluorescence lifetime color bar. Insets: The color bar in the phasor 
plots represents the number of pixels exhibiting the particular phasor value (blue indicating the lowest and red indicating the highest occurrence).
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the origin of the observed photoluminescence, quantum 
chemical calculations and nonadiabatic surface-hopping simu-
lations of the coupled electron-nuclear dynamics  were  per-
formed. A detailed description of the employed methods can be 
found in the Section 1.9 (Supporting Information).

The dynamical behavior of compound 2 in isolated form as 
well as in the crystal environment was simulated starting in 
the first excited singlet state. Of the ten gas-phase trajectories 
of the isolated compound propagated at 300  K, four decayed 
to the electronic ground state within 2.5 ps via a conical inter-
section (CI). In most of these cases, the involved CI was char-
acterized by an increased C─P bond length (up to 2.8  Å), as 
illustrated in Figure  6. This configuration seems to be stabi-
lized by a π–π interaction of one collidine and the benzene ring, 
which assume a nearly parallel stacking-type configuration 
when reaching the CI. Access to the CI is limited by an energy 
barrier, which can be overcome thermally. This is further  
confirmed by trajectories propagated at an elevated tempera-
ture of 400  K, where three trajectories out of five decay via 
elongation of the CP bond. These results indicate what might 
happen in diluted solution and thin films, where the molecular 
environment may be flexible enough to allow for molecular 
motions similar to those in the gas phase.

In contrast, in the crystal phase, steric hindrance from 
the neighboring molecules leads to a different behavior, as 
becomes evident from our nonadiabatic dynamics simula-
tions for two crystal models of compound 2. These were con-
structed using a quantum mechanical-molecular mechanical 
(QM/MM) approach, where a single molecule was described 
quantum mechanically (QM part) while the crystal environ-
ment of several 100  molecules was represented by a classical 
force field (MM part). Specifically, six trajectories were run with 

all MM molecules subjected to rigidifying constraints, while an 
additional 11 trajectories  were  propagated with an inner layer 
of 14 molecules allowed to move unconstrained (Section 1.9, 
Supporting Information). Relaxation to the ground state was 
not observed for any of these trajectories within the propaga-
tion time of 3 ps. This indicates that the frustrated and densely 
packed crystal environment hinders access to the conical inter-
sections, which is a frequently observed principle for many  
systems showing AIE.[53–55]

The outcome of these dynamics simulations hints at the 
presence of a nonradiative relaxation channel on the pico-
second time scale for compound 2 in the gas phase, which 
is blocked in the crystal phase. Given the typical nanosecond 
time scale of fluorescence, which has been also established 
for the molecules discussed here (see Section  2.5 above), 
the gas phase fluorescence emission should be improbable 
due to the competition with the much faster nonradiative 
relaxation.

To elucidate the nature of the actual measured photolumi-
nescence, excitation energies between the energy-optimized 
geometries of the ground and excited electronic states (adiabatic 
energies), vibrationally resolved fluorescence and phospho-
rescence spectra, as well as radiative lifetimes  were  calculated 
for compound 2 in the gas phase. As described in detail in the  
(Section 8, Supporting Information), a singlet excited state of 
nπ* character (similar to the one found in isolated pyridine[56,57]) 
as well as one involving excitation from an oxygen lone 
pair p-orbital to π* orbitals of the ring systems  were  found  
(Figure S22 and Table S9, Supporting Information). These 
correspond to vertical emission energies of 3.76 and 2.15  eV, 
respectively. For the lowest triplet state, a vertical emission 
energy of 3.11 eV was obtained.

Figure 4. Continued.

Adv. Funct. Mater. 2023, 33, 2212436

 16163028, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202212436 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [20/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2212436 (8 of 10) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Figure 5. The relationship between fluorescence lifetime and intensity relative to the attractive bond contents for the three compounds imaged in 
Figure 4. a) The correlation of the average fluorescence intensity with respect to the attractive bond content for the investigated solid-state molecular 
structures of the respective compounds. b) The correlation between the average intensity weighted fluorescence lifetimes with respect to the bond 
content. c) The correlation of the average fluorescence intensity with respect to the average intensity weighted lifetime.

Adv. Funct. Mater. 2023, 33, 2212436

For the nπ* state as well as for the lowest triplet state, emis-
sion spectra and lifetimes could be calculated (Figures S24–S26 
and Table S12, Supporting Information). Overall, the obtained 

intensity for fluorescence is about nine orders of magnitude  
higher than for phosphorescence (see Figures  S24–S26,  
Supporting Information), which is paralleled by lifetimes of 
≈2 ns for fluorescence versus 1.6 s for phosphorescence (see the 
rate constants in the Table S12, Supporting Information). The 
calculated emission maximum of the fluorescence from the nπ* 
state is situated at 320 nm, which fits well to the experimentally 
known fluorescence of the isolated pyridine chromophore.[58] 
However, fluorescence of the latter is very weak due to the nπ* 
state having a very low oscillator strength, and this situation is 
similar in compound 2 (cf., Table S9, Supporting Information), 
making it improbable that the measured intense fluorescence 
originates from the nπ* state. This assumption is corroborated 
by the fact that the experimentally found emission maximum 
of compound 2 lies at much larger wavelengths (367  nm in 
solution, 389  nm in the crystalline phase), indicating that 
another state should be responsible for emission. A candidate 
for this might be the lone pair-π* state, which has a higher 
oscillator strength than the nπ* state at the respective optimized 
excited state geometry (cf., Table S9, Supporting Information). 
Although its excitation energy at this geometry is too low in the 
gas phase (2.15 eV, cf. Figure S22, Supporting Information), it 
might be higher in the condensed phase, where the more rigid 
environment prevents strong structural deformations and thus 
the lowering of the excitation energy.

Figure 6. Final stage of the excited state dynamics of compound 2 along a 
simulated surface-hopping trajectory. The time evolution of the electronic 
state energies is shown for a temporal range between ≈ 1150 and 1600 fs 
after initialization of the trajectory. At t = 1468 fs, the transition to the ground 
state occurs via a conical intersection characterized by an elongated C─P 
bond (dashed line). The insets show the molecular structures at the conical 
intersection and at the first time-step of the presented cutout (1150 fs).
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To substantiate this hypothesis, the excited state character 
and approximate fluorescence intensities  were  calculated for the 
geometries observed along the crystal trajectories of compound 2. 
Indeed, the excited state character is dominated by the lone pair-
π* excitation, and the fluorescence spectrum shown in Figure S26 
(Supporting Information) exhibits a maximum ≈430  nm, which 
is in fair agreement with the experimental spectrum shown in 
Figure  1. Although the calculated phosphorescence from the 
lowest triplet state also has a maximum in this wavelength range 
(see Figure S25, Supporting Information), the presence of a 
nearby singlet state as well as the very long calculated phospho-
rescence lifetime contrasting with the ns timescale obtained in the 
FLIM experiments support the conclusion that the experimentally 
observed emission is indeed due to fluorescence.

For compound 3, the low-lying excited states are summa-
rized in the Figure S23 and Table S10 (Supporting Informa-
tion). An excited singlet-state of nπ* character similar to the 
case of compound 2 could be found, exhibiting an adiabatic 
excitation energy of 4.67  eV. The vertical energy difference 
to the ground state at the optimized excited state geometry, 
which is a rough estimate of the position of the fluorescence  
maximum, amounts to 3.88 eV (320 nm). This matches well with 
the onset of the experimental emission spectrum in the amor-
phous phase with a luminescence maximum at 303  nm. The 
measured PLQY for this emission is only 3% (cf. Section  2.4),  
which is consistent with a weakly allowed nπ* state.

In addition, also an excited singlet-state of lone pair-π* character 
has been found—however, this time, involving the lone pairs of the 
chlorine atoms. Due to a strongly deviating geometry of this state 
compared to the ground state, no fluorescence spectrum could be 
calculated, and the vertical energy difference to the ground state 
in the excited state geometry is very low. The calculated phospho-
rescence spectrum from the lowest-lying triplet state, in contrast, 
is peaked at 430  nm (Figure S27, Supporting Information) and 
appears to match the measured luminescence maximum at 412 nm 
for the crystalline compound (Figure  2). However, as for com-
pound 2, a small intensity and long time-constant (0.6 s; Table S12, 
Supporting Information)  were  calculated, while the FLIM meas-
urements yield a nanosecond timescale for emission. This indi-
cates that, by a similar reasoning as for compound 2, fluorescence  
emission should be more likely than phosphorescence also for 
compound 3, and that the fluorescence in the crystal might be due 
to the lone pair-π* state when its geometry is less distorted in the 
crystal than in the gas phase.

3. Conclusion

We have presented a novel, functionalized phosphine oxide ligand 
and its ZnCl2 complexes that show an unexpected but interesting 
and fascinating blue luminescence. The synthesis of these com-
pounds is straightforward, efficient and scalable starting from 
commercially available and inexpensive reactants. The resulting 
compounds were characterized using NMR, MS, IR spectroscopy, 
EA, and X-ray crystallography. Variable temperature NMR meas-
urements revealed that both complexes show a dynamic behavior 
in solution. However, the dynamics is minimized in compound 4, 
where the nitrogen atom of the second collidinyl ring is protonated. 
The characterization of the physical properties of the compounds 

in solid/crystalline-state, solution and thin films was performed 
by absorption and fluorescence excitation/emission spectroscopy. 
The emission maxima of all compounds are ≈400 nm, indicating a 
possible use as blue emitters. Complexes 3 and 4 form stable thin 
films. However, only compound 4 exhibits significant lumines-
cence in the thin film. The PLQY for powdered samples of com-
pounds 3 and 4 are both ≈40% when excited at 350 nm, which is 
comparable to other known, blue luminescent Zn(II) complexes. 
FLIM measurements reveal luminescent lifetimes of 3.5–5.9  ns, 
with compound 2 having the longest lifetime, but compound  
4 displaying the highest luminescence intensity. By combining 
these results with the Hirshfeld surface analysis, we further con-
clude that higher π–π stacking interactions seem to correlate with 
lower luminescence intensity, and low fluorescence lifetimes seem 
to correlate with high amounts of attractive hydrogen bonding. 
Additional effects such as coordination, charge of the molecule, the 
type of hydrogen bonds, and crystal density most likely also influ-
ence both the luminescence intensity and fluorescence lifetimes.

Quantum chemical calculations and nonadiabatic dynamics 
simulations  were  used to elucidate the nature of the lumines-
cence exhibited in the solid state as well as the non-radiative 
relaxation pathways in the gas phase. We propose a model in 
which the crystal environment, aggregation, and/or the steric fix-
ation by the coordinating central atoms blocks the thermal relax-
ation into the ground state, thus enabling luminescence or AIE.

All in all, these findings are not only beneficial for the 
ligands investigated here but are also important for similar 
compounds. This may open the door for a targeted refinement 
of phosphine ligands to obtain suitable luminescent materials 
for multiple possible uses in the future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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