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Palladium(II) N-heterocyclic allenylidene complexes with 
extended intercationic Pd���Pd interactions and MMLCT 
phosphorescence 

Chao Zou,ab Jinqiang Lin,a Sa Suo,a Mo Xie,ab Xiaoyong Changa and Wei Lu*a

Extended intercationic Pd���Pd contacts of 3.30 Å in the crystal 

structure and distinct MMLCT transitions absorbing at 528 nm and 

emitting beyond 600 nm in solutions have been revealed with 

cyclometalated Pd(II) N-heterocyclic allenylidene complexes. The 

Pd(II)-based MMLCT excited states are responsive to concentration, 

temperature, mechanic force and organic vapors. 

Metal-metal-to-ligand charge-transfer (MMLCT) excited states 

of square planar d8 metal complexes, derived from dispersion 

metal-metal interactions, have attracted much research 

endeavour.1 Pt(II) complexes containing dimeric or extended 

Pt���Pt interactions and low-lying S* orbitals usually exhibit dV*-

S* electronic transitions and triplet MMLCT phosphorescence 

that is much red-shifted from that of the monomeric species.2 

In contrast, metallophilic interaction in Pd(II) complexes is 

highly distance-demanding due to the more restrained and 

lower-lying 4dz2 orbital when compared with the 5dz2 orbitals 

of Pt(II).3 Although Pd(II) complexes with crystallographically 

determined intermolecular Pd���Pd contacts in the range of 

3.3�3.5 Å are scattered in the literature,4 so far distinct 

spectroscopic evidences for excited states with Pd���Pd 

parentage remain elusive. In 2013, Albuquerque, Fernández 

and co-workers ascribed a 371 nm band in the absorption 

spectrum of oligophenyleneethynylene-based Pd(II) pyridyl 

complexes to a supramolecular aggregation involving Pd���Pd 

interactions.5 In 2018, Che and co-workers provided evidences 

that pincer Pd(II) isocyanide complexes display an MMLCT 

absorption transition at 439 nm and a triplet MMLCT emission 

at 540 nm upon supramolecular polymerization assisted by 

Pd���Pd interactions.6 In the current work, we report that 

cyclometalated Pd(II) N-heterocyclic allenylidene (NHA) 

complexes show extended intercationic Pd���Pd contacts in the 

crystal structure and distinct MMLCT transitions absorbing at 

528 nm and emitting beyond 600 nm in solutions. The 

luminescent mechanochromic and vapochromic properties of 

the Pd(II) NHA complexes have also been studied.  

 

Scheme 1 Synthesis of complexes 1a�1c. Reaction conditions: a) Ag2O, CH3CN; b) 

sulphate-type anion exchange resin, CH3OH; c) sodium 2,3,4-

tris(dodecyloxy)benzenesulfonate, CH2Cl2. 

 Acyclic allenylidene complexes of Ir(III),7 Pt(II),8 and Au(III)8 

complexes luminescent in fluid solutions and in the solid state 

have been reported recently. In 2009, Bertrand and co-workers 

reported the isolation of the first Ag(I) NHA complex and the 

subsequent transmetalation reactions from Ag(I) to Pd(II) and 

Ru(II).9 In 2011, Che, Lu and co-workers revealed a Au(I) NHA 

complex aggregating in water into a phosphorescent chromonic 

mesophase.10 We thus envisage that the balanced V-donation 

and S-back bonding interactions and the less steric bulkiness of 

NHA when compared with N-heterocyclic carbene (NHC) could 

facilitate Pd���Pd contacts in Pd(II) NHA complexes.  

 The tridentate cyclometalated Pd(II) NHA salt 1a was 

prepared by a reaction between 2-ethynyl-1,3-dimethyl-1H-

imidazol-3-ium9 hexafluorophosphate and [(C^N^N)PdCl] 

(HC^N^N = 6-phenyl-îUî[-bipyridine)11 in the presence of a 

stoichiometric amount of Ag2O (Scheme 1). The subsequent 

anion metathesis with sulphate-type ion-exchange resin12 and 

with sodium 2,3,4-tris(dodecyloxy)benzenesulfonate13 gave 1b 

and 1c, respectively. All these complexes are solid stable 
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Accordingly, we recorded the variable-temperature emission 

spectra of the yellow form of 1c upon heating. Upon 

temperature varying from t196 oC to 44 oC, the narrow greenish 

emission band at peak maximum of 549 nm gradually 

broadened and the intensity continuously decreased. In the 44t

64 oC range, the emission jumped abruptly to a peak maximum 

of 605 nm with much enhanced intensity. Further heating to 

104 oC gradually blue-shifted emission to 591 nm and 

diminished the intensity. The coincidence of the thermograms 

and variable-temperature emission spectra revealed a pivotal 

role of the thermal organization of the long alkyl chains of the 

anions in the close packing of the cations through extensive 

Pd���Pd interactions.  

 The typical solvents in which the complexes are soluble are 

acetonitrile for 1a, methanol and water for 1b with a highly 

hydrophilic anion, and dichloromethane and toluene for 1c with 

a highly lipophilic anion. By controlling over the anions, we can 

study the spectroscopic properties of both individual and 

aggregated complexes in a variety of solvents including water 

and toluene with contrasting polarity.  

 

Fig. 3 Absorption and emission spectra of (a) 1a in acetonitrile and (b) 1b in aqueous 

solutions at a variety of concentrations. Micrographs of these solutions under a 365 nm 

UV lamp are shown inset. 

 The diluted acetonitrile solutions of complex 1a at 

concentrations lower than 4×10t4 M were virtually colourless 

and non-emissive. Upon increasing concentration up to 6.4×10t

3 M, an absorption shoulder at around 420 nm tailing beyond 

450 nm emerged and a structureless emission band at peak 

maximum of 629 nm (Fig. 3a) with a lifetime of 0.16 Ps and a 

quantum yield of 3% was observed. 1H-NMR signals for the 

(C^N^N)Pd moiety shifted to the high-field upon concentration 

increased from 4×10t4 to 6.4×10t3 M in CD3CN, while the signals 

for the NHA moiety remained constant. We inferred dynamic 

oligomers of 1a with Pd���Pd interactions in concentrated 

solutions. In comparison, the aqueous solutions of complex 1b 

at concentrations as low as 1×10t5 M were emissive (Fig. 3b) at 

peak maximum of 625 nm (lifetime 0.33 Ps, quantum yield 4%). 

Increasing concentration up to 1×10t4 M enhanced the 625 nm 

emission to a quantum yield of 11% and a lifetime of 0.60 Ps. 

Absorption tails in the 400t500 nm range were evident in the 

aqueous solutions of 1b. No accountable 1H-NMR could be 

recorded for 1b in D2O at room temperature even at 

concentrations as low as 1×10t5 M, indicating an aggregated 

state.  

 The diluted solutions of 1c in dichloromethane are virtually 

colourless (only a weak absorption tail beyond 400 nm was 

recorded) and non-emissive, resembling the diluted acetonitrile 

solutions of 1a. Upon gradually decreasing the volumetric 

fraction of dichloromethane from 100% to 0 in the 

dichloromethane/toluene solvent mixtures, the solution 

appeared red in colour after the volumetric ratio of 3:7 (Fig. 4a) 

and a distinct absorption band at 528 nm emerged and achieved 

a molar extinction coefficient of 4300 Mt1cmt1 in pure toluene 

(Fig. 4c). Concomitantly, an orange-red emission (Fig. 4b) at 

peak maximum of 606 nm emerged (Fig. 4c) and achieved a 

lifetime of 0.26 Ps and a quantum yield of 14% in pure toluene. 

The excitation spectra monitored at 606 nm gave a distinct 

lower-energy band at 528 nm, well-matching those found in the 

absorption spectra. These observations suggested that the 

cations of 1c exists in a monomeric form in dichloromethane but 

as oligomeric aggregates in toluene most likely through 

extensive Pd���Pd interactions. We tentatively assigned the 

distinct low-energy absorption band at 528 nm to be a metal-

metal-to-ligand charge-transfer (MMLCT) transition and the 606 

nm phosphorescence to be a 3MMLCT excited state associated 

with metallophilicity among the Pd(II) NHA cations. 

 

Fig. 4 Micrographs of 1c in CH2Cl2/toluene solutions with a variety volumetric ratios 

under ambient light (a) and under a 365 nm UV lamp (b). (c) Absorption and emission 

spectra of 1c in CH2Cl2/toluene solutions with a variety volumetric ratios at 298 K 

(concentration ~1×10�5 M). (d) Variable-temperature absorption and emission (Oex = 345 

nm, isosbestic point) spectra of a toluene solutions of 1c (concentration ~1×10�5 M). 

/v���� �Z}Á�� �Z�� �o}�� }(� �Z�� (����]}v� }(� �PP��P�����u}o��µo��� ~ragg, extracted from 

absorbance at 528 nm) against temperature and the red line is a fitness to the 

nucleation-elongation model.  

 The variable-temperature absorption and emission traces of 

1c in toluene were recorded. As shown in Fig. 4d, the distinct 

low-energy absorptions at 528 nm gradually declined and a 

peak at 327 nm emerged to give a well-defined isosbestic point 

at 345 nm upon elevating the temperature from 20 to 80 oC. 

Accordingly, the 606 nm emission diminished upon 

temperature increasing, when the excitation wavelength was 

fixed at 345 nm. Both the absorption at 528 nm and emission at 

606 nm can be restored upon decreasing the temperature to 20 
oC again, revealing a dynamic and reversible thermal process of 

1c in toluene. At lower temperatures, cations of 1c exists 

dominantly in aggregates, which dissociate into monomers at a 

higher temperature.  

 A plot of the fraction of aggregated molecules ~ragg, 

extracted from absorbance at 528 nm) against temperature is 

nonsigmoidal (Fig.4d, inset), and we found that the nucleation-

elongation model developed by Meijer, Schenning and Van der 

Schoot17 afforded good fits to the variable-temperature 

absorption changes. Extracted from the data fitness, the 

nucleation-elongation transition temperature (Te) was 336.2 K 
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(63 oC), the elongation enthalpy (He) was t46.9 kJ molt1, the 

number-averaged degree of polymerization at Te (<Nn(Te)>) was 

11, and the equilibrium constant of the activation step at the 

elongation temperature (Ka) is 7.9u10t4 Mt1. The 

supramolecular polymerization of complex 1c in toluene takes 

place in two phases. Initially, about eleven molecules 

aggregated into nucleus, and this is an unfavourable nucleation 

process. After the local concentration of 1c amounts the critical 

nucleation, a highly favourable and cooperative growth 

elongates the aggregates of 1c into polymers.  

 

Fig. 5 TD-DFT calculated UV-Vis absorption spectra of monomeric and dimeric Pd(II) 

NHA cation(s) with toluene as solvent. Inset shows the molecular orbitals involved in the 

lower-energy transitions at the optimized geometry.  

 We performed time-dependent density functional theory 

calculations on the monomeric and dimeric structures of the 

Pd(II) NHA cations in toluene, using B3LYP-D3 functional (B3LYP 

with dispersion correction) with basis set of 6-31G(d) for C, H, 

O, and N atoms and LanL2DZ basis set for the Pd atom (see ESI 

for details). The lowest-energy transition in the calculated 

absorption spectrum (Fig. 5) of the monomer at 415 nm 

(oscillation strength 0.003) involves intraligand charge-transfer 

(ILCT) on the (C^N^N) ligand and Pd(4dz2) to NHA metal-to-

ligand charge transfer (MLCT). In contrast, the calculated 

lowest-energy transition of the dimeric structure with a close 

Pd���Pd contact (optimized to be 3.164 Å) is at 489 nm 

(oscillation strength 0.047), which originates from an electronic 

transition from the antibonding d��~ð�Ì2) orbital to the weakly 

stacked (C^N^N) ligand S* orbital. The calculated and 

experimental absorption spectra converged to provide 

compelling evidences for the MMLCT excited state of Pd(II) NHA 

in aggregated species.  

 In summary, tridentate cyclometalated Pd(II) allenylidene 

complexes exhibit highly emissive and sensitive MMLCT excited 

states in the solid state and as aggregates in solutions. We 

envisage that the MMLCT photochemistry of Pd(II) could be as 

rich as that of Pt(II) and that the Pd(II) allenylidene complexes 

could be strategically harnessed as novel supramolecular 

synthons for self-assembly reactions.  

 This work was supported by National Natural Science 

Foundation of China (21571096) and Science and Technology 

Innovation Commission of Shenzhen Municipality (JCYJ 

20160301114634613 and JCYJ20170817104715174). 

Conflicts of interest 

There are no conflicts to declare. 

Notes and references 
1. (a) P. Pyykkö, Chem. Rev., 1997, 97, 597; (b) H. Yersin and G. 
Gliemann, Ann. N.Y. Acad. Sci., 1978, 313, 539; (c) H.-K. Yip, C.-M. Che, 
Z.-Y. Zhou and T. C. Mak, J. Chem. Soc. Chem. Commun., 1992, 1369; 
(d) M. Han, Y. Tian, Z. Yuan, L. Zhu and B. Ma, Angew. Chem. Int. Ed., 
2014, 53, 10908; (e) M. R. R. Prabhath, J. Romanova, R. J. Curry, S. R. 
P. Silva and P. D. Jarowski, Angew. Chem. Int. Ed., 2015, 54, 7949. 
2. (a) D. M. Roundhill, H. B. Gray, C.-M. Che, Acc. Chem. Res., 1989, 
22, 55; (b) V. W.-W. Yam, V. K.-M. Au, S. Y.-L. Leung, Chem. Rev., 2015, 
115, 7589; (c) A. Aliprandi, D. Genovese, M. Mauro, L. De Cola, Chem. 

Lett., 2015, 44, 1152; (d) M. Yoshida and M. Kato, Coord. Chem. Rev., 
2018, 355, 101. 
3. (a) B.-H. Xia, C.-M. Che and Z.-Y. Zhou, Chem. Eur. J., 2003, 9, 
3055; (b) J. Luo, J. R. Khusnutdinova, N. P. Rath and L. M. Mirica, 
Chem. Commun., 2012, 48, 1532; (c) S.-W. Lai, T.-C. Cheung, M. C. W. 
Chan, K.-K. Cheung, S.-M. Peng and C.-M. Che, Inorg. Chem., 2000, 
39, 255; (d) W. Lu, M. C. W. Chan, N. Zhu, C.-M. Che, C. Li and Z. Hui, 
J. Am. Chem. Soc., 2004, 126, 7639; (e) J. E. Bercaw, A. C. Durrell, H. 
B. Gray, J. C. Green, N. Hazari, J. A. Labinger and J. R. Winkler, Inorg. 

Chem., 2010, 49, 1801; (f) N. Marino, C. H. Fazen, J. D. Blakemore, C. 
D. Incarvito, N. Hazari and R. P. Doyle, Inorg. Chem., 2011, 50, 2507; 
(g) I. Georgieva, N. Trendafilova and N. I. Dodoff, J. Photochem. 

Photobiol., A, 2013, 267, 35; (h) M. D. Santana, L. López-Banet, G. 
Sánchez, J. Pérez, E. Pérez, L. García, J. L. Serrano and A. Espinosa, 
Dalton Trans., 2016, 45, 8601 
4. (a) F. Neve, A. Crispini, C. Di Pietro and S. Campagna, 
Organometallics, 2002, 21, 3511; (b) J. D. Crowley, A. J. Goshe, I. M. 
Steele and B. Bosnich, Chem. Eur. J., 2004, 10, 1944; (c) T. Tu, W. 
Assenmacher, H. Peterlik, R. Weisbarth, M. Nieger and K. H. Dötz, 
Angew. Chem. Int. Ed., 2007, 46, 6368; (d) I. M. Sluch, A. J. Miranda, 
O. Elbjeirami, M. A. Omary and L. M. Slaughter, Inorg. Chem., 2012, 
51, 10728; (e) X. Yin, S. A. Warren, Y.-T. Pan, K.-C. Tsao, D. L. Gray, J. 
Bertke and H. Yang, Angew. Chem. Int. Ed., 2014, 53, 14087; (f) c) I. 
Mitra, G. K. Ghosh, S. Mukherjee, V. P. Reddy B., W. Linert, F. Kubel, 
X. Rocquefelte and S. C. Moi, Polyhedron, 2015, 89, 101. 
5. M. J. Mayoral, C. Rest, V. Stepanenko, J. Schellheimer, R. Q. 
Albuquerque and G. Fernandez, J. Am. Chem. Soc., 2013, 135, 2148. 
6. Q.-Y. Wan, W.-P. To, C. Yang and C.-M. Che, Angew. Chem. Int. 

Ed., 2018, 57, 3089. 
7. F. Kessler, B. F. E. Curchod, I. Tavernelli, U. Rothlisberger, R. 
Scopelliti, D. Di Censo, M. Grätzel, M. K. Nazeeruddin and E. Baranoff, 
Angew. Chem. Int. Ed., 2012, 51, 8030. 
8. X.-S. Xiao, W. L. Kwong, X. Guan, C. Yang, W. Lu and C.-M. Che, 
Chem. Eur. J., 2013, 19, 9457. 
9. M. Asay, B. Donnadieu, W. W. Schoeller and G. Bertrand, Angew. 

Chem. Int. Ed., 2009, 48, 4796. 
10. X.-S. Xiao, C. Zou, X.-G. Guan, C. Yang, W. Lu and C.-M. Che, Chem. 

Commun., 2016, 52, 4983. 
11. E. C. Constable, R. P. G. Henney, T. A. Leese and D. A. Tocher, J. 
Chem. Soc. Dalton Trans., 1990, 443. 
12. W. Lu, Y. Chen, V. A. L. Roy, S. S.-Y. Chui and C.-M. Che, Angew. 

Chem. Int. Ed., 2009, 48, 7621. 
13. Y. Chen, C.-M. Che and W. Lu, Chem. Commun., 2015, 51, 5371. 
14. A. Bondi, J. Phys. Chem., 1964, 68, 441. 
15. J. Ni, X. Zhang, N. Qiu, Y.-H. Wu, L.-Y. Zhang, J. Zhang and Z.-N. 
Chen, Inorg. Chem., 2011, 50, 9090. 
16. O. S. Wenger, Chem. Rev., 2013, 113, 3686. 
17. M. M. Smulders, M. M. L. Nieuwenhuizen, T. F. A. De Greef, P. 
Van der Schoot, A. P. H. J. Schenning and E. W. Meijer, Chem. Eur. 

J., 2010, 16, 362. 

200 300 400 500 600 700
0.00

0.05

0.10

0.15

0.20

O
s
c
ill

a
to

r 
S

tr
e
n
g
th

O�/ nm

 Dimer

 Monomer

MMLCT

Pd���Pd 3.164 Å

lLCT/MLCT

Page 4 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

28
/0

4/
20

18
 0

0:
50

:2
4.

 

View Article Online
DOI: 10.1039/C8CC01652F

http://dx.doi.org/10.1039/c8cc01652f


TOC Graphic 

 

 

 

United we shine: Extended intercationic Pd⋅⋅⋅Pd contacts of 3.30 Å show distinct MMLCT 

transitions and low-energy emissions.  
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