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A B S T R A C T   

The present article showcases the creation and evaluation of luminescent composite fibers by embedding co
ordination polymers, such as Er(1) {[Er(2-stp)3(H2O)]}n and Yb(2) {[Yb(2-stp)3(H2O)]}n, which are suspended 
in 2-sulfoterephthalate, into polymer matrices using electrospinning. The Er(1) and Yb(2) complexes were 
combined with poly (methyl methacrylate) (PMMA) at concentrations ranging from 5 wt.% to 25 wt.%, leading 
to the formation of Er@PMMA and Yb@PMMA fibers. This method resulted in one-dimensional (1D) luminescent 
composite fibers. Our study reveals that these composite fibers exhibit superior photoluminescence properties 
compared to their individual pure complex counterparts. This enhancement is ascribed to the synergistic effects 
of the PMMA matrix and electrospun fiber structure. Furthermore, we observed that the composite nanofibers 
exhibited significantly better thermal and photostability compared to their pure complexes.   

1. Introduction 

Lanthanide luminescent rare earth complexes are esteemed for their 
unique properties, such as sharply defined emission peaks, significant 
Stokes shifts, and extended excited state durations. Their emission, 
primarily from f-f transitions, features extremely narrow bandwidths 
that lead to the emission of highly pure colors [1]. These characteristics 
in lanthanide complexes have surged due to their potential in a variety 
of applications, including as luminescent probes, in drug delivery, op
toelectronics, optical communications, and sensors [2]. Er3+ ions are 
notable for their efficient yellow luminescence, applicable in areas like 
solid-state lighting, field emission displays, security printing, and both 
biological and sensing applications [3]. Similarly, Yb3+ions, with their 
near-infrared (NIR) luminescence around 980 nm, are regarded as 
highly promising for applications in bioanalytical research, telecom
munications, and laser designs [4]. 

However, the challenge with Ln3+doped inorganic materials is their 
low absorption density, which has prompted the exploration of methods 
to enhance their light absorption capabilities. Integrating suitable 
organic ligands into Ln3+ complexes is an effective strategy to facilitate 

energy transfer upon excitation, thereby increasing the luminescence of 
these materials. Aromatic carboxylic acid ligands, which feature multi
ple coordination atoms like N and O, offer several coordination sites and 
modes, improving the water solubility of the complexes due to their 
carboxylic acid groups [5]. Additionally, these ligands allow for the 
introduction of active groups into the aromatic ring, expanding the 
complexes’ application possibilities. Direct use of β-diketone complexes 
in materials is limited by their processing challenges, thermal instability, 
and mechanical weakness. However, the addition of these complexes to 
organic, inorganic, or hybrid composite materials has broadened their 
applicability. Incorporating these complexes into polymers or using 
electrospinning technology to create nanofibers significantly enhances 
the materials’ thermal stability, mechanical strength, and luminescence 
properties [6–8]. 

A comprehensive survey of methodologies for fabricating lumines
cent nanocomposites reveals the application of diverse techniques, 
including but not limited to self-assembly, solution casting, phase sep
aration, melt blowing, and chemical synthesis [9–11]. Within this 
spectrum of methodologies, electrospinning emerges as a preeminent 
technique, distinguished by its simplicity and efficacy in generating 
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continuous one-dimensional hybrid composite fibers at the nanometer 
scale [9]. The adaptability of electrospinning permits the attainment of a 
broad array of structural configurations, such as porous fibers, 
ribbon-like formations, wrinkled structures, and beaded fibers, through 
the precise modulation of the electrospinning parameters [12]. Signifi
cantly, electrospinning has been effectively employed in the synthesis of 
luminescent composite fibers exhibiting tailored optical properties. This 
has been achieved through the use of various polymers, including 
Polyvinyl Alcohol (PVA), Polyethylene Oxide (PEO), Poly
vinylpyrrolidone (PVP), and, Polymethyl Methacrylate (PMMA) under
scoring the method’s versatility and its pivotal role in advancing the 
field of composite material science. Polymethyl Methacrylate (PMMA) 
stands as a versatile polymer with promising applications across a 
diverse array of fields, including but not limited to, optical technologies, 
pneumatic actuation systems, sensor development, analytical separation 
methodologies, and conductive device fabrication [13]. 

This research focuses on the fabrication of photoactive composite 
fibers containing coordination polymers with Er(1) and Yb(2) com
plexes, embedded within a PMMA matrix through electrospinning. The 
photoluminescence properties of these fibers were thoroughly exam
ined, demonstrating enhanced performance over their pure complex 
counterparts. Moreover, we anticipate that the outcomes of this study 
will not only yield fresh insights into luminescent behavior but also 
unlock possibilities for innovative applications in the realm of opto
electronic devices and beyond. 

2. Experimental details 

2.1. Materials and physical measurements 

Er(NO3)3⋅5H2O with a purity of 99.9%, Poly(methylmethacrylate) 
PMMA with a molecular weight of approximately 350.000, NaOH with a 
purity of 98%, N,N-Dimethylformamide (DMF) with a purity of 99.8%, 
and ethanol with a purity of 99.8% were purchased from Sigma-Aldrich. 
YbCl3⋅6H2O with a purity of 99.9% was obtained from Fluorochem Ltd., 
and 2-sulfoterephthalic acid monosodium salt (2-NaH2stp) was procured 
from TCI. 

Elemental analysis was conducted using an Elementar Vario-EL-III 
microanalyzer, and Fourier Transform Infrared (FT-IR) spectral data 
were obtained using a Perkin Elmer Spectrum 65 spectrophotometer in 
conjunction with an ATR-Kit system. The spectral data were collected 
over a range of 4000–600 cm− 1 at room temperature. The thermal sta
bility of the sample was evaluated using a PerkinElmer TGA 4000 
thermogravimetric analyzer. The FEI QUANTA 250 FEG, which was 
outfitted with an energy-dispersive spectroscopy (EDX) system, was 
utilized to capture the SEM images. The Image J software was employed 
to ascertain the average diameter and size distribution of the composite 
fibers depicted in the SEM images. The ANDOR SR500i-BL luminescence 
spectrometer, equipped with a triple grating and an Intensified Charge 
Coupled Device (ICCD) camera for the visible region, and an InGaAs 
detector for the near-infrared (NIR) region, was utilized to measure the 
photoluminescence (PL) spectra. 

The frequency-tripled Nd:YLF Q-switched pulse laser operating at 
349 nm was utilized as the laser source for excitation. The powder X-ray 
diffraction (PXRD) patterns were captured using a Philips PW-1710/00 
diffractometer and Cu-Kα radiation (λ = 1.5418 Å) in the range of 5◦ <

2θ < 50◦ The data was collected in the θ-θ mode with a step size of 5 s < n 
< 10 s and a step width of 0.03◦ The experimental PXRD patterns were 
compared to the calculated patterns obtained from CIF files using Mer
cury 3.9. [14]. 

The X-ray diffraction data for both the Er(1) and Yb(2) complexes 
were acquired using a Xcalibur, Eos diffractometer with MoKα mono
chromatic radiation (λ=0.71073 Å) at room temperature. The structure 
was determined using both the direct method and the full-matrix least- 
squares method on F2 with the aid of Olex2–1.2 software [15]. 
Olex2–1.2 was also utilized to refine the positions of all non-hydrogen 

atoms through anisotropic atomic displacements. When refining the 
hydrogen atoms, they were either incorporated using their idealized 
geometry or placed in the difference Fourier map and refined "riding" on 
the corresponding parent atoms. The Olex2–1.2 software’s MASK pro
cedure was employed to account for the influences of disordered solvent 
molecules, and the free model of this procedure was implemented for the 
concluding refinement process. The chemical formula for Er(1) 
comprised three water molecules, whereas the formula for Yb(2) 
comprised one water molecule and one methanol molecule, along with 
their respective hydrogen atoms, which were excluded from the total 
chemical formula and the list of atoms. 

Geometric calculations were conducted using the software PLATON 
1.17 [16], while molecular visuals were generated with the aid of 
Olex2–1.2. The crystal data and structure refinement information for 
both complexes are presented in Table 1. Bond lengths and angles for 
selected components are listed in Table 2. The coordination modes of the 
2-stp ligand for Er(1) and Yb(2) are detailed in Scheme S1. The molec
ular structure of Er(1) and Yb(2) with atomic labeling is illustrated in 
Fig. 1 and Fig. S1, respectively, while the packing diagrams are provided 
in Fig. 2 and Fig. S2, respectively. A schematic representation of the 
synthesis process for Er@PMMA and Yb@PMMA nanofibers is shown in 
Scheme 1. 

2.2. Synthesis of Er(1) and Yb(2) 

The preparation of two complexes, Er(NO3)3⋅5H2O and YbCl3⋅6H2O, 
was carried out using established methods as documented in the liter
ature [3,17,18]. A solution of 2-stp (0.1 mmol) and Er(NO3)3⋅5H2O (0.1 
mmol) was prepared by dissolving both reagents in 10 ml of distilled 
water and methanol, with constant stirring. Subsequently, a 1 mol/L 
NaOH solution was added to the mixture, and stirring was continued. 
The mixture was then heated at 30 ◦C for 5 h before being transferred to 
a bomb equipped with a Teflon liner (45 ml) and heated at 120 ◦C for 3 
days. After cooling to room temperature, the product was filtered and 
washed with distilled water to yield crystals of Er(1) (pink) and Yb(2) 
(yellow). 

2.3. Preparation of composite fibers 

Poly(methyl methacrylate) (PMMA) was dissolved in N,N- 
dimethylformamide (DMF) to prepare a 15 wt.% solution. Subse
quently, Er(1) and Yb(2) complexes were added to the above mixture 
solution in amounts corresponding to 5, 10, 15, and 20 wt.% by weight 
PMMA. The resulting solution was stirred for 12 h at room temperature 
to ensure homogeneity and transparency. 

Electrospinning was conducted using a laboratory spinning unit 

Table 1 
Crystal data and structure refinement information for Er(1) and Yb(2).   

1 2 

Chemical Formula C8H9ErO10S C8H9O10SYb 
Formula weight (g mol–1) 464.47 470.25 
Crystal system, space 

group 
Orthorhombic, Pbcn Orthorhombic, Pbcn 

Unit cell dimensions a = 19.8224 (8) Å 
b = 7.3738 (3) Å 
c = 19.4844 (7) Å 

a = 19.7704 (8) Å 
b = 7.3549 (3) Å 
c = 19.3952 (8) Å 

V / Å3 2847.97 (2) 2820.2 (2) 
Z 8 8 
ρcalc / g cm− 3 2.167 2.215 
μ/mm− 1 6.08 6.82 
Temperature (K) 292 294 
Reflections collected 5760 6497 
Independent reflections 2682, [Rint=0.026] 2666, [Rint=0.036] 
Goodness–of–fit on F2 1.03 1.026 
R indices [I > 2σ(I)] R1 = 0.0272, wR2 =

0.0600 
R1 = 0.0312, wR2 =

0.0642  
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(SPINGENIX SG-1) and a 15.5 kV DC high-voltage generator in a hori
zontal alignment. The spinning solution was then ejected through a 5 mL 
plastic injector with a non-rust steel needle having an inner diameter of 
0.8 mm. The distance between the collector and the needle tip was set at 
20 cm, and the fluid supply rate was set at 2 mL/h. The randomly ar
ranged nanofibers were collected on an electrically grounded aluminum 
foil. Finally, the composite fibers were dried in a vacuum-drying oven at 
40 ◦C for 12 h to remove any residual organic solvent. 

3. Results and discussion 

3.1. Crystal structure 

The crystal structure data obtained from X-ray diffraction analysis 
demonstrate that the compounds Er(1), which is composed of [Er(2-stp)⋅ 
3(H2O)]n, and Yb(2), which is composed of [Yb(2-stp)⋅3(H2O)]n, have 
the same crystal structure and belong to the orthorhombic system with 
the Pbcn space group. For the purpose of this analysis, we will focus on 
Er(1). The asymmetric unit of Er(1) comprises an Er3+ ion, a 2-stp 
ligand, and three water molecules that are coordinated to the Er3+

ion. The Er3+ ion exhibits octahedral coordination and assumes a dis
torted square-antiprismatic geometry. It incorporates four oxygen atoms 
from the carboxylate groups with Er-OCO2 bond lengths ranging from 
2.256 (3) to 2.444 (3) Å, a single oxygen atom from the sulfonato group 
with an Er-OSO3 bond length of 2.305 (3) Å, and three oxygen atoms 
from coordinated water molecules with Er-O(w) bond lengths varying 
from 2.333(3) to 2.425(3) Å (Fig. 1). The bond lengths and angles in this 
study are consistent with previously reported values for similar com
plexes [3,19] (Table 2), as demonstrated by the results obtained. 

The 2-stp ligand in both Er(1) and Yb(2) consistently adopts the 
coordination mode shown in Scheme S1. Upon deprotonation, the 

carboxylate and sulfonato groups coordinate with three distinct Er3+

ions for Er(1) or Yb3+ ions for Yb(2). Specifically, for Er(1), the O9-C8- 
O10 group forms a bis(bidentate) coordination mode, where the O9 and 
O10 atoms are bonded to a single Er3+ ion, while the O4-C1-O5 group 
participates in a monodentate coordination mode, with the O4 atom 
binding to one Er3+ ion and the O5 atom to another. This leads to the 
formation of a two-dimensional network for Er(1) within the bc plane, as 
depicted in Fig. 2. 

Previously, researchers documented crystal structures similar to 
those under discussion, specifically [Ln(TPSO3)⋅(H2O)2]n, where TPSO3 
is sulfonatoterephthalate [19]. To examine the photoluminescence 
characteristics of the Er(1) and Yb(2) complexes, as well as their com
posite fibers with Poly(methyl methacrylate) (PMMA), denoted as 
Er@PMMA and Yb@PMMA, respectively, we synthesized these com
plexes and elucidated their crystal structures. Notably, the single crystal 
data for the structures reported earlier were collected at 100 K and were 
associated with a triclinic space group (P-1), whereas the crystallo
graphic analysis conducted in the present study was carried out at room 
temperature and pertained to an orthorhombic space group (Pbcn). 
Consequently, there is a divergence in the single crystal structural data 
between this study and those reported previously. 

Table 2 
Selected bond lengths (Å) and bond angles (◦) of Er(1) and Yb(2).  

1  2  

Er-Ow 2.333(3)- 2.425(3) Yb-Ow 2.298(4)- 2.408(4) 
Er-OCO2 2.256 (3)- 2.444 (3) Yb-OCO2 2.239(3)- 2.424(4) 
Er-OSO3 2.305 (3) Yb-OSO3 2.283(3) 
Ow-Er-Ow 71.92 (12) - 144.11(12) Ow-Yb-Ow 73.53(14)- 143.98 

(14) 
Ow-Er-OCO2 69.33(12)- 146.41(12) Ow-Yb-OCO2 69.53(14)- 146.31 

(14) 
Ow-Er-OSO3 70.75(11) - 95.39(12) Ow-Yb-OSO3 71.21(13)- 95.02(14) 
OCO2-Er- 

OCO2 

53.76(12)- 132.75(12) OCO2-Yb- 
OCO2 

54.24(14)- 132.51 
(15) 

OCO2-Er- 
OSO3 

78.35(11) - 160.63(11) OCO2-Yb- 
OSO3 

78.78(13)- 160.45 
(13)  

Fig. 1. (a) The molecular structure of Er(1). H atoms have been omitted for clarity, (b) Distorted square-antiprismatic geometry surrounding the Er3+ atom in Er(1).  

Fig. 2. A view of 2-D network of Er(1) in bc plane.  
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3.2. Powder X-ray diffraction and FTIR analysis 

Powder X-ray diffraction (PXRD) measurements provide valuable 

information regarding the purity of synthesized complexes. By 
comparing the XRD patterns of Er(1) and Yb(2) to simulated patterns 
(Fig. S3), it is evident that the phase purity of both complexes is high. 

Scheme 1. Schematic presentation of the preparation of Er@PMMA and Yb@PMMA nanofibers.  

Fig. 3. FT-IR spectra of 2-stp and PMMA (a) Er(1) and Yb(2) (b) Er@PMMA and Yb@PMMA.  
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Based on this observation, it can be concluded that the PXRD mea
surements of the synthesized complexes are effective in determining 
their purity. 

The bond properties and chemical bond formations between the 
dopant and the host polymer in Er@PMMA and Yb@PMMA fibers (5 wt. 
% – 25 wt.%), as well as their pure complexes and precursors, were 
analyzed using FTIR (Fig. 3). As the complexes and nanofibers exhibited 
almost identical behavior across all spectra, only Er(1), its fibers and free 
ligands will be discussed in detail as representative examples. For the Er 
(1) complex, the asymmetric and symmetric stretching vibrations of the 
carboxylate ions were identified at 1575 and 1405 cm− 1, with the dif
ference in these vibrations being approximately 160 cm− 1. This value is 
significantly lower than the typically expected 200 cm− 1, suggesting 
that the carboxyl groups are chelated to the Er(1) ions [3]. The inference 
of coordinated water molecules in the Er(1) complex was based on the 
mid-peak around 3380 cm− 1 in its spectrum, suggesting the presence of 
ν(O–H) stretching frequencies [20]. Furthermore, the absorption bands 
at 1250, 1164, and 1078 cm− 1 indicate typical stretching vibrations of 
SO3 groups, aligning with the crystalline structure of the Er(1) complex. 

The pristine polymethyl methacrylate (PMMA) matrix is distinguished 
by four prominent absorption bands within its infrared spectrum. This 
spectral profile is marked by two pronounced bands, attributed to the 
stretching vibrations of the carbonyl group (C = O) at 1721 cm− 1 and the 
ester group (C–O) at 1159 cm− 1, respectively [7,21]. The spectral range 
from 2951 cm− 1 covers vibrational bands related to the stretching 
modes of the C–H bonds. The peak attributed to the C = O stretching 
band in PMMA at 1721 cm− 1 shows a notable shift to a lower frequency 
at 1730 cm− 1 in the Er@PMMA composite fibers. This shift suggests an 
interaction between the oxygen atoms of the carbonyl group in PMMA 
and the Er3+ ions in the Er(1) complex [22,23]. Additionally, the 
diminished absorption peak at 1145 cm− 1 in the Er@PMMA fibers, 
attributed to the overtone of the C = O stretching mode in 2-stp, in
dicates the successful doping of the Er(1) complex into PMMA [6]. 

3.3. Morphology of analysis of composite fibers 

The SEM was utilized to examine the surface morphologies of elec
trospun products Er@PMMA and Yb@PMMA, which contain varying 

Fig.4. A) SEM images and EDX of optimized of Er@PMMA (10 wt.%) and elemental mapping of carbon (C), oxygen (O), sulphur (S), erbium (Er) and B) SEM images 
and EDX of optimized of Yb@PMMA (15 wt.%), carbon (C), oxygen (O), sulphur (S), ytterbium (Yb). 
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concentrations of the Er(1) and Yb(2) complexes. Fig. 4 displays SEM 
images and EDX spectroscopy of the optimized Er@PMMA and 
Yb@PMMA samples. Additionally, Figure S4 presents SEM images and a 
size distribution graph for both Er@PMMA and Yb@PMMA, 

respectively. The observed average diameters of the one-dimensional 
(1D) composite fibers exhibited an increase from 1.29 μm (at 5 wt.%) 
to 1.99 μm (at 25 wt.%) for Er@PMMA, and from 1.74 μm (at 5 wt.%) to 
2.14 μm (at 25 wt.%) for Yb@PMMA. The SEM histograms indicate that 

Fig. 5. TGA-DTG curve of (a) Er(1), (b) Yb(2), (c,e) Er@PMMA, (d,f) Yb@PMMA.  
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the integration of Er(1) and Yb(2) complexes into the PMMA matrix led 
to an increase in the solution viscosity and enhanced the electrical 
conductivity of the soluble materials. This enhancement in viscosity and 
conductivity resulted in the aggregation of fibers during the electro
spinning process, which subsequently led to an increase in the diameters 
of the fibers [24,25]. SEM images depict that the surfaces of the 
Er@PMMA and Yb@PMMA composite fibers are predominantly smooth, 
albeit with a minority of fibers appearing relatively irregular and rough. 
Hence, the increase in the diameter of the composite fibers, as evidenced 
in the SEM images, confirms the successful amalgamation of the Er(1), 
Yb(2) complexes, and the PMMA polymer matrix. This outcome in
dicates that the Er(1) and Yb(2) complexes were uniformly dispersed 
within the PMMA matrix, suggesting a high level of compatibility with 
the PMMA polymer, which holds potential implications for the mate
rial’s properties and applications. 

Energy Dispersive X-ray Spectroscopy (EDX) serves as a pivotal 
technique for determining the elemental composition within specific 
regions of a sample and has been extensively employed in this study to 
authenticate the homogeneous synthesis of Er@PMMA and Yb@PMMA 
composite fibers. The procedure involved scrutinizing designated re
gions of interest during the EDX analysis, which unveiled peaks indic
ative of the elements inherent to the precursor materials. The EDX 
findings corroborated the presence of carbon (C), oxygen (O), sulfur (S), 
and the respective lanthanide elements erbium (Er) for Er(1) or ytter
bium (Yb) for Yb(2) within the electrospun products. 

The unequivocal integration of the Er(1) and Yb(2) complexes into 
the PMMA matrix was evidenced through distinct spectral peaks in the 
EDX spectrum, as depicted in Fig. 4. These peaks distinctly matched the 
elements within the examined region of interest. Furthermore, the 
atomic and weight percentages of the elements in the composite fibers 
were quantified, with the results succinctly presented in a tabulated 
inset within the EDX plot (Fig. 4). The observation of consistent peaks 
across the spectrum is indicative of the formation of stable fibers that 
possess the correct atomic distribution, a crucial aspect for the 
advancement of subsequent optical and structural investigations [26]. 
Moreover, these findings lend substantial support to the analyses con
cerning luminescence and structural properties [27]. 

3.4. TGA and DTG analysis 

Thermogravimetric Analysis (TGA) and differential thermogravim
etry (DTG) have been used as a critical technique for analyzing the 
thermal stability and decomposition characteristics of organic-inorganic 
hybrid materials [28]. This analysis was conducted to evaluate the 
thermal behavior of pure Er(1) and Yb(2) complexes, as well as PMMA 
and related composite fibers, across a range from room temperature to 
800 ◦C under a nitrogen atmosphere, and the findings are presented in 
Fig. 5. The thermal properties of pure Er(1), Yb(2) complexes, and their 
PMMA composite fibers have shown consistent and uniform character
istics. The pure Er(1) and Yb(2) complexes displayed analogous thermal 
decomposition profiles, characterized by multiple stages of mass loss 
(Fig. 5a and 5b). The DTG curve of Er(1) and Yb(2) shows two maximum 
Tmax signals (at 72 and 127 ◦C), followed by one signal at 574 ◦C, which 
corresponds to maximum decomposition rates. The sum of both mass 
reductions of 8.5% occurring from room temperature to 140 ◦C is 
attributable to the evaporation of lattice water molecules. This is suc
ceeded by a subsequent mass loss of approximately 15% at 350 ◦C. Be
tween 350 and 537 ◦C, the structures exhibit relative thermal stability. 
The last signal leads to another mass loss of ~35%, which occurs at 574 
◦C. This can be interpreted as a decomposition of the ligand and the 
coordination polymer framework beginning to collapse. A pronounced 
mass loss, 62.7% for Er(1) and 62.8% for Yb(2) was recorded at 750 ◦C. 
As a result, we speculate that the final residual weight likely originated 
from Er3+/Yb3+ oxide. 

Furthermore, the thermal degradation pattern of the PMMA polymer 
fiber without any additives occurred in one step with a maximum rate 

peak in DTG curves, whereas the thermal decomposition of Er/ 
Yb@PMMA nanofibers followed a two-step degradation reaction 
degradation reaction, as shown in Fig. 5c-f. For the PMMA polymer 
fiber, decomposition occurred between 245 and 420 ◦C (the maximum 
degradation temperature Tmax=372 ◦C). The Er/Yb@PMMA was pre
sented with two main steps of degradation. The first step was between 
Tmax = 309 and 386 ◦C, with mass loss of about 85–90 wt.% attributed to 
the cleavage of the polymer’s large molecular chains into smaller units 
and the separation of weak head-to-head bonds at the ends of the chains. 
The second step was placed between 558 and 612 ◦C (Tmax=573 ◦C). 
This DTG peak is the degradation process occurring in Er/Yb com
pounds. As a result, the incorporation of Er(1) and Yb(2) complexes into 
the PMMA matrix leads to a notable shift in the degradation tempera
tures towards higher values. This alteration is attributed to the rear
rangement of polymer chains around the dopant complexes, which 
enhances the composite’s capacity for heat dissipation [29]. 

3.5. Photoluminescence properties 

PL spectroscopy is an effective method that provides invaluable in
sights into the role of electron pair recombination and supplies essential 
information about the optical properties of a substance. In this study, we 
investigated the luminescent properties of the free ligand (2-stp), 
PMMA, Er(1), and Yb(2) complexes, as well as their composite fibers 
(Er@PMMA and Yb@PMMA) under 349 nm laser illumination in the 
visible and/or near-infrared (NIR) regions at room temperature. As a 
proof-of-concept, we measured the concentration-dependent emission 
spectra of Er(1) and Yb(2) doped PMMA polymer matrixes as the con
centration increased from 5 wt.% to 20 wt.% by monitoring a broad 
spectral region. The results are presented in Fig. 6. The luminescence 
emission spectra of free ligand 2-stp and polymer of PMMA are char
acterized by a broad Ligand-centered charge transfer (ILCT) band with 
maximum intensity at 500–530 nm, which has the same excitation 
mechanism as other free ligands and polymer matrixes (Fig. S5). The 
emissions in question are linked to the electronic transition of the n-π* or 
π-π* [17,30,31]. 

To ensure that the luminescence emissions from both samples were 
comparable within their respective groups, we maintained the position 
and intensity of the excitation light source constant when characterizing 
them. The Er(1) samples exhibited bright pink luminescence that was 
easily visible to the naked eye. As shown in Fig. 6a and 6b, all the Er(1) 
samples displayed important characteristic emission peaks in the Vis- 
NIR region. The green and red emission peaks at 547 nm and 680 nm, 
respectively, correspond to the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transi
tions of Er3+, respectively [32]. Notably, the red peak was significantly 
higher than the green peak [32]. Additionally, the material emitted 
strong 1528 nm luminescence, originating from the 4I13/2 → 4I15/2 
transition of Er3+ ions [33,34]. 

The near-infrared (NIR) region is where the PL spectra of Yb(2) are 
observed (Fig. 6c), specifically at 980 nm, which corresponds to the 2F5/ 

2→2F7/2 transitions of Yb3+–Yb3+ pairs (as shown in Fig. 6d). The energy 
level structure of the Yb3+ ion’s f-f system is straightforward, comprising 
only two states: the 2F7/2 ground multiplet and the 2F5/2 excited state, 
which lies at approximately 10.000 cm− 1. The absence of absorption in 
the visible range, as well as the lack of up-conversion and excited state 
absorption, is observed when the effective laser cross-section is reduced. 
The Yb complexes are appealing for use in laser operation and ionic 
crystals and glasses due to their intense absorption and emission prop
erties [35–37]. 

To determine the optimal doping concentration for the greatest 
luminescence in Ln@PMMA, we can compare the emission intensity of 
Er3+ and Yb3+ doped samples at varying concentrations. According to 
Fig. 6, the optimal concentration for Er3+ ions is 0.15, while for Yb3+

ions it is 0.10. The results show that the luminescence intensity of 
Er3+increases initially and reaches its peak at 15% doping concentra
tion, whereas the luminescence intensity of Yb3+ reaches its maximum 
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at 10%. However, further increases in Ln3+ concentration result in a 
noticeable reduction in Ln3+ emission. As the Ln3+ content increases, the 
distance between Ln3+ ions decrease, leading to the phenomenon of 
concentration quenching. 

The results illustrate that the optimal doping concentration for Er3+

ions is 0.15, while for Yb3+ ions it is 0.10. The analysis reveals that the 
luminescence intensity of Er3+increases initially and reaches its 
maximum at 15% doping concentration, whereas the luminescence in
tensity of Yb3+ reaches its peak at 10%. However, the further increase in 
Ln3+ concentration leads to significant quenching of Ln3+ emissions. 
The phenomenon of concentration quenching occurs due to the decrease 
in the distance between Ln3+ ions as their concentration increases. 

The possible luminescence transitions of Er3+ and Yb3+ are depicted 
in Fig. 6d. The processes behind the visible emissions of Er3+ ions when 
excited by 349 nm light are well-understood and involve two energy 
mechanisms: (i) excited state absorption and (ii) energy transfer. When 
the ground state 4I15/2 of the Er3+ ion absorbs a photon with a wave
length of 349 nm, it transitions to the 2G11/2 level through a process of 

ground state excitation. The 4S3/2 state is populated by a multiphonon 
relaxation process, where some ions return to the ground state by 
radiative leap and emit green light, while the rest transition to the 4F9/2 
energy level via non-radiative leap and emit red light through multi
phonon relaxation and subsequent radiative leap. According to our 
assumed NIR emission scenario, ions in the 4I11/2 level decay radiatively 
or non-radiatively to the next lower level, 4I13/2, and can relax radia
tively to the 4I15/2 level with 1.528 μm emission generated by the 
radiative relaxation process [38–40]. 

4. Conclusion 

This study not only successfully synthesized and characterized 
Er3+and Yb3+ complexes but also seamlessly integrated them into 
PMMA-based hybrid films through electrospinning, leading to signifi
cant enhancements in photoluminescence properties. This integration 
allowed for the Er@PMMA and Yb@PMMA composite fibers to exhibit 
intense photoluminescence upon ultraviolet excitation. Specifically, 

Fig. 6. The solid-state 3D PL intensity plots for Er@PMMA (a) Vis region (b) NIR region, (c) Yb@PMMA (NIR region) with varying Er(1) and Yb(2) concentrations (x 
= 5 to 20wt.%) at an excitation wavelength of 349 nm and (d) Possible mechanism of luminescence transition of Er3+ and Yb3+. 
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Er3+ complexes displayed bright pink photoluminescence with promi
nent green and red emission peaks at 547 nm and 680 nm, respectively, 
while Yb3+ complexes showed substantial photoluminescence in the 
near-infrared (NIR) region, notably at 980 nm. The optimal doping 
concentrations were determined to be 15% for Er3+ and 10% for Yb3+, 
striking a careful balance between enhancing luminescence intensity 
and preventing quenching effects due to excessive doping. The lumi
nescence observed in Er3+ ions was effectively explained through 
mechanisms involving excited state absorption and energy transfer 
processes. 

This research contributes critical insights into the luminescence 
mechanisms of these complexes, marking a significant step forward in 
the field of photoluminescent materials technology. It provides a 
comprehensive understanding of the materials’ structural, thermal, and 
luminescent characteristics, highlighting the synergistic effects of 
embedding these complexes into a PMMA matrix. Consequently, this 
study represents a significant contribution to the field of luminescent 
materials, offering a promising approach for the development of high- 
performance, stable, and efficient photoluminescent materials. The in
sights gained not only advance our understanding of lanthanide-doped 
materials but also pave the way for their practical application across a 
range of technologies, emphasizing the critical role of interdisciplinary 
collaboration in the advancement of materials science. Future research 
should aim to optimize doping concentrations and explore alternative 
polymer matrices to further enhance the performance and broaden the 
application scope of these luminescent composites. 
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