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Fumiya Kobayashi,” Ryo Ohtani,” Saki Teraoka,” Masaki Yoshida," Masako Kato,"
Yingjie Zhang,"” Leonard F. Lindoy,™ Shinya Hayami,*® ¢ and Masaaki Nakamura*®!

Abstract: Luminescent Zn" clusters [Zn,L,(us-OMe),X,] (X =
SCN (1), Cl (2), Br (3)) and [Zn,Lg(us-OMe),(u5-OH),IY, (Y=
I~ (4), ClO,” (5)), HL=methyl-3-methoxysalicylate, exhibit-
ing blue fluorescence at room temperature (A, =416
~429 nm, ., =0.09-0.36) have been synthesised and in-
vestigated in detail. In one case the external heavy-atom
effect (EHE) arising the presence of iodide counter anions
yielded phosphorescence with a long emission lifetime
(Amax=520 nm, 7=953 ms) at 77 K. Single-crystal X-ray
structural analysis and time-dependent density-functional
theory (TD-DFT) calculations revealed that their emission
origin was attributed to the fluorescence from the singlet
ligand-centred ('LC) excited state, and the phosphores-
cence observed in 4 was caused by the EHE of counter
anions having strong CH—I interactions.

- /

Luminescent transition-metal complexes have attracted much
attention because of their characteristic photophysical proper-
ties that, for example, have led to the development of organic
light-emitting devices (OLEDs),"" chemical sensors,” molecular
probes,® and photosensitizers. Transition-metal complexes,
particularly those of Ir", Pt", Ru", and Au', have been well stud-
ied due to their tendency to display strong emission as well as
spin-orbit coupling (SOCQ), reflecting the presence of the heavy-
metal centres.”) However, the high cost of those metals is a
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significant issue for their continuing use in luminescent de-
vices. Construction of luminescent Zn" complexes is, therefore,
an attractive alternative approach for developing novel func-
tional luminescent materials.” Zn" complexes have a further
advantage in that their use can facilitate the otherwise relative-
ly difficult to obtain blue emission because most such com-
plexes show luminescence based solely on a ligand-centred
(LC) transition.”? However, it can be difficult to obtain long life-
time phosphorescence and to control emission wave lengths
because of the weak SOC commonly exhibited by Zn" com-
plexes, with exceptions being several Zn"-based luminescent
metal-organic frameworks (MOFs).® In the present study we
focused on a strategy involving application of an external
heavy-atom effect (EHE) that introduces SOC into Zn" clusters.
It is considered that the EHE is executed through orbital inter-
actions between the heavy-atoms and the luminophore, result-
ing in increases of both the intersystem crossing (ISC) rates
and the phosphorescence decay time of the excited-state lumi-
nophore.”) Although the EHE has been routinely utilized to
promote the phosphorescence of organic molecules,"” very
few reports of the application of the EHE to metal complex
systems have appeared. In this study, we have designed and
synthesised cationic Zn" clusters with heavy-atom counter
anions. Clusters are a particularly suitable class of materials for
achieving high quantum yields because their structural rigidity
leads to thermo- and photostability relative to smaller mono-
or dinuclear complexes.""

Herein, we report the presence of anion-dependent blue
emissions with high luminescence quantum yields and phos-
phorescence associated with the EHE in Zn" clusters of type
[Zn,L,(1;-OMe),X,] (HL=methyl-3-methoxysalicylate; X=SCN,
Cl, Br) and [Zn,Lg(p;-OMe),(us-OH),1Y, (Y=17, ClIO,").

The three tetranuclear Zn" clusters [Zn,L,(u;-OMe),X,] (X=
SCN (1), Cl (2), Br (3)) and two wheel-type heptanuclear Zn"
clusters [Zn,L¢(u;-OMe),(15-OH),1Y, (Y=I1" (4), CIO,~ (5)) were
synthesized using the methods, with minor modification, re-
ported previously by us."? A 1:1:1 mixture of the required Zn"
salt, HL and triethylamine in methanol was stirred for 30 min
at room temperature and the resultant solution was allowed
to stand for a few days. 1, 2, 3, and 5 were obtained as
colourless crystals while 4 was obtained as yellow crystals
(Scheme 1). Elemental analyses for 1-5 were in accord
with their formulations as [Zn,L,(u;-OMe),(SCN),]l, [Zn,L,(us-
OMe),(Cl),]-0.5 CH,0H, [Zn,L,(us-OMe),(Br),]-0.25 CH,0H,
[Zn,L¢(us-OMe),(ps-OH)J1,:H,0,  and  [Zn,Lg(us-OMe),(pus-OH),J-
(ClO,),+4.5 CH;0H, respectively.
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o ZnCl, —————> [ZnyL4(p3-OMe),Cl;] (2)
NaSCN
- [Zn,L4(p3-OMe),(SCN),] (1)
0
+ ZnBr, > [Zn,L4(p3-OMe);Br;] (3)
OH NaClO,
————>  [Zn;Lg(ps-OMe),(u3-OH),]J(CIO,), (5)
o}
-~ Znl,  ————>  [Zn;Lg(p3-OMe)y(p3-OH).](1), (4)

Scheme 1. Synthesis scheme for 1-5.

Single-crystal X-ray structural analyses for 1-5 were carried
out at 100 or 123 K (see Figure 1). Crystallographic data is dis-
played in Table S1, Supporting Information. Individual struc-
tures of the tetranuclear Zn" clusters 1-3 are shown in Fig-
ure S1, Supporting Information. Each consists of a “defective”

Figure 1. Crystal structures of the tetranuclear Zn" clusters [Zn,L,(us-
OMe),X,] (X=SCN, Cl, Br) (1-3) and heptanuclear Zn" clusters [Zn,Lq(u;-
OMe),(15-OH),]Y, (Y=17, ClO,") (4, 5). Hydrogen atoms, counter anions and
solvent molecules are omitted for clarity.

double-cubane core [Zn,0q] in which four Zn" ions are bridged
by p;-methoxo groups and p,-O atoms of the deprotonated
methyl-3-methoxysalicylate ligands (Figure S1d, Supporting In-
formation). In 1, two different octahedral Zn" coordination
spheres are present (Figure S1e, Supporting Information). One
is formed by six oxygen atoms: four arising from carbonyl and
bridging phenoxo groups on the L™ ligands and two from
bridging methoxo groups. The other is formed by an anion
and five oxygen atoms: four arising from methoxy and bridg-
ing phenoxo groups on the L™ ligands and one from a bridg-
ing methoxo group. Compounds 2 and 3 have similar struc-
tures to 1 except that they contain two five-coordinated Zn"
ions which lack coordinating methoxy groups from the L™ li-
gands (Figure S1b,c, Supporting Information). The crystal struc-
tures of the wheel-type heptanuclear Zn" clusters 4 and 5 are
shown in Figure S2, Supporting Information. Each consist of a
divalent cationic heptanuclear cluster, [Zn,Ls(us-OMe),(ps-
OH),J**, with their respective counter anions (I~ or CIO,”). The
seven Zn" ions are bridged by two p;-OMe, four ps;-OH, six phe-
noxo and six alkoxo groups to form a Zn, wheel core display-
ing a Zn@Zn, arrangement. The central Zn" ion is coordinated
by two methoxo- and four hydroxo-groups with the Zn—O
bond lengths spanning 2.096(9)-2.125(8) A. The peripheral zn"
ions are coordinated by one methoxy, one carbonyl, and two
deprotonated phenol groups from L~ ligands, with Zn—O bond
lengths of 1.991(9)-2.295(9) A. The crystal void and solvent ac-
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cessible area volume for 1-5 were calculated by Crystal Explor-
er™ and PLATON" (Figure S8, Supporting Information). The
results are listed in Table S2 and S3, Supporting Information.
The calculations revealed that 1-5 have 9.7, 3.6, 5.0, 8.3, 10.4%
crystal voids per one-cell unit, which contain solvent accessible
area volume ratios of 2.0, 0, 0, 1.6, 3.8%, respectively.

UV/Vis absorption and emission spectra of the HL ligand in
the solid state at room temperature are shown in Figure 2. The
UV/Vis absorption spectrum shows an absorption band (1,,,=
318 nm) attributed to the 'mx* transition while the emission

Int. (normalized)

T T T 1 1 T 1
250 300 350 400 450 500 550 600
Wavelength / nm

Figure 2. UV absorption spectrum (red line, 1,,,=318 nm) and emission
spectrum (blue line, 1,=318 nm, 4,,,, =402 nm) of HL in the solid state at
room temperature.

spectrum displays a fluorescence band (4,,,,=402 nm) attribut-
ed to the 'm* transition. The solid-state excitation and emis-
sion spectra of 1-5 at room temperature and 77 K are shown
in Figure 3 and Figure S9, Supporting Information. At room
temperature, the solid (crystalline) samples of 1-3 each exhib-
ited blue luminescence. The emission spectra for 1-3 show un-
structured broad emission bands with maxima (4,,,) at 416,
422, and 418 nm, respectively. Although slight changes in the
maxima for 1-3 are observed, the emission spectra are quite
similar. When compared with the emission maximum for HL,
the maxima for 1-3 are significantly shifted. These differences
are in accord with an increase in the HOMO energy in each
case reflecting the different electronegativities between a
proton and the Zn" ion.”” The above observations for 1-3 indi-
cate that the emission maxima are essentially not affected by
the coordinating anions. The solid-state excitation and emis-
sion spectra of 4 and 5 at room temperature and 77 K are

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Luminescence spectra of Zn" clusters 1-5 in the solid state at
a) room temperature and b) 77 K.

shown in Figure S9, Supporting Information. At room tempera-
ture, crystalline samples of 4 and 5 also exhibited blue lumi-
nescence. Emission spectra for 4 and 5 showed unstructured
broad emission bands with the maxima (4,,,) occurring at 424
and 429 nm, respectively. Each showed related photolumines-
cent behaviour to 1-3, indicating a contribution of the intrali-
gand 'mT* transition to their luminescence. These results serve
to demonstrate that differences in the coordinated environ-
ments of the Zn" ions and also the number of Zn" ions in the
clusters do not greatly affect their emission maxima. Impor-
tantly, in the spectrum of 4, a shoulder around 520 nm was ob-
served at 77 K, which is assignable to the phosphorescence, in
addition to the emission band at 425 nm. CIE 1931 coordinates
for emission spectra of 1-5 clearly show the emission colour
change of 4 from deep blue to pale blue based on the expres-
sion of phosphorescence at low temperature (Figure S10,
Table S4, Supporting Information), while the emission colours
of 1-3 and 5 were almost unchanged even at 77 K.

Emission lifetimes (7) and emission quantum yields (@) were
measured for 1-5 (Table 1, Figure S11, Supporting Information).
Each of 1-5 have emission lifetimes in the nanosecond range,
1 (r,,=484ns), 2 (t,,=7.64ns), 3 (1,=445ns) 4 (1,,=
2.26 ns), and 5 (r,,=5.40 ns), which are in accord with expect-
ed values arising from intraligand 'mt* transitions in Zn" com-
plexes.”’ Emission quantum yields (®) of 1-3 were found to
decrease slightly in the order of 1 (0.36), 2 (0.29), 3 (0.23) at
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Table 1. Photophysical data for 1-5 in the solid state at 298 K.

Jrnay [N v o sl k. [s '@ k., [s']
1 416 0.36 484 7.4x107 1.3x10°
2 422 0.29 7.64 3.8x10’ 9.3x10’
3 418 0.23 445 5.2x10’ 1.7x10°
4 424 0.09 2.26 40x10’ 40x10°
5 429 0.29 5.40 54x10 1.3x10°

[a] Emission maximum, A.,=330 nm. [b] Emission quantum yields, i.,=
340 nm. [c] Averaged emission lifetimes, A.,=340 nm. [d] Radiative rate
constants, estimated from @/z,, [e] Nonradiative rate constants, estimat-
ed from k,(1—®)/®P.

298 K. Compound 5 exhibited a similar emission quantum
yield to 1-3 of 0.29, whereas 4 showed a significantly smaller
value at 0.09 than found for the others. This smaller value is
likely due to ISC generated by the external heavy-atom effect
(EHE) of the iodide counterions present in this case." The
shoulder present in the spectrum of 4 around 520 nm at 77 K
was associated with a remarkably long emission lifetime of 7=
95.3 ms, in agreement with this emission band resulting from
phosphorescence involving the lowest-excited triplet state (T,
state). An emission quantum vyield (@) of 4 at 77 K was evaluat-
ed at 0.32. An emission spectrum of 4 at 77 K, measured after
a delay time of 100 ms after the excitation, clearly exhibited a
broad phosphorescence band with the maximum at A=
520 nm (Figure 4). Although this phosphorescence was not ob-
served at room temperature due to the thermal deactivation,
overall, the results illustrate the significant contribution of trip-
let excited states of 4 generated by the EHE (arising from the
presence of the iodine ions).

To investigate the relationship between structures and emis-
sion origins for resultant clusters, DFT and TDDFT calculations
for 2 were carried out because 2 is suitable molecular size for
calculations rather than 4, which consists of large heptanuclear
clusters. The HOMO and LUMO are shown in Figure S12, Sup-
porting Information (Table S5 and S6, Supporting Information).

\ Steagy-;tate Phosphorescence
4 Emission
|‘ ‘/\
— \ I‘
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Figure 4. Excitation (dotted lines) and emission (solid lines) spectra of 4 in
the solid state at 77 K. Red and blue lines represent steady-state emission
(Aex=330 nm, A.,, =450 nm) and phosphorescence spectra (A,,=330 nm,

Aem= 1550 nm, delay time =100 ms), respectively.
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The singlet excited states were also calculated for 2 by using
TDDFT. The lowest energy of the spin-allowed electronic verti-
cal transitions [AE(S,—S;)] was 3.69 eV (336 nm) (Figure 5, see
Table S7, Supporting Information). These results support that
the S, state of 2 is singlet ligand-centred ('LC) excited state

s
f=0.2792

LUTO

Figure 5. Natural transition orbitals for the key vertical excitation of 2, in
which f refers to the oscillator strength. The highest occupied transition or-
bital (HOTO) and the lowest unoccupied transition orbital (LUTO), show the
occupied “hole” and the unoccupied “electron”, respectively, for this excita-
tion.

and that the intraligand transition occurs from the ligand =
HOMO delocalized in the benzene rings and methoxy groups
to the ligand m* LUMO delocalized in the benzene rings and
carbonyl groups. A similar origin for the emission is anticipated
for each of 1-5 due to their similar photoluminescence spectra
and radiative rate constants. In the case of 4, strong CH-I in-
teractions between the ligand and counter anion (I7) are ob-
served (Figure S13 and S14, Supporting Information). For 5, al-
though many hydrogen bonds are present between the ligand
and the ClO,™ counter anions occur (Figure S15, Supporting In-
formation), no phosphorescence was observed. The above
contrasting behaviour is in keeping with 4 exhibiting orbital in-
teractions between the ligand and the I~ counter anion that
give rise to the EHE promoting the ISC rates, yielding the phos-
phorescence caused by *LC."™ Such generation of the EHE via
orbital interaction clearly provides an efficient approach for in-
troducing SOC into complexes associated with a ligand-cen-
tred (LC) transition than via direct coordination of heavy-atoms
as occurs in 1-3.

In conclusion, we have synthesized the luminescent Zn" clus-
ters of types [Zn,L,(1;-OMe),X,] (X=SCN, Cl, Br) and [Zn,Lg(u,-
OMe),(u3-OH),1Y, (Y=I", ClO,”) and demonstrated that iodide
counterions produced the external heavy-atom effect (EHE) for
the expression of the phosphorescence (4,,,,=520 nm) with
the extremely long emission lifetime (t=95.3 ms). To the best
of our knowledge, this is the first observation of long phos-
phorescence involving the EHE arising from counter anions in
luminescent Zn" clusters.
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Luminescent Zn" clusters [Zn,L,(u;-
OMe),X,] (X=SCN, Cl, Br) and [Zn,L(ps-
OMe),(p;-OH),JY, (Y =1-, ClO, "),

I Cluster Compounds

F. Kobayashi, R. Ohtani, S. Teraoka,

. External
M. Yoshida, M. Kato, Y. Zhang, He:vyfﬁtom HL = methyl-3-methoxysalicylate, exhib-
L. F. Lindoy, S. Hayami,* M. Nakamura* B s Effect iting blue fluorescence at room temper-
EN-EE - \ ature (An=416~429 nm, @,,,=0.09-

0.36) have been synthesized and investi-
gated in detail (see figure).
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