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Abstract

The second near-infrared window in a 1 500—1 700 nm region (known as the NIR-IIb region) presents
low autofluorescence and a deep penetration depth, enabling a potential technology for effective
imaging and anticounterfeiting applications. However, existing NIR-IIb-emitted fluorescence
materials remain limited and possess low luminescent properties. In implementing the enhanced
~1 525 nm emission of the Er (III) complex in a nonorganic solvent, an amphiphilic diblock
copolymer (PEG,;,—PAA,) was initially synthesized to coordinate with Er (III), and then certain Yb
(IIT) was doped to form the PEG-PAA—Er/Yb complex. The complex shows a dramatic fluorescent
enhancement of ~250-fold at ~1 525 nm in D,O than that in H,O under 980-nm laser irradiation,
which is ascribed to the following factors: (1) The substitution of H,O by D,O can suppress the
quenching effect of H,O at ~1 470 nm to achieve the emission of PEG-PAA—Er; (2) the doping of Yb
(IIT) enables the co-luminescence effect to PEG-PAA—Er to improve NIR-IIb emission. Notably, the
PEG-PAA-Er/Yb complex can construct molecular logic gates with logic functions and optical
anticounterfeiting by using the abovementioned fluorescence changes.
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Introduction

The second near-infrared window (NIR-II, 1000—
1700 nm), which has deep-tissue penetration and
high spatial resolution, shows great superiority for
bioimaging [1-10] and information storage and
decoding [11, 12]. In particular, the NIR-IIb region
(1500-1700 nm), which has lower autofluorescence
and deeper penetration depth than the general NIR-Ila
(1100-1400 nm) [13], has
considerable attention. However, the extensive
application of NIR-IIb fluorescence emission is

region attracted

limited because of the low number of optional probes
and low emission capacity in the NIR-IIb region.
Thus, developing novel NIR-IIb fluorescent probes
and exploring their applications are necessary.

At present, NIR-IIb-emitted fluorescence probes
are focused on quantum dots [14, 15], Er-based
downconversion nanoparticles [16, 17], and Er
complexes [18]. Among them, Er complexes, which
are equipped with small-molecule properties and
functional modification, gradually emerged as a
popular  NIR-IIb-emitted probe.
However, Er (III) is susceptible to vibrational

fluorescence
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quenching by X—-H (X is C, N, and O) oscillators from
the surrounding coordination environment [19, 20].
Given the strong absorption of water molecules at
~1470 nm, an Er (IIl)-based complex shows a
significant spectral overlap around ~1525 nm and
energy transfer with H,O, thereby limiting the
fabrication of NIR-IIb-emitting Er-based probes.
Although different strategies have been applied to
enhance the NIR-IIb emission of the Er complex,
such as the use of fluorinated ligands [21, 22], the
formation of metallacrowns [23, 24], and NIR
absorption ligands with high sensitization efficiency
[18], the application of Er-based complexes with
highly intensive NIR-IIb emission is still impeded.

In this study, an amphiphilic diblock copolymer
(PEG,,,—PAA,) was synthesized through three steps,
and a PEG-PAA—Er complex was prepared by using
the coordination effect between the carboxyl group of
PEG,;,~PAA;, and Er (III). Moreover, a
PEG-PAA-Er/Yb complex with ~1 525 nm emission
is formed by doping Yb (III) into the prepared
PEG-PAA-Er in D,0O, which is due to the
combinational effect of the co-luminescence of Yb
of D,O (Scheme 1). This
significant change in fluorescence signal promotes

and low vibrations

the construction of molecular logic gates and optical
anticounterfeiting applications. This work provides a
strategy for improving the NIR-IIb emission of the Er
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(IIT) complex at ~1 525 nm.

Experimental

Materials

Methoxypolyethylene glycol was purchased from
Aladdin. D,O, triethylamine (TEA), 2-bromoisobutyryl
bromide, pentamethyldiethylenetriamine (PMDTA), dry
dichloromethane (CH,Cl,), N,N-dimethylformamide
(DMF), and tetrahydrofuran (THF) were purchased from
Energy Chemical. Diethyl ether was purchased from
Hushi.  4-Dimethylaminopyridine = (DMAP)  was
purchased Aladdin.  Tert-butyl acrylate,
trifluoroacetic acid (TFA), and cuprous bromide (CuBr)
were purchased from Macklin. ErCl; and YbCl; were
purchased from Beijing Hwrkchemical Co., Ltd. All

from

chemicals were purchased and used as received without
further purification unless otherwise stated. A dialysis
bag was purchased from Sigma-Aldrich.

Instrumentation

Nuclear magnetic resonance (NMR) spectra were
obtained using a Bruker AV-400 spectrometer. The
chemical shifts were referenced to the residual
solvent peaks and given in ppm. Transmission
electron microscopic images were recorded by using
a JEM 2100F microscope (Japan) operated at 200 kV.
Ultraviolet (UV)-visible (Vis)-near infrared (NIR)
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Scheme 1 Preparation, NIR-IIb emission mechanism, and anticounterfeiting of the PEG-PAA—Er complex in (a) H,O and (b)
D,0 and of the PEG-PAA—-Er/Yb complex in (¢) H,O and (d) D,O.
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absorption spectra were collected by using a
Lamda750S PerkinElmer at a scan rate of 2 000
nm/min. NIR-II fluorescence spectra were acquired
by wusing the Edinburgh FLS980 fluorescence
spectrometer. Quartz cuvettes (1 c¢cm) were used to
NIR-II
fluorescence images were taken using the InGaAs
camera (C-RED2, First Light Imaging Corp., France).

measure  absorbance and  emission.

Synthesis and preparation

Synthesis of PEG,;,—Br

A solution containing methoxypolyethylene glycol
(200 mg, 1.0 eq), 2-bromoisobutyryl bromide (18 mg,
2.0 eq), TEA (9 mg, 2.2 eq), and DMAP (0.5 mg,
0.1 eq) dissolved in CH,Cl, (15 mL) was stirred
overnight under N, atmosphere. The reaction mixture
was extracted using H,O and dried using anhydrous
Na,SO,. After filtration, the mixture was precipitated
by adding ethyl ether to obtain PEG,,,—Br.

Synthesis of PEG,;;,~TBA,,

A solution containing 100 mg of PEG,;,—Br (1.0 eq),
8.5 mg of CuBr (3.0 eq), 256.3 mg of tert-butyl
acrylate (100 eq), and 10 mg of PMDTA (3.0 eq)
dissolved in dry DMF (15 mL) was stirred at 70 °C
overnight under N, atmosphere. After reaction, the
reaction mixture was exposed to the atmosphere
under an ice bath to stop polymerization, and then
THF was added to dilute the solution. The mixture
was purified by Al,O; flash column chromatography
and evaporated. The residue was precipitated by
adding ethyl ether and dried to obtain PEG,;,—TBA,,.

Synthesis of PEG;;,—PAA;,

PEG,;,—TBA,, was (20 mg) dissolved in 1 mL of dry
CH,Cl, under N, atmosphere, and TFA (1 mL) was
added dropwise to the abovementioned solution.
After stirring overnight, the mixture was precipitated
by adding ethyl ether to obtain PEG,,—PAA ..

Preparation of PEG—PAA-Er in H,0

A solution containing ErCl; (18.9 mg) dissolved in
0.5 mL of H,O was slowly added to 0.5 mL of
PEG,;,-PAA,, (7.4 mg), and the reaction mixture
was stirred for 24 h in 1.0 mL of MilliQ water at
room temperature. Then, these samples were purified
three times using a dialysis bag.

Preparation of PEG-PAA-Ev/Yb in H,0O

A solution containing ErCl; (18.9 mg) dissolved in

0.5 mL of H,O was slowly added to 0.5 mL of
PEG,,-PAA,, (7.4 mg), and the reaction mixture
was stirred for 24 h at room temperature to form
PEG-PAA-Er. Different amounts of YbCl; were
added to the PEG-PAA-Er aqueous solution, in
which ng:ny, = 0.04, 0.1, 0.2, 0.4, 0.6. Then, the
obtained PEG-PAA-Er/Yb, (where x denotes the
different doping amounts of Yb) was purified three
times using a dialysis bag.

Preparation of PEG—PAA-Er in D,0

First, 1.0 mL of D,O solution was mixed with a
PEG,,—PAA,, polymer (7.4 mg) and ErCl; (18.9 mg)
and stirred at room temperature for 24 h. Then, the
obtained samples were purified three times using a
dialysis bag.

Preparation of PEG—PAA-Ev/Yb in D,0

First, 1.0 mL of D,O was mixed with PEG,,;,—PAA,,
polymer (7.4 mg) and ErCl; (18.9 mg) and stirred at
room temperature for 24 h to form PEG-PAA-Er.
Different amounts of YbCl; were added to the D,O
solution of PEG-PAA-Er, in which ng:ny, = 0.04,
0.1, 0.2, 04, and 0.6. Then, the obtained
PEG-PAA-Er/Yb, (x denotes the different doping
amounts of Yb) was purified three times using a
dialysis bag.

Results and Discussion

First, an  amphiphilic =~ diblock  copolymer
(PEG,,—PAA,,) was synthesized through three steps
(Fig. S1 in the Electronic Supplementary Material
(ESM)), which was characterized by 'H NMR (Figs.
S2-S4 in the ESM). Using PEG,;,—PAA,,, the
PEG-PAA-Er complex in H,O was prepared via one-
step reaction and characterized by using transmission
electron microscopy (TEM, Fig. S5 in the ESM). The
optical properties of the PEG-PAA-Er complex
demonstrated the maximum absorption and emission
wavelengths of DMSO at of 980 and ~1 525 nm,
respectively (Figs. S6 and S7 in the ESM). The
fluorescence intensity of ~1 525 nm gradually
increased with the increase of Er (III) concentration,
and the emission of PEG-PAA—Er was higher at
~1 525 nm under 980-nm laser irradiation than that
under 808-nm laser (Fig. S7 in the ESM). This
difference in emission might be due to the higher
molar extinction coefficient of PEG-PAA-Er at
980 nm than that at 808 nm. However, PEG-PAA-Er
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Fig. 1 (a) Normalized absorbance of H,O and the fluorescence spectrum of the PEG-PAA—Er complex. (b) Normalized
absorbance of H,O and D,O. (¢) Schematic diagram of the vibrational mode of water molecules. (d) Assignment of the IR
vibrational absorbance spectrum of liquid water. (e¢) Main vibrations of liquid H,O and D,0.

showed no NIR-IIb emission in H,O. Thus, the
absorbance spectrum of H,O and the fluorescence
spectrum of PEG-PAA-Er in DMSO were compared
to achieve the NIR-IIb emission of PEG-PAA—FEr in a
nonorganic solution (Fig. 1(a)). The result showed an
evident spectral overlap between the absorbance of
H,0 and the emission of PEG-PAA-Er, as well as
energy loss caused by the vibration of the hydroxyl
group [25], thereby quenching the NIR-IIb emission
of PEG-PAA-Er in H,0. Moreover, H,O featured the
main absorption bands at ~970, ~1 200, and
~1 470 nm because of the contributions of symmetric
stretch, asymmetric stretch, and bending of H,O
molecules (Figs. 1(b)-1(d)). Compared with H,O,
D,0 displayed a negligible absorbance in the
wavelength range of 800-1 600 nm, which was
ascribed to its lower molar extinction coefficient
(Figs. 1(b) and 1(e)).

In investigating the effects on the NIR-IIb emission
of PEG-PAA-Er from H,0 and D,O, the
PEG-PAA-Er complex was prepared in D,O instead
of H,O and was characterized by TEM (Fig. S8 in the
ESM). First, the fluorescence intensity of the
PEG-PAA-Er and ErCl; solutions was compared
under 808 and 980-nm excitation, respectively. The
results indicated that the fluorescence intensity of the
PEG—PAA-Er solution was higher than that of the
ErCl; solution under the same conditions (Figs. 2(a)
and 2(b)). Therefore, the PEG-PAA polymer can
coordinate with Er (III), which increases the
characteristic emission of Er (III). Simultaneously,
the fluorescence emission of PEG-PAA-Er in D,O
was superior to that in H,O, which enhanced by 2.50-
and 5.39-fold under 808- and 980-nm excitation,

respectively (Fig. 2(c)). Given the co-luminescence
effect [26] of lanthanide complexes, different
amounts of Yb (III) were doped into PEG-PAA-Er to
prepare PEG-PAA-Er/Yb complexes in D,O and
H,O to further improve the NIR-IIb emission of
PEG-PAA-Er, which was characterized by TEM
(Figs. S9 in the ESM and Fig. 2(d)). The prepared
PEG-PAA-Er/Yb in D,0O possessed a pear-like
morphology. PEG-PAA-ErtYb displayed evident
absorption at 980 nm in H,O and D,0 (Fig. 2(e)). In
H,O, PEG-PAA-Er/Yb showed a negligible
fluorescence intensity with the increase of Yb
concentration under 808- and 980-nm laser irradiation
(Figs. S10(a) and S10(c) in the ESM). In DO,
PEG-PAA-Er/Yb showed a prominent fluorescence
emission (Figs. S10(b) and S10(d) in the ESM), and
the strongest fluorescence intensity was observed
when the molar ratio of Er (IIT) and Yb (III) reached
0.04 under 980-nm laser irradiation. It was mainly
because that the introduction of Yb (III) resulted in co-
luminescence effect and —-COOH of PEG-PPA
coordinated with Er (III) changed the coordination
environment of Er (III).

The fluorescence intensity of PEG-PAA-Er/YD at
~1 525 nm in D,0 enhanced by 250- and 128-fold
under 980- and 808-nm laser irradiation, respectively,
compared with PEG-PAA—Er in H,O (Figs. 2(f) and
S11 in the ESM). These results indicated the absence
of an enhancement effect during Yb (III) doping or
when D,0 was used for PEG-PAA-Er (Figs.
2(a)-2(c)). On the contrary, a dramatic fluorescence
enhancement was observed at ~ 1 525 nm during the
doping of certain Yb (III) simultaneous with the
substitution of H,O by D,O (Fig. 2(f)). This finding
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Fig. 2 NIR-IIb fluorescence emission of PEG-PAA—Er and ErCl; in H,O and D,O under (a) 808 nm and (b) 980 nm excitation,
respectively. (¢) NIR-IIb emission intensity of PEG-PAA—Er in H,O and D,O at 1 525 nm. (d) TEM of PEG-PAA-Er/Yb in D,0.
(e) Absorbance spectra of PEG-PAA—Er under the indicated conditions. (f) NIR-IIb emission spectra of PEG-PAA—Er under the

indicated conditions under 980 nm excitation.

indicated that the combinational effect of doping Yb
(III) and using D,0O could achieve fluorescence
enhancement at ~1 525 nm. In addition, apart from the
co-luminescence effect of lanthanide complexes, the
introduction of small-molecule ligand could replace
H,O and participate in coordination with lanthanide
ions, which can increase the emission of lanthanide
complexes [27]. Therefore, we doped different
amounts of Gd (III) and 1.10-phenanthroline (phen)
into PEG-PAA-Er in D,O to regulate NIR-IIb
emission at ~1 525 nm (Fig. S12 in the ESM).
PEG-PAA-Er NIR-IIb
emission under 980-nm laser excitation. These results
indicated that PEG-PAA—Er could efficiently emit
NIR-IIb fluorescence concurrently in D,O and with
Yb doping because of the induced energy loss and
sensitization from Yb (III) to Er (III) [24]. However,
PEG-PAA-Er cannot achieve in vitro and in vivo

However, showed no

applications because the presence of water can
remarkably influence NIR-IIb fluorescence emission
in biological systems.

Optical anticounterfeiting and encryption have
always been a matter of concern and exploration.
Among the evident optical anticounterfeiting and
encryption materials, lanthanide-based nanomaterials
showcase diverse radiation absorption and emission
because of their unique electronic layer structure,
which are beneficial for use in diverse optical output

anticounterfeiting. =~ Therefore,  lanthanide-based
nanomaterials have been gradually applied for
anticounterfeiting and encryption [28-34]. In

particular, near-infrared fluorescent signals that are

difficult to observe through the naked eyes
dramatically improve the security of
anticounterfeiting and  encryption.  Therefore,

fluorescence emission at ~1 525 nm during Yb doping
simultaneous with the presence of D,O indicated the

potential application of PEG-PAA-Er/Yb in
information storage and  anticounterfeiting.
Furthermore, the efficient NIR-IIb emission of

PEG-PAA—Er was used in the presence of D,O and
Yb to construct molecular logic gates, in which the
chemical-encoded information as input has been
converted to fluorescent signals as output, thereby
resulting in information storage devices at the
molecular level.

Thus, depending on the two input signals (D,0 and
Yb), logic gates with AND logic functions were
constructed. As shown in Figs. 2(f) and 3(a), no
fluorescence emission at 1 525 nm was observed in
the absence of both inputs; thus, the output became “0”
(entry 1). In the presence of D,O or Yb as input 1 and
input 2, respectively, the weak fluorescence emission
at 1 525 nm was not observed; thus, both outputs
became “0” (entry 2 and entry 3). However, in the
presence of both inputs, a strong fluorescence band at
1 525 nm was observed, and the output became “1”.
Accordingly, the truth table value for the output
forms an AND logic gate (Fig. 3(b)).

Given the AND logic gate application from the
efficient NIR-IIb emission of PEG-PAA-Er through
D,O and Yb, the changes in NIR-IIb fluorescence

https://www.sciopen.com/journal/2150-5578
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Fig. 3 (a) Truth table of logic gates. (b) Logic gate system using D,O and Yb as inputs and the NIR-IIb emission intensity of
PEG-PAA-Er at 1 525 nm as the output. (¢) Experimental scheme of the information storage performance of PEG-PAA-Er.
“IsFE” pattern drawn on the nonfluorescent mold using a writing brush dipped in fluorescent ink with PEG-PAA-Er in H,0,
PEG-PAA-Er in D,0, PEG-PAA-Er/Yb in H,0O, and PEG-PAA-Er/Yb in D,O. (d) Corresponding NIR-IIb fluorescence images
of the “I*FE” handwriting using fluorescent solution under 980-nm laser illumination (Ex: 980 nm, 1 000 nm long-pass filter).

signal are sufficient for optical anticounterfeiting.
NIR-IIb fluorescence images were designed on the
basis of PEG-PAA-Er. In addition, PEG-PAA-Er or
PEG-PAA-Er/YDb coordination polymers dispersed in
H,O and D,0O were used as the fluorescent ink. As
depicted in Figs. 3(c) and 3(d), a writing brush dipped
in fluorescent ink was used to draw patterns on a
nonfluorescent mold. PEG-PAA—Er in H,O was
under 980-nm
Furthermore, “I*FE” showed weak fluorescence
signals in the presence of PEG-PAA-Er in D,O or
PEG-PAA-Er/Yb in H,0. For PEG-PAA-Er/Yb in
the D,O-treated group, a strong “I*FE” fluorescence
signal was observed. This observation indicated the
of Er-based
polymers in anticounterfeiting.

nonfluorescent laser irradiation.

potential application coordination

Conclusions

In this study, a PEG-PAA—Er coordination polymer
and PEG-PAA-Er
achieved NIR-IIb emission in nonorganic solutions
by doping Yb and replacing H,O with D,0. The NIR-
IIb emission of PEG-PAA-Er at ~1525 was
dramatically enhanced by 250-fold. In addition, the
PEG-PAA-Er/Yb complex can be used for the
construction of molecular logic gates with AND logic

was successfully prepared,

functions and optical anticounterfeiting.
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