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The syntheses of 3-formyl-4-hydroxybenzoic acid-derived ligands from ethylenediamine, diethylenetri-
amine, and triethylenetetramine are described. These ligands can further form hetero-binuclear complexes
with transition metal ions (M?" = Zn**, Fe?*, Ni**, Mn>") and lanthanide ions (Ln’" = Nd**, Er’*, Yb*).
The spectroscopic properties were studied using near infrared (NIR) luminescence emission spectra, fluo-
rescence lifetime, and quantum yield. These hetero-nuclear complexes exhibited the characteristic lantha-
nide near-infrared luminescence in the solid state through energy-transfer from the chromophore to lantha-
nide ions. The d-block emission bands of transition metal ions in the solid state overlapped with f-f absorp-
tion bands of Yb(Ill), Er(Ill), or Nd(Ill), sensitizing the near-infrared luminescence of these hetero-binuclear
complexes.
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Onucan cunmes 1ueanoo8 Ha ocHose 3-hopmun-4-eudpoxcubeH30uHol KUCIOmMbl U IMULEHOUAMUHA,
OUDMUNCHMPUAMUHA U MPUIMULEHMEMPAMUHA. DMu TUSAHObL MO2YM OONOIHUMENbHO 06pA306bl6amb 2e-
mepobusidepubie KOMNIEKCbl ¢ UOHAMU nepexoouwix memannog (M?T = Zn®*, Fe’*, Ni**, Mn**) u uonamu
nanmanuooe (Ln®" = Nd**, Er*, Yb**). Hccneoosanvr cnexmpuol nomunecyenyuu 6 6nuxcneti MK-obracmu,
8peMsL JICUSHU (DIyopecyeHyul U KaHmogwlli 6uix00. I emeposioepHbie KOMNIEKChl NPOSAGIAIOM XAPAKmep-
HYIO JTIOMUHECYEHYUI0 JaHmanoudos 6 onuscueti MK-obnacmu 6 meepoom cocmoanuu 3a cuem nepeoadu
9Hepeun om Xpomopopa K UOHAM AAHMAHOUO08. Tlonocel usnyuenus d-O10Ka UOHO8 NEPEeXOOHBIX MEMANL08
6 MepoOOM cocmosiHuu nepekpuvlearomcsi ¢ norocamu noerowenus f~f Yb(Ill), Ev(Ill) unu Nd(Ill), cencubunu-
3UPYS TIOMUHECYEHYUIO IMUX 2emepoOUsOepHbIX KOMNLeKcos 6 onudichem UK-ouanazone.

Kntouesvie cnosa: uonvl 1aHmanoudos, cemepodusdepuvle KOMIAEKChl, CEHCUOUNUIAYUS, THOMUHEC-
yeHyus 8 budICHell UHppaxpacHo obracmu.

Introduction. Owing to their unique electronic configuration, the lanthanide cations have linear emis-
sion spectrum, high color purity, and long fluorescence lifetime, which makes them appropriate for several
applications [1-5]. Among them, the lanthanide ions with near infrared luminescence such as Er(III),
Nd(III), and Yb(III) receive special attention. They are widely employed in laser, optical fiber communica-
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tion, and near infrared light diagnosis because of their large penetration depth, small background interfer-
ence, high sensitivity, good thermal effects, etc. [6]. However, due to symmetry-forbidden f-f transitions, the
near-infrared luminescence of the above ions has to be sensitized by the chromophores that can absorb short-
er wavelengths. As the cells and tissues can be damaged in the UV area [7, 8], it limits their use in biological
imaging [9].

To address these issues, in recent years, scientists have proposed to use d-block metal organic chromo-
phore as a sensitizer to obtain lanthanide near infrared luminescence via d-f energy transfer [10, 11]. These
chromophores have a strong absorption in the visible region, where the biological tissues can be safe. Also,
they have other advantages such as a high triplet quantum efficiency, long-life triple excited state, etc. [12].
Hence, it is a promising route for the development of lanthanide-based near-infrared luminescence. To ob-
tain d-f hetero-nuclear compounds, the d-f energy transfer from the transition metal organic chromophores to
the lanthanide luminescent mass has to be achieved. This can be attained by employing suitable organic
bridging ligands, which have “soft” coordination atoms such as P, S, C, and N that can coordinate with
d-block transition metal ions, and the “hard” coordination atoms such as O that can coordinate with the
f~block lanthanide metal ions [13—16].

Therefore, herein, a series of carboxylic salicylaldehyde Schiff base organic ligands and their d-f com-
plexes were synthesized. The obtained compounds were characterized using the IR spectra, UV-vis spectra,
and near-IR luminescence spectra.

Experimental. 3-formyl-4-hydroxybenzoic acid was prepared according to the literature [17] with
slight modifications.

Preparation of Schiff base ligands. First, a solution of 3-formyl-4-hydroxybenzoic acid (14.96 g, 90 mmol)
in ethanol was added to a stirred solution of ethylenediamine (2.67 mL, 40 mmol) in ethanol (200 mL). Then
the stirred reaction mixture was refluxed for 3 h and the mixture was concentrated by vacuum filtration. The
desired product (L1, 9.39 g, 72.0% yield) was recrystallized twice from ethanol [18]. L, and L3 were pre-
pared by the same method using diethylenetriamine and triethylenetetramine, respectively, as the starting
material.

Preparation of the complexes. L1 (5.7 g, 16.0 mmol) was completely dissolved in deionized water, and
the pH was carefully adjusted to ~7.0 with dilute ammonia water. A solution of Zn(CH3COQ), 2H,0 (3.4 g,
15.5 mmol) in deionized water was added to the aqueous solution of ligands. The mixture was then stirred at
room temperature for 4 h. The precipitate was obtained by centrifugation, which was separated and washed
three times with deionized water. A yellow product was obtained (Li-Zn, 5.6 g) [19]. The other mononuclear
transition metal compounds were prepared by the same method using Li, L,, and L3 with
Mn(CH3COO),-4H,0, NiCl,-6H,0, or Fe(NO3)3-6H,0 separately.

The synthesis process of d-f hetero-nuclear metal compounds was the same as that mentioned above.
Extremely light yellows products were obtained, and the synthesis paths are presented in Scheme 1.
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Scheme 1. Synthesis of Schiff base ligands and their complexes (M>" = Zn?*, Fe?*, Ni*, and Mn?";
Ln*" =Nd*, Er’", and Yb*").
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Results and discussion. /R spectra. The vital IR assignments in the spectra of the ligands and their
complexes are listed in Table 1 [20]. The IR spectra of L, Li-Fe, and Li-Fe-Er are good examples to de-
scribe the L coordination. The IR band at 1637 cm™' was due to the presence of the C=N group. The bands
at 3417 and 1123 cm™! were assigned to the C-O group and O-H group, respectively, indicating the presence
of phenol hydroxyl. The IR band around 1397 cm™! is related to the COO~ group. Regarding the complexes
with transition metal, the corresponding bands v(o-n) of phenol hydroxyl and vy were red shifted. It is
shown that the transition metal was coordinated with the N atom of the imines group of L; and the O atom of
the phenol hydroxyl group [21]; v(coo-) was not shifted, suggesting that the carboxyl group did not coordi-
nate with the transition metal, which is due to the steric hindrance and the “hard” coordination atoms. For
example, “O” can hardly coordinate with transition metal ions [13—15]. These results coincide with our ini-
tial design. When the hetero-nuclear complexes were further formed with the lanthanides ions, v(coo-) were
clearly blue-shifted and v(c=n) were shifted to higher wave number, which indicates that there are two coor-
dination modes between the lanthanide metals and carboxyl group [22]. This is because when the carboxy
coordinates with the lanthanide ions, the unshared pair electrons on the carboxylic oxygen shift from the
benzene ring, which leads to the stability of the conjugated system of the benzene ring and the carboxyl
group are reduced. The conjugation stability of the benzene ring and C=N is further affected, and the polarity
of the C=N double bond is enhanced [22]. The characteristic peaks of other hetero-nuclear complexes are
similar, indicating they have the same structure. The IR bands at 3120 cm™ of L, and 3114 cm™ of L; were
due to the presence of the N-H group. vy were not shifted, indicating that the N atom of the NH group in
L, and L3 was not coordinated with the lanthanide metal ions and transition metal ions [23].

TABLE 1. IR Spectral Data (KBr) (cm™!)

Complex V(0-H) V(C-0) V(C=N) V(C00-) V(N-H)
L, 3432 1109 1625 1392 -
Li-Fe 3418 1123 1612 1396 -
Li-Fe-Er 3452 — 1638 1412 -
L 3450 1121 1640 1401 3120
L>-Mn 3422 1114 1626 1396 3119
L>-Mn-Nd 3452 — 1630 1412 3127
Ls 3432 1116 1630 1398 3114
L3-Ni 3424 1117 1610 1399 3114
L;-Ni-Nd 3459 — 1631 1414 3118

UV-Vis spectra. The absorption spectra in aqueous solution (¢ = 1x10* mol/L, pH 7-8) were investi-
gated at room temperature using UV-Vis spectrophotometer Nicolet Evolution 300 (Thermo Fisher Scien-
tific). As shown in Fig. 1a, the absorption spectra of the three ligands were similar, displaying three bands at
208, 230, and 255 nm, belonging to the n-n* electron transitions of the conjugated large © bond system of the
benzene ring. The other one at 348 nm is attributed to the n—n* transitions in C=N groups [24]. L; had
stronger UV-vis absorption than L, or L3 because L; Schiff base imines can form a large m bond conjugate
system containing two aromatic rings. The spectra of their transition metal complex and d-f hetero-binuclear
ones were also similar. Therefore, L, Li-Fe, and L;-Fe-Er are used as examples to discuss the absorption
spectra. Comparing Fig. 1a with b, the absorption spectra of the complexes were similar to those of the lig-
ands, implying that the lanthanide ions had no significant impact on the energy of lnn* state. As the metal
ions themselves have weak absorption in the ultraviolet region, the UV absorption of the hetero-nuclear
complex came from L, which is substantially independent of the central ion [25]. When the ligand L; coor-
dinated with Fe?* ions, the characteristic absorption peak became sharp and blue-shifted. As the electron-
withdrawing group, the Fe atoms became the central ions after n-electron cloud density decreased and transi-
tion energy increased, resulting in blue-shift phenomenon [26]. However, compared with the complex L;-Fe,
the characteristic absorption peaks of the hetero-nuclear complex Li-Fe-Er displayed a red-shift (n-n* transi-
tion, 227—246 nm) and a blue-shift (n-n* transition, 320—310 nm), which further suggests that a stable
complex structure was formed between the Li-Fe and lanthanide metal ion [26].
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Fig. 1. (a) UV-vis spectra of L1, L, and Ls; (b) L1, L-Fe, and L;-Fe-Er.

NIR Spectra. The NIR-emission spectra in solid were investigated at room temperature using FLS 920
(UK Edinburgh Instruments Co.). As shown in Fig. 2a, the NIR-emission spectra of Yb(III) ion were charac-
terized by only one intra-configurational manifold of transition 2Fsp,—2F7 around Aem = 980 nm under the
excitation of 608 nm, which is significantly more intense for L; complexes than for L, or L3 ones. This result
signifies more effective sensitization (or energy-transfer overlap) in L; complexes to the >F7; excited state of
Yb(III) than in L, and L3 ones.

As per Fig. 2b, upon excitation at 584 nm, the emission spectra of Nd(III) complexes displayed main
characteristic emission lines corresponding to *F3—*I11» (1060 nm) transition, which is potentially suitable
for application in laser emission [27]. The peaks of Li-Ni-Nd were higher than the ones for L3-Ni-Nd, and
for the other Nd(IIT) complexes, no prominent or only feeble NIR emission attributable to Nd** ion was ob-
served under the experimental conditions. Hence, although the Nd** ion has several electronic excited states
that are appropriate for accepting energy from a sensitizer, its NIR emission may have been quenched by
N-H vibrations from the ligands L, and L3 [28]. As per Fig. 2c, the emission spectra of Er(Ill) complexes
were composed of typical Er(IIT) emission, corresponding to */130—*I152 (1532 nm) transition at 715 nm ex-
citation (position of the ligand absorption band). As shown in Fig. 2b, all the complexes of L;, such as
Li-Fe-Er, Li-Ni-Nd, and L;-Zn-Yb, had higher luminescence intensity than the ones of L, and Ls.
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Fig. 2. Near-IR luminescent emission spectrum.
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Lifetime and quantum yields. The lifetime and calculated quantum yield are summarized in Table 2.
The decay process is double-exponential decay. The quantum yield for metal-based emission processes in
solid is determined from the formula, @ = tobs/T0, Where Tobs is the observed emission lifetime and 1 is the
“natural” lifetime, viz. 8.0, 0.25, and 2 ms for Er’*, Nd**, and Yb**, respectively [29]. Notably, only the
Yb(III) compounds displayed long fluorescence lifetime and good quantum yield, while for the Er(III) and
Nd(III) compounds, the lifetime was too short for calculation of quantum yield. The Er(IIT) and Nd(III) com-
pounds probably experienced some other phenomenon, such as more effective C-H vibration quenching [30].

TABLE 2. Near-IR Luminescence Data

Complex Amax, M (Trel) T, T2, US D, %
Li-Fe-Yb 979 (8524) 1.9792 (10.40%), 9.9765 (89.60%) 0.499
Li-Zn-Yb 979 (7063) 0.8703 (30.36%), 8.6042 (69.64%) 0.430
L>-Fe-Yb 979 (4586) 1.9105 (23.78%), 9.0404 (76.22%) 0.452
L>-Zn-Yb 979 (3431) 0.8183 (31.94%), 9.4219 (68.06%) 0.471
L>-Mn-Yb 979(1244) 1.4377(24.65%), 8.2650(75.35%) 0.413
L3-Ni-Yb 978 (807) 2.2597 (25.64%), 10.2544 (74.37%) 0.513

Conclusions. Herein, novel transition-lanthanide (d-f) complexes have been developed based on deriva-
tives of 3-formyl-4-hydroxybenzoic acid. Their Infrared, UV-vis, and near-infrared luminescence spectra
have been studied. It is concluded that the d-block transition metal complexes can be used as chromophore to
sensitize the near-infrared luminescence of Yb(III), Er(II), or Nd(III) ions.
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