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Metal-Metal-to-Ligand Charge Transfer Excited State and
Supramolecular Polymerization of Luminescent Pincer Pd(ll)-

Isocyanide Complexes

Qingyun Wan, Wai-Pong To, Chen Yang, and Chi-Ming Che*

Abstract: Here are described pincer Pd"-isocyanide complexes which
display intermolecular interactions and emissive *MMLCT excited states in
aggregation state(s) at room temperature. The intermolecular Pd"-Pd" and
ligand-ligand interactions drive these complexes to undergo supramolecular
polymerization in a living manner. Comprehensive spectroscopic studies
reveal a pathway with a kinetic trap that can be modulated by changing the
counter-anion and metal atom. The Pd" supramolecular assemblies
comprise two different aggregation forms with only one to be emissive.
DFT/TDDFT calculations lend support to the MMLCT absorption and
emission of these pincer Pd'"-isocyanide aggregates.

Closed shell interactions between of and/or d'® metal ions are appealing
driving forces for self-assembly of supramolecular/polymeric systems,
such as that of Pt" and Au', having luminescent properties distinctly
different from monomer counterparts,* as well as for seff-assembly of
anisotropic nanomaterials! or living supramolecular polymerization.®®
Incorporating metal-metal interaction into excited states, such as the
SMMLCT (metal-metal-to-ligand charge transfer) ones of d® metal-
organic supramolecular assemblies, would facilitate radiative decay of
triplet excited state to ground state due to increased metal parentage in
the frontier MOs.™ This is particularly important in the design of new
classes of luminescent Pd" materials having fast k. (radiative decay rate
constant) as the emissive excited states of Pd" monomer complexes
are usually 3IL (triplet intraligand) in nature with very long emission
lifetimes. Over the past decades, considerable efforts have been
directed to uncover Pd"-Pd" interactions and metal-metal bonded
excited states of luminescent Pd" complexes. While DFT calculations®
and/or X-ray crystal structures® lend evidence to the presence of Pd"-
Pd" interactions, spectroscopic evidences for MMLCT and/or 4do*5po
excited states attributable to Pd"-Pd" interactions remain elusive™ as
the Pd"-Pd" interaction is considerably weaker than the Pt'-Pt" one
and Pd" 4d orbitals are much lower in energy.®™ In this work, we
provide compeliing evidence that pincer Pd'-isocyanide complexes
display intense *MMLCT absorption and emissive *MMLCT excited
state upon supramolecular polymerization. In addition, the Pd"
complexes we report herein, and a Pt" counterpart thereof, undergo
supramolecular polymerization in a living manner. Fernandez and co-
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workers reported cooperative supramolecular polymerization process of
an oligophenyleneethynylene-based Pd" pyridyl complex and Pd"-Pd"
metallophilic interaction was suggested.®
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Scheme 1. Chemical structures of Pd" and Pt" complexes.

The details of synthesis and spectroscopic characterization of the Pd"
complexes 1-3 and Ref-Pt complex are provided in the Supporting
Information. Complexes 1a, 2 and 3 in CHz;CN show intense absorption
bands at ~290-340 nm and 355-400 nm, which can be assigned to *IL
and mixed YL-*MLCT transitions, respectively*? (Figure S2). To induce
the aggregation of the Pd" complexes in solution, a HO/CHsCN (9:1
viv) solvent mixture was used. When H,O (1800 pL) was injected into a
CH4CN solution (200 pL, 1x10° M) of 1a or 1b, an intense band at 439
nm developed for 1a, while a broad, moderately intense band at 380 nm
appeared for 1b (Figure 1a,b). With increasing temperature, the peaks
at 439 nm (1a) and 380 nm (1b) diminished gradually with a
concomitant enhancement of absorption from the corresponding
monomeric species. As revealed by the TDDFT calculations discussed
later, the 380 and 439 nm peaks are attributed to frr-1*] and *"MMLCT
excited states of the aggregation species, respectively. Upon lowering
the temperature, spectroscopic changes for 1a and 1b (insets in Figure
1a,b) were distinctly different. For 1b, a sigmodal curve is well fitted upon
plotting the absorbance at 380 nm vs. temperature (Figure S7),
suggesting an isodesmic mechanism for the oligomerization. For 1a,
upon lowering the temperature from 353 K to 318 K, a gradual increase
in the absorption at 380 nm (inset i. in Figure 1a) was observed.
Meanwhile, the changes in absorbance at 439 nm in this temperature
range are indicative of a disfavored nucleation step followed by a highly
favored elongation process at < 318 K (inset ii. in Figure 1a).*%

A living supramolecular polymerization process was revealed by fast
injection of H,O into a CHsCN solution of 1a (Figure 1c). For molecular
aggregation in a controlled living manner, there is a kinetically trapped
state™ which would prevent spontaneous nucleation and help to induce
out-of-equilibrium  self-assemblies.™ A kinetically trapped metastable
state of 1a was observed, as evidenced by the lag time observed with
[1a] = 5x10° M in Figure 1d. By changing the counter-anion from PF¢
(1a) to OTf (1b), there was an immediate increase in absorbance at 380
nm after injection of H;O, which remained litle change with time. It
indicated the absence of a kinetic trap in the aggregation pathway
(supramolecular polymerization/oligomerization) for 1b.



We noticed that for 1a, with the transformation from the kinetically
trapped state to the aggregation state that showed *MMLCT absorption
at 439 nm, an enhanced emission band at 540 nm developed (Figure
le), while no emission was observed for 1b. The supramolecular
polymerization was faster for Pt analogue (10 min for Pd" and 7 min for
Pt' at 5x10° M to attain a maximum value of absorbance due to the
aggregates). For the Ref-Pt complex, upon injecting H,O into its CH;CN
solution (Figure 1f), a distinct band at 579 nm gradually developed with
a slight decrease of the absorption at 440 nm. In addition, the total
concentration of 1a, 1c or Ref-Pt in the mixed solvent could affect the
oligomerization pathway (Figure 1d, Figure S9). As an example, the
time required for the 439 nm absorbance to attain a maximum value
decreased as the total concentration of 1a increased. With regard to the
aforementioned time-dependent absorption spectral changes, we
suggest that l1la, 1c and Ref-Pt underwent supramolecular
polymerization in a living manner with an aggregation pathway that can
be modulated by the counter-anion.

The crystal structure of 1a shows an infinite Pd'-Pd" chain featuring
Pd"-Pd" distance of ~3.3-3.4 A with its molecules arranged in alternately
skewed and head-to-tail fashion; the counter-anion PFg is remote from
the 1D chain (Figure 2a). In contrast, the crystal structure of 1b shows
discrete cation pairs; the counter-anion OTf blocks Pd'-Pd" contact
between neighboring cation pairs (Figure 2b) and displays close contact
(3.25 A) with the pyridyl ring of the Pd" complex. Based on these
structural data, an energy landscape could be constructed (Figure 2c),
wherein aggregation species composed of counter-anion-blocked cation
pairs and 1D chains are termed “aggregate 1" (Aggl) and “aggregate 2"
(Agg2), respectively. Aggl can be regarded as a kinetic trap out of the
thermodynamic equilibrium in the supramolecular polymerization. Thus,
1a initially aggregated to form Aggl, which, upon breaking the Pd'
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cation-PFs interaction, subsequently transformed to Agg2. For 1b,
aggregation stopped at Aggl state attributable to the Pd" cation-OTf
interaction. Interestingly, a slow polymerization process was observed
for 1c (counter-anion: ClO4), which took 1 day to produce a slight
increase in absorbance of the 439 nm band, indicating a considerably
retarded formation of Agg2 (Figure S8). Complex 1d (counter-anion:
CF3CQy), like 1b, showed no living supramolecular polymerization.
Theoretical study on anion-1T interactions showed that among all the
anions calculated, PFs shows the weakest anion-1t interaction due to
the lack of effective electrostatic interaction.™

The driving force for the supramolecular polymerization to give Agg2
state comes from the attractive interactions between the complex
cations. Based on theoretical studies, “cation-cation” attractive
interactions can be accounted for by dispersive interactions.™” For 2 and
3, both *MMLCT absorption and living supramolecular polymerization
were not observed. Presumably the 1r-17 interactions between napthyl
units (2) and steric effect of tert-butyl groups (3) disfavor close Pd'-Pd"
contact and hence formation of a Pd"-Pd" chain.

DFT/TDDFT calculations were performed on 1 and oligomers [1], (n
= 2-4), with initial guess of geometry from X-ray crystal structures, to
investigate the electronic structures of the cation pairs (n = 2, 1b) and
1D oligomer chain (n: limited to 4 due to computation constraints, 1a),
respectively. Water is chosen as the solvent for calculation as
aggregation takes place upon addition of water. The DFT optimized
structure of [1], features alternately skewed and head-to-tail
arrangement (C(C=N)-Pd-Pd-C(C=N) torsion angles: 111.9° and 177.5°)
reminiscent of the X-ray crystal structure (corresponding torsion angles:
113.7° and 180.0°). As revealed by the MOs diagrams (Figure 3), for
dimer [1],, the antibonding o*(4d,2) orbital becomes H-2; the splitting
between two 4d,2 orbitals is not sufficient to make o*(4d,2) orbital
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Figure 1. (a) Temperature-dependent UV/Vis absorption spectra of la (1><10'4 M) in H,O/CH3;CN (9:1 v/v) from 298 K to 343 K; insets: changes of
absorbance at 380 nm (i) and 439 nm (ii) upon lowering temperature. (b) Temperature-dependent UV/Vis absorption spectra of 1b (1><1O'4 M) in H,O/CH3CN
(9:1 v/v) from 273 K to 373 K; inset: change of absorbance at 380 nm upon lowering temperature. (c) Time-dependent absorption spectral changes of la
(1><1O'4 M) at 298 K (0 s: immediately after injection of H,0); inset: corresponding color changes recorded at the indicated times. (d) Time-dependent degree of
aggregation of 1a, 1b and Ref-Pt, calculated from the absorbance at 439 nm for 1a, 380 nm for 1b, 579 nm for Ref-Pt at the indicated concentration at 298 K. (e)
Time-dependent emission spectral changes of 1a (1><10'4 M) at 298 K. (f) Time-dependent absorption spectral changes of Ref-Pt at 298 K; inset: color changes

recorded at the indicated time.
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Figure 2. (a) Crystal structure of 1a featuring a 1D infinite structure with a Pd"-
pd" chain. (b) Crystal structure of 1b highlighting the cation pair features.
Hydrogen atoms are omitted for clarity. (c) Qualitative energy landscape of
supramolecular polymerization models with a competing kinetic stabilization
state.
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Figure 3. Calculated MOs diagrams of 1 and oligomers [1], (n = 2-4).

become HOMO. When n increases to 3, the 6*(4d2) orbital becomes
HOMO. Meanwhile, the LUMO (composed of Tr-localized orbitals from
the C"N”N ligands) is stabilized upon oligomerization because of
enhanced -1 stacking interaction. The HOMO-LUMO gap further
decreases when the oligomer chain elongates to n = 4. Excitation of
an electron from o*(4d,2) orbital (HOMO) to the ligand-localized
LUMO gives rise to *MMLCT transition which appears as an intense
absorption band at 439 nm for the Agg2 state of 1a. The TDDFT
calculated UV/Vis absorption spectra (Figure S16) show a moderately
intense band at ~390 nm for [1], (attributable to the [r-1r*] transition;
match the experimentally observed 380 nm band in Figure 1b) and an
intense red-shifted band at ~424 nm for [1]s (with close Pd'-Pd"
contacts) reminiscent of the "MMLCT absorption band at 439 nm
depicted in Figure l1a.

Photo-physical properties of the emissive aggregates of 1a monitored
at Amax 540 nm were examined at different time intervals. According to
the quantum yield and lifetime calculated for the 540 nm emission
where there was no further increase in intensity (attributed to the
complete transformation to Agg2) (Figure 4b), the k; was calculated to
be 62.2x10* s, A large k; was also found for the *MMLCT emission of
Ref-Pt aggregate(s) (k- 109.2x10% s Ayex 720 nm; T 0.12 ps; ¢ 13.1 %;
concentration 1x10* M; H,O/CHsCN 9:1 viv) which is over 22-fold
higher than that of the emission of monomeric Ref-Pt (k. 4.8x10* s™;
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Figure 4. (a) Time-dependent emission color changes (Aex = 365 nm), (b)

time-dependent emission quantum yield (black line) and lifetime (red line) at

Aem = 540 nm of 1la at 298 K upon injecting H,O (2700 pL) into the CH3;CN

solution (300 pL, 1x10°° M).

10 min 0

Amax 525 nm; t 0.33 ps; ¢ 1.6 %; concentration 1x10™* M; H,O/CHsCN
0:100 viv).

The difference in luminescent properties between Agg2 and Aggl
states can be attributed to their electronic configurations. As depicted
in Figure 3, both HOMO and LUMO of the dimer (cation pair, Aggl)
are localized on the C"N"N ligands, while the HOMO of the tetramer
(1D oligomer, Agg2) is largely composed of Pd (4d,?) orbitals. Upon
light excitation, Agg2, with a greater metal parentage in the frontier
MOs, would display a larger SOC (spin orbital coupling) effect,*®
leading to faster radiative decay from the triplet excited state to singlet
ground state. It is worth noting that the k. values for Agg2 of la
(62.2x10" s?) is substantially higher than that of the reported Pd"
complexes with emission from ligand-localized excited state (k, ~ 10°
s1).2 This finding indicates that the 540 nm emission of 1a in Agg2
state should not be 3L in nature and is assigned to *MMLCT excited
state. TDDFT calculations revealed shortening of Pd-Pd distance at
triplet excited state T, for tetramer [1], (Figure S18a). The emission
wavelength of [1], was calculated to be 583 nm with the transition
from o0*(4d2) (HOMO) to LUMO having CN”N ligand character
(Figure S18b), which is consistent with the experimentally observed
540 nm emission of 1a in Agg2 attributable to *MMLCT excited state.

SEM images showed the formation of nanowires of 1a in H;O/CH;CN
(9:1 viv), unlike the nanoparticles formed in the solutions of 1b and 1d
(Figure S4). This suggests that l1a followed a different self-assembly
pathway compared to 1b and 1d (note the different spectroscopic
changes between 1a and 1b). The construction of 1D oligomers with a
linear Pd"-Pd" chain is considered to be critically important for the
formation of nano-wire structure.

For 1c, the relatively slow oligomerization to Agg2 state prompted
us to use a seeded supramolecular polymerization approach to
facilitate its growth.>8152% Addition of 1a-Agg2 (1800 L, 1x10° M) to
a CHCN solution of 1c (200 pL, 1x103 M) led to transformation of
Aggl to Agg2 within 1 h (Figure 5b). The absence of a lag time
(Figure 5b, inset) is supportive of an externally seeded growth
assembly of Agg2. A step-growth mechanism for the seed-catalyzed
supramolecular polymerization is depicted in Figure 5a. We propose
that the la-Agg2 weakened the Pd' cation-ClO, interaction by
generating competing cation-cation dispersive interactions, thereby
facilitating elongation of the oligomers. Figure 5d,e show the
morphology of supramolecular polymers obtained at 30 min and 60
min after injecting the 1a-Agg2 to 1c solution, respectively. The
elongation of the polymer shown in Figure 5e is indicative of a step-
growth mechanism. We also found that the oligomerization kinetics
can be modulated by the concentration of externally added seeds
(Figure S19).



(a) with 1a-Agg2
Py
‘\._,_. Aggl
sees Agpd without 1a-Agg2
SEEd 10DD 200D 3DDD
Time ¢ a
-
po
Jﬁ ®e® . ss0s .00 o

200 300 400 500 600 700 800

Figure 5.
polymerization process. (b) Time-dependent absorption spectra of 1c with the
aid of la-Agg2 (ratio of 1c to la-Agg2: 11:1); inset: time-dependent
absorbance change at 439 nm for 1c with and without la-Agg2. (c) TEM
image of 1a-Agg2 (1x10° M). (d) and (e) Time-dependent TEM images of 1c
with the aid of 1a-Agg2 (1x10’5 M) obtained at 30 and 60 min, respectively.

(a) Schematic representation of the seeded supramolecular

In conclusion, we have demonstrated the modulation of living
supramolecular polymerization for d® Pd' complexes by tuning the
“cation-anion” electrostatic and “cation-cation” dispersive interactions.
Our study reveals that the pincer Pd" complexes display “*MMLCT
absorption and emission in the visible spectral region. The enhanced
SOC and hence increased k; value account for the switch-on  of
SMMLCT emission of pincer Pd" aggregates.
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