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Abstract
In this study, hydrothermally synthesized {[Nd(SIP)(H2O)4]}n (NdSIP) and carboxylate-modified SiO2 spheres were used 
to obtain SiO2@NdSIP nanocomposites. Different concentrations of NdSIP in the range of 5–15%wt. were used in the 
hydrothermal synthesis of SiO2@NdSIP nanocomposites. NdSIP has been structurally characterized by single crystal X-ray 
diffraction technique. NdSIP and SiO2@NdSIP nanocomposites were characterized using various techniques including field 
emission scanning electron microscopy (FESEM), thermogravimetric analysis (TGA), Hirshfeld surface analysis, Fourier 
transform infrared (FTIR), solid-state UV absorption and photoluminescence (PL) spectroscopy.

Keywords  SiO2 · Nd3+-compounds · Crystal structure · Lanthanide hydrogen bonded-organic framework Ln-HOF · 
Hirschfeld surface analysis · Luminescence property

1  Introduction

In recent years studies on lanthanide-based hydrogen 
bonded-organic frameworks (Ln3+-HOFs) as functional 
materials have great interest not only because of their inter-
esting topologies but also because of their potential appli-
cations as multifunctional hybrids or nanocomposites in 
thermal stability and mechanical properties [1–7]. Unfor-
tunately, although the chemistry of lanthanide compounds 
is attractive, their use in practical applications is still quite 
limited due to their mechanical and poor thermal proper-
ties. Therefore, lanthanide compounds attached to multiple 
organic or inorganic polymer structured hosts through physi-
cal doping or chemical bonding techniques are important 
processes to obtain lanthanide hybrids with superior proper-
ties [8]. Considering the versatile chemical modifications, 
lanthanide-based HOFs can be beneficially used to obtain 

various nanocomposites or nanostructures [9]. The studies 
on lanthanide hybrid materials show that they have also a 
high potential for different applications such as optical wave-
guides, OLEDs, optical amplifiers, etc. [10]. Moreover, the 
placement of a lanthanide compound in a hybrid matrix also 
has a positive effect in terms of its thermal stability, lumi-
nescence output, superior mechanical properties and better 
processability [10–13]. Trivalent lanthanide ions (Ln3+) have 
excellent photoactive properties, high luminescence quan-
tum efficiencies and unique magnetic properties due to their 
4f electrons. Nd3+ lanthanide ion is well known for its NIR 
luminescence and Nd3+ containing materials are the most 
popular luminescent materials for application in laser sys-
tems, organic liquid lasers, electroluminescent devices, NIR 
immunoassays and optical-fiber polymers [14].

The polymer nanocomposite materials are usually pro-
duced by techniques such as melt-mixing, in-situ polymeri-
zation, electrospinning, selective laser sintering and green 
chemistry that all aim to produce them with uniform disper-
sion and without aggregations [15]. In this study, among 
these techniques, the hydrothermal synthesis method, which 
is described as green chemistry, has been used to obtain both 
Nd3+-HOF and SiO2@NdSIP nanocomposites. Silica nano-
spheres are a suitable candidate for fluorescence sensors due 
to their highly sensitive stability and optical transparency 
[16, 17]. Additionally, replacing the interior of silica and 
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solid sensor materials with –COOH groups in an uncompli-
cated procedure is extremely important for effective sens-
ing processes [18]. Herein, the synthesis procedure, crys-
tal structure, IR spectroscopy, thermogravimetric analysis 
(TGA), solid-state absorption, visible and NIR luminescence 
properties, Hirshfeld surface and morphologic properties of 
the compound were reported.

2 � Experimental Studies

2.1 � Materials and Physical Measurements

All chemicals and solvents used were of the high-
est purity and were used without further purification, 
as follows: Neodymium3+ nitrate hexahydrate (99.9%, 
Nd(NO3)3·6(H2O)), 5-sulfoisophthalic acid monosodium 
salt (95%, NaH2SIP), Tetraethoxysilane (≥ 99.0%, TEOS), 
3-triethoxysilylpropylamine (95%, APTES), succinic anhy-
dride, ammonia (p.a., 25 wt.-%), ethanol (HPLC grade), 
N,N-Dimethylformamide (anhydrous, 99.8%, DMF) were 
purchased from Sigma&Aldrich, and water was of Milli-Q 
grade (~ 18.3 mQ/cm). FT-IR spectra of the nanocomposites 
were performed on a PerkinElmer instrument in the range 
600–4000 cm–1. The PL spectra and the low-temperature 
spectra (LT) were measured using an ANDOR SR500i-
BL luminescence spectrometer equipped with a triple 
grating and an intensified charge-coupled device (ICCD) 
camera as the visible range detector and InGaAs detector 
for NIR region. A frequency tripled Nd:YLFQ switched 
pulse laser at 349 nm was used as the excitation source. 
Thermo-gravimetry (TG) measurements were performed 
using Perkin Elmer STA 6000 thermal analyzer at a scan 
rate of 10 °C/min. The size and morphology of the nano-
composites were investigated with a Quanta 250 scanning 
electron microscope (SEM). A Philips PW-1710/00 device 
was employed to analyze the phase composition of the nano-
composite samples, using Cu Kα (λ = 0.15406 nm) in the 
range 5° < 2θ < 50° in the θ–θ mode with a step of n s step 
(5 s < n < 10 s) and a step width of 0.03°. A comparison 
between the experimental and calculated (from CIF's) PXRD 
patterns (see Fig. 4) was carried out with Mercury 3.9 [19].

2.2 � Synthesis of [Nd(SIP)(H2O)4]n (1)

The NdSIP compound was prepared by a similar method as 
reported in previous reports. A mixture of Nd(NO3)3·6(H2O) 
(0.219 g, 0.5 mmol) and NaH2SIP (0.134 g, 0.5 mmol) was 
placed in a Teflon-lined, 45 ml stainless steel autoclave con-
taining 27 ml of distilled water. The autoclave was sealed, 

heated for 72 h at 120 °C, and cooled to ambient temperature 
in open air. Light-purple prismatic crystals were obtained, 
washed thoroughly with deionized water and dried under 
ambient conditions.

2.3 � Monodisperse SiO2 Microspheres Fabrication

Monodisperse SiO2 microspheres were synthesized by the 
modified Stöber process [20]. Silica particles were synthe-
sized through the combination of 200 ml of ethanol, 16 ml 
of water, and 12 ml of ammonia. To the reaction beaker, 8 ml 
of TEOS was gradually added while the solution was stirred 
at ambient temperature. The beaker containing the reactants 
was left undisturbed on the stirrer for 24 h to allow the reac-
tion to reach completion. Following this period, the prod-
ucts of hydrolysis and condensation reactions were observed 
to be relatively monodispersed silica particles. In order to 
remove any excess impurities, the resulting silica suspension 
was subjected to centrifugation and redispersion in ethanol 
three times, before being dried in an oven at a temperature 
of 80 °C for 24 h.

2.4 � Surface Carboxyl‑Modified SiO2 Microspheres

The mixture of silane coupling agent APTES and succinic 
anhydride in stoichiometric ratios was evenly dispersed 
in DMF by stirring for 2 h at ambient conditions. Then, 
a suspension of silica in DMF with ultrasonic dispersion 
(20 mL), as well as deionized water (2 mL), was added to 
the above-mentioned solution, and the final mixture was 
allowed to stir overnight at ambient temperature. The final 
products were centrifuged and then washed with alcohol, 
which was repeated twice, drying in the oven. The resulting 
silica microspheres were functionalized with carboxylate.

2.5 � Preparation of SiO2@NdSIP (5–15%wt.) 
Compounds

In the synthesis, initially, NdSIP 0.03 g (for 5%wt.), 0.06 g 
(for 10%wt.) and 0.09 g (for 15%wt.) were dissolved in 
12 mL DMF. A suspension containing carboxylate-func-
tionalized silica microspheres (0.6 g) was dispersed in H2O 
(2 mL) in a separate beaker and this suspension was added 
to the previous solution dropwise under stirring with the 
help of a micropipette. The mixture was sealed in a Tef-
lon-lined stainless steel reactor and heated at 120 °C for 
3 days. After the reaction, the system was slowly cooled 
down to room temperature. The solid products were col-
lected via centrifugation. Finally, the products were washed 
several times with methanol and then air-dried overnight 
(see Scheme 1).
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2.6 � X‑Ray Structure Determination

A Single crystal of NdSIP with 0.32 mm × 0.22 mm × 0.13 mm 
was mounted on Rigaku-Oxford Xcalibur diffractometer with 
an Eos-CCD detector and its X-ray diffraction data has been 
collected using graphite monochromated Mo–Ka radiation 
(λ = 0.71073 Ǻ). The dimensions of the crystal were deter-
mined during data collection using the CrysAlisPro software. 
The crystal image movie was recorded before starting data 
collection. Subsequently, the crystal center was appropriately 
defined in the face indexing section of the CrysAlisPro soft-
ware. Consequently, the faces of the crystal were indexed 
using the methods available in the program (Point or Drag). 
The CrysAlisPro software [21] was used for data collection, 
cell refinement, data reduction, and analytical absorption cor-
rections. The structure was solved using Direct Methods with 
the SHELXT [22] structure solution program and refined 
using Least Squares minimization with the SHELXL [23] 
refinement package in Olex2-1.5 [24]. The crystallographic 
and refinement data were shown in Table 1 while the selected 
bond lengths, bond angles and hydrogen bond geometry of 
the compound (1) were shown in Tables 2 and 3, respectively.

Scheme. 1.   Outline of (a) NdSIP and (b) SiO2@NdSIP nanocomposites generation process

Table 1   The data collection and refinement parameters for NdSIP

CCDC 1886522
Formula sum C8H11NdO11S
Formula weight 459.47
Crystal system Orthorhombic
Space group Pna21

Unit cell dimensions a = 7.3180 (4) Å
b = 16.6509 (7) Å
c = 10.4452 (5) Å
α = γ = β = 90°

Temperature (K) 296
Volume (Å3) 1272.76
Z 4
ρcalc (g/cm3) 2.398
μ (mm–1) 4.30
Crystal size (mm) 0.32 × 0.22 × 0.13
Index ranges − 8 ≤ h ≤ 8; 

− 19 ≤ k ≤ 18; 
− 12 ≤ l ≤ 11

Reflections collected 3809
Independent reflections 2104 [Rint = 0.027]
Parameters/restraints 153/1
S 1.09
Final R indexes [I >  = 2σ (I)] R1 = 0.031; wR2 = 0.071
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3 � Results

3.1 � Crystal Structure Description of {[Nd(SIP)(H2O)4]}n 
(1)

NdSIP crystallizes in an orthorhombic crystal system with 
the Pna21 space group. The asymmetric unit of NdSIP 
consists of one SiO2NdSIP molecule and four water mol-
ecules coordinated with the Nd3+ ion. As shown in Fig. 1, 
the Nd3+ center is nine-coordinated by four oxygen atoms 
from coordinated water molecules (O1, O2, O3, O4), four 
oxygen atoms from the carboxylate group of two different 
SIP ligands (O5, O6, O7, O8) and one oxygen atom from 
the sulfonate group of a third SIP ligand (O9). The coordi-
nation geometry of the NdO9 core is shown in Fig. 1b. The 
Nd-Ow bond length of the four oxygen atoms (O1, O2, O3, 
O4) from the coordinated water molecules are in the range 
2.434 (11)- 2.502 (10) Å. The Nd-O bond length of the four 
oxygen atoms (O5, O6, O7, O8) of the carboxylate group of 
two different SIP ligands is in the range of 2.516 (7)- 2.561 
(8) Å. The Nd-OSO3 bond length of one oxygen atom (O9) 
of the sulfonate group of a third SIP ligand possessing a 
third SIP ligand is 2.471 (8) Å. Two of the three SIP ligands 
chelate to the Nd3+ ion via the carboxyl group, while the 
third ligand binds via an oxygen atom of the sulfonate group. 
All distances and angles are comparable to other nine-coor-
dinate lanthanide-oxygen donor compounds reported pre-
viously [25, 26]. The bond lengths of S1-O9, S1-O10 and 
S1-O11 of 1 are 1.450(9) Å, 1.440(9) Å and 1.455(8) Å, 
respectively. These values are in the typical range of the S–O 
bond lengths in the sulphonate anion (1.40–1.49 Å) [25, 27]. 
The similarities of the three S–O bond lengths suggest that 
the strong conjugate at the sulphonate group dominates in 
the structure. The three SIP ligands are arranged around the 
central Nd3+ ion in a propeller-like manner.

Moreover, each SIP ligand is linked to three Nd3+ ions 
with two chelating carboxyl groups and one monodentate 
sulphonate group. Thus, it acts as a μ3 bridging ligand con-
necting three metal atoms. As the structure proceeds in this 
way, an infinite 2D neutral Nd3+ organic framework with 
the formula [Nd(SIP)(H2O)4]n is formed. An extended view 
of this structure is shown in Fig. 2a. The extended structure 
is composed of {[Nd(H2O)4]3(SIP)3} rings, which form a 
honeycomb appearance. These honeycomb-appearing rings 
are characterized by three interconnected nodes, alternating 
SIP ligands and Nd3+ coordination polyhedra.

Table 2   Some selected bond lengths [Å] and angles [°] for NdSIP

Bond lengths
 Nd1–O1 2.488 (7) Nd1–O6 2.516 (7)
 Nd1–O2 2.502 (10) Nd1–O7 2.541 (12)
 Nd1–O3 2.476 (8) Nd1–O8 2.516 (12)
 Nd1–O4 2.434 (11) Nd1–O9 2.471 (8)
 Nd1–O5 2.561 (8)

Bond angles
 O1—Nd1—O2 140.9 (4) O4–Nd1–O7 114.0 (3)
 O1–Nd1–O5 75.9 (3) O4–Nd1–O8 76.9 (3)
 O1–Nd1–O6 71.7 (4) O4–Nd1–O9 142.5 (4)
 O1–Nd1–O7 72.2 (3) O6–Nd1–O5 50.8 (3)
 O1–Nd1–O8 80.0 (3) O6–Nd1–O7 115.1 (3)
 O2–Nd1–O5 138.9 (3) O7–Nd1–O5 148.0 (3)
 O2–Nd1–O6 139.5 (3) O8–Nd1–O5 121.5 (3)
 O2–Nd1–O7 72.0 (4) O8–Nd1–O6 71.2 (3)
 O2–Nd1–O8 89.2 (4) O8–Nd1–O7 50.8 (3)
 O3–Nd1–O1 131.9 (3) O9–Nd1–O1 74.7 (3)
 O3–Nd1–O2 69.5 (3) O9–Nd1–O2 86.3 (3)
 O3–Nd1–O5 70.5 (2) O9–Nd1–O3 71.9 (3)
 O3–Nd1–O6 109.0 (2) O9–Nd1–O5 89.9 (3)
 O3–Nd1–O7 135.1 (3) O9–Nd1–O6 133.0 (3)
 O3–Nd1–O8 147.4 (3) O9–Nd1–O7 83.6 (3)
 O4–Nd1–O1 141.0 (4) O9–Nd1–O8 133.0 (3)
 O4–Nd1–O2 69.9 (3) O9–S1–O11 110.1 (5)
 O4–Nd1–O3 72.7 (3) O10–S1–O9 111.8 (5)
 O4–Nd1–O5 89.9 (3) O10–S1–O11 113.2 (5)
 O4–Nd1–O6 71.3 (4) S1–O9–Nd1 138.6 (5)

Table 3   Hydrogen bond geometry (Å, °) for NdSIP

Symmetry codes: (v) x − 1, y, z; (vi) x + 1, y, z; (vii) x + 1/2, − y + 1/2, 
z; (viii) − x + 2, − y + 1, z + 1/2; (ix) x − 1/2, − y + 1/2, z − 1

D-H⋯A* D-H H⋯A D⋯A D-H⋯A

O1–H1A···S1 0.86 2.73 3.277 (12) 123
O1–H1A···O2v 0.86 2.65 3.170 (15) 121
O1–H1A···O11 0.86 2.34 3.138 (13) 155
O2–H2A···O11vi 0.86 2.17 2.927 (13) 146
O2–H2B···O1vi 0.86 2.37 3.170 (15) 154
O3–H3A···O11vii 0.91 2.20 2.813 (12) 124
O3–H3B···O5vii 0.91 1.99 2.819 (11) 151
O4–H4A···O10viii 0.93 2.37 3.035 (13) 129
O4–H4B···O1vi 0.92 2.37 3.265 (15) 163
C6–H6···O4ix 0.93 2.41 3.291 (15) 157
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In the expanded structure, the layers in Fig. 1 are arranged 
from top to bottom and parallel to each other (Fig. 2b). The 
water molecules spread out like grass on both sides of the 
layers. The Nd3+ ions in one layer are located vertically 
above or below the center of the pseudo-hexagonal cavities 
of the other.

The crystal packing of NdSIP shows that the neighbor-
ing molecular are linked through intramolecular and inter-
molecular O − H⋅⋅⋅S, O − H⋅⋅⋅O and C − H⋅⋅⋅O hydrogen 
bonds (Table 3). These molecules are arranged in a 2D 
structure in the bc plane (Fig. 2). Additionally, 2D struc-
tures with hydrogen bond interactions are formed in 3D 
hydrogen-bonded organic frameworks in the ab plane and 
stacks along the c–axis (Fig. 3).

Meanwhile, the sample purity of SiO2 and NdSIP doped 
SiO2 composite samples were tested by XRD. The exper-
imental PXRD patternof NdSIP are in good agreement 
with the simulated XRD model (CIF file obtained through 
crystal analysis), with slight shifts in the peak positions, 
which indicates the phase purity of compound. It indicates 
that the bulk NdSIP sample was isolated with high phase 
purity and the crystal structure was resolved correctly. 
Moreover, the structure of SiO2 after coating with NdSIP, 
in comparison with the PXRD pattern obtained from pure 
NdSIP crystals, as evidence of the successful synthesis 
process. As we can see from Fig. 4, XRD peaks become 
more intense and narrow as the doping ratio increases. 

Fig. 1   a The molecular struc-
ture of NdSIP. b View of the 
coordination geometry of the 
NdO9 core of NdSIP

Fig. 2   (a) The infinite 2D neutral network which forms a honeycomb appearance in NdSIP and (b) Polyhedral representation in NdSIP
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This indicates that the degree of crystallinity of the struc-
ture increases.

3.2 � FTIR, SEM and TG Analysis

Figure  5 illustrates the infrared spectroscopy (FT-IR) 
results for the synthesized carboxyl-modified silica micro-
spheres and SiO2@NdSIP heterostructure microspheres. 
The increased intensity at 1045  cm−1, attributed to the 
Si–O–Si (νas) peak, suggests the condensation of (3-ami-
nopropyl) triethoxysilane (APTES) with Si–OH, and the 
presence of characteristic peaks at 2900–3500 cm−1 and 
1649 cm−1 confirms the successful modification of the 

SiO2 surface with carboxyl groups [5, 8]. Additionally, the 
FT-IR spectrum of NdSIP exhibits a broad band centered 
at 3344 cm−1 and 1652 cm−1, attributable to the presence 
of water molecules. The region 1100–1200 cm−1 displays 
strong characteristic absorptions for the sulfonate group 
of SIP3– ligand, while the absence of O–H vibrations in 
the range of 1690–1730 cm−1 indicates that the carboxyl 
groups are completely protonated in NdSIP. The char-
acteristic bands of carboxylate groups at 1530 cm−1 for 
asymmetric stretching vibration and at 1378 cm−1 in the 
usual region for symmetric stretching vibration indicate 
a bidentate bonding mode, which is consistent with the 
results of X-ray [25, 28, 29]. Furthermore, the bands at 
784,724 and 620 cm−1 can be attributed to the C–H out-
of-plane bending vibration of the phenyl group. When all 
the characteristic peaks in the FT-IR spectrum of SiO2@
NdSIP are carefully evaluated, it is clear evidence of the 
successful preparation of SiO2 doped nanocomposite 
structures [8, 30].

Scanning electron microscopy (SEM), an effective tool 
to observe the detailed morphology of all synthesized com-
pounds has been extensively used. SEM micrographs of 
the coordination compound were carried out to understand 
their inner morphology, porosity and agglomerate situation. 
The morphology of the surface for the NdSIP compound 
clearly shows their crystalline nature exhibiting homogene-
ous rod-shaped crystals consisting of intercalated thin layers, 
as shown in Fig. 6a. Thus, the NdSIP compound exhibits 
good crystallinity character with rod-like structures with 
different thicknesses and lengths [31, 32]. Moreover, SEM 
images prove the formation of monodisperse and core–shell 
structures, as shown in Fig. 6b–c [5]. The particle size 

Fig. 3   3D coordination network structure formed by hydrogen bonds of NdSIP

Fig. 4   PXRD patterns of SiO2, SiO2@NdSIP (5, 10 and 15%wt.), 
NdSIP and simulated NdSIP
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distribution histogram of NdSIP (Fig. 6a) and monodisperse 
microsphere (Fig. 6b) was constructed by analyzing approxi-
mately 100 particles with an average particle diameter of 
480 and 465 nm, respectively. Moreover, the average particle 
size of SiO2@NdSIP compound was observed in the range 
of 492–508 nm (5%wt. (Fig. 6c, 492 nm), 10%wt. (Fig. 6d, 
503 nm) and 15%wt. (Fig. 6e, 508 nm)) [33]. Moreover, our 
observations show that NdSIP nanocomposite SiO2 is encap-
sulated at different thicknesses on the monodisperse sphere 
surface. The average encapsulation thickness of monodis-
perse microspheres of NdSIP nanocomposites was deter-
mined in the range of 181–335 nm. As a result, increasing 

doping concentration caused a significant thickness increase. 
As seen in XRD analyses, the increase in agglomeration 
levels, in SiO2@NdSIP nanocomposites, confirms that they 
have a crystalline structure and that it is a successful doping 
process.

Thermogravimetric analysis (TGA) testing was per-
formed on SiO2 and NdSIP@SiO2 nanocomposites to deter-
mine their stability. Thermogravimetric analysis of SiO2, 
NdSIP and SiO2@NdSIP (5, 10 and 15%wt.) were carried 
out at a heating rate of 10 °C min−1 under an N2 atmosphere 
from 30 to 900 °C and TG curves are shown in Fig. 7. The 
thermal stability results of SiO2 reveal that the compound's 

Fig. 5   FTIR Spectra of (a) SiO2, SiO2–COOH and (b) SiO2@NdSIP(5–15%wt.), NdSIP nanocomposites

Fig. 6   SEM images of (a) NdSIP nanocomposite, (b) monodisperse SiO2 and SiO2@NdSIP (c 5%wt., d 10%wt. and e 15%wt.)
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slight weight loss between 50 and 160 °C is probably due to 
the physically combined humidity and/or water molecules 
adsorbed on the surface of nano-SiO2. Another slight weight 
loss begins near 180 °C, continuing till 900 °C, which can 
be attributed to the silanol group dihydroxylation [34, 35].

As depicted in Fig. 7b, the thermogram of NdSIP reveals 
two stages of weight loss. The first stage of weight loss, from 
30 to 150 °C, accounts for ~ 19–20% of the total weight loss, 
while the second stage, from 150 to 300 °C, accounts for 
approximately 2–5% of the weight loss. This suggests that 
the four coordinated water molecules of NdSIP are divided 
into two stages of weight loss. The TGA results indicate that 
the compounds are extremely stable and do not decompose 
until 400 °C. The anhydrous compounds remain stable up 
to ~ 400 °C, which can be attributed to the multidentate 
functionality of SIP and the rigidity of the extended poly-
meric structure. The weight loss temperature intervals for 
the undoped nanocomposites are calculated to be between 
410 and 450 °C, which can be attributed to ligand decom-
position and the coordination polymer framework beginning 
to collapse. Meanwhile, the NdSIP compound undergoes 
a slight weight loss above 700 °C, and the final residual 
weight is likely due to Nd3+ oxide [36–38]. Maximum ther-
mal degradation temperatures were calculated according to 
TGA curves, which confirmed better thermal resistance. The 
parameter was reported as 430 and 410 °C for the NdSIP-
modified SiO2 and neat polymer, respectively. This trend can 
be attributed to the better compatibility of the components, 
resulting in improved thermal strength.

3.3 � Hirshfeld Surface Analysis

The Hirshfeld surface analysis, a crucial technique for evalu-
ating molecular arrangements and determining interactions 
within crystal structures, was conducted on the NdSIP 

compound using the CrystalExplorer 21.5 software [39]. 
The 3D Hirshfeld surfaces were mapped over dnorm, shape 
index, and curvedness, with the 2D fingerprint plots of the 
NdSIP compound, as shown in Fig. 8.

The dnorm parameter allows for the differentiation of 
regions participating in intermolecular interactions using 
color coding on the surface. In Hirshfeld surface maps, 
white, red, and blue colors have been utilized to represent 
shorter contacts, Van der Waals contacts, and longer con-
tacts, respectively [40]. The red-colored region on the Hir-
shfeld surface is attributed to C–H⋯O type interactions, 
which are the most intense contacts near the surface, while 
the white-colored region is produced by intermediate atoms. 
The blue-colored region represents weaker contacts with 
longer distances [41].

The surface properties were assessed through shape 
index and curvedness mapping to determine the molecular 
arrangements in the crystal. The curvedness plots, as shown 
in Fig. 8c, contain valuable information about the π⋯π 
stacking of the molecule. The large green regions bordered 
by dark blue curves represent π⋯π stacking interactions of 
the molecules, while the flat areas of the surface indicate 
interactions between neighboring molecules. The C–H⋯π 
and O–H⋯π stacking information obtained from the shape 
index and curvedness plots is consistent with the crystal 
structure analyses.

The 2D fingerprint plots in Fig. 8d–i illustrate the inter-
molecular interactions in the NdSIP compound. The most 
significant interaction is O⋯H/H⋯O, contributing 44.2% to 
the NdSIP compound. O⋯H hydrogen bonding interactions 
play a major role in molecular packing. The other major con-
tributions are H⋯H (21.2%), C⋯C (17.7%), O⋯O (9.6%), 
and C⋯H (5.8%) interactions. The blue-green regions on 
the fingerprint plots indicate the O–H⋯π and C–H⋯π inter-
actions. Hirshfeld surface analysis showed the presence of 

Fig. 7   TGA thermograms of SiO2, NdSIP and SiO2@NdSIP (5, 10 and 15%wt.)
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O⋯H, H⋯H, C⋯C, O⋯O and C⋯H interactions, which is 
consistent with single crystal diffraction results.

3.4 � Vis and NIR Luminescence Properties

According to Fig. 9, it can be seen that the SIP ligand and 
SiO2 sample exhibit broadband emission in the case of 
photoluminescence. The solid-state emission spectra of the 
free NaH2SIP ligands were recorded at room temperature, 
and it is noted that the free NaH2SIP ligand emits blue 
light at 492 nm when excited by 349 nm, which is attrib-
uted to intraligand n → n* or π → π* transition [41–45]. 
In the case of SiO2 luminescence spectrum, a weak and 

broad emission in the region of 400–700 nm is present, 
and a blue-light emission band at 497 nm is visible in the 
PL spectra. The blue light emission properties of SiO2 
have been studied in silicon nanocomposites produced in 
oxide matrices by several authors [46, 47]. Although the 
origin of the blue band is not entirely clear, it is gener-
ally believed to result from two oxygen atoms bonded to 
two-fold coordinated Si atoms. Tamura et al. have previ-
ously reported the presence of blue emission in porous 
silicon after oxidation [48]. The presence of luminescence 
centers in silica may be attributed to the interface of sili-
con ions and silica, or as isolated defects within the silica 
matrix. Our analysis of the luminescence observations, 

Fig. 8   (a) Hirshfeld surface mapped with dnorm (b) shape index (c) curvedness and (d–i) 2D fingerprint plots of the compound 1 
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particularly the broad-band emission at room temperature, 
can be better explained by considering the blue-light emis-
sion band as resulting from quantum confined excitonic 
recombination in chains of silicon atoms or very small 
silicon nanocomposites. Further experimental analysis is 
necessary to gain a complete understanding of the origin 
of the blue-light emission band in the silica. The emis-
sion spectra of solid NdSIP and SiO2@NdSIP (5–15%wt.) 
nanocomposites show strong emission bands in the range 
of 800–1400 nm at room temperature. The three intense 
peaks at 890, 1055, and 1345  nm correspond to the 
4F3/2 → 4I9/2, 4F3/2 → 4I11/2, and 4F3/2 → 4I13/2 transitions of 
Nd3+ under 349 nm (Fig. 9c) [49–51]. The 4F3/2 → 4I11/2 
(1055 nm) peak is the most intense and dominates the 
emission spectra of the compounds. The photolumines-
cence (PL) spectra of SiO2@NdSIP nanocomposites were 
collected at different doping concentrations to observe the 
impact of doping on the PL spectrum, as shown in Fig. 9b. 
As evident in Fig. 9d, there is a simultaneous increase in 
the intensity of PL emission peaks with increasing dop-
ing concentration from 5% wt to 15% wt, indicating the 
influence of Nd3+ ions on enhancing the PL emission peak 
intensities.

The increase in photon-electron interactions within the 
material due to increased doping ions is attributed to the 
higher radiative recombination of excited carriers. This, 
in turn, leads to the excitation of more carriers, resulting 
in a higher intensity of PL peaks. In our comprehensive 
investigation of SiO2@NdSIP, we used computational 
methodologies consistent with those reported in the litera-
ture. Our results, as depicted in Fig. 9d, e, reveal that the 
optimal doping concentration for Nd3+ ions in the SiO2@
NdSIP nanocomposite is precisely 15%wt. This concentra-
tion provides the right balance between the dopant con-
centration and material performance, making it the most 
conducive to enhancing PL properties. Furthermore, we 
examined the Nd3+ ion effect in SiO2@NdSIP nanocom-
posites more effectively by evaluating the luminescence 
intensity as a function of temperature.

As demonstrated in Fig. 10, which depicts a typical 
collection of lines in the near-infrared region under laser 
excitation of 349 nm, the changes in photoluminescence 
with temperature can be easily observed through the 
three-dimensional (isometric) plots presented. Figure 9 
allows for various viewing angles to be chosen, which can 
reveal key features that would otherwise be concealed. 

Additionally, the process of monitoring the PL spectra 
and displaying the results as an intensity contour map as 
a function of temperature and emission wavelength pro-
vides valuable insights into understanding the PL pro-
cesses from the NdSIP-doped SiO2. Typically, Nd3+-doped 
materials exhibit NIR emission. The room and low tem-
perature (10 K) luminescence signals are displayed below 
for comparison, and it is evident that most of the emis-
sion at both temperatures falls within the 900–1350 range 
[52, 53]. Upon increasing the temperature, after an initial 
slow decline beginning around 100 K, the intensity of 
the Nd3+4F3/2 → 4I11/2 transitions decrease strongly over 
the 200–300 K range. This behavior can be attributed 
to the temperature-dependent phenomenon of thermal 
quenching.

3.5 � Optical Evaluations

The optical absorbance and transmittance spectra for 
NdSIP and SiO2@NdSIP (with 5%, 10%, and 15% weight 
concentration) nanocomposites are depicted in Fig. 11. 
The absorbance and transmittance spectral data in the 
wavelength range of 200–600 nm at ambient temperature 
have been collected to calculate a variety of optical param-
eters of these nanocomposites.

As seen in Fig. 11, the absorption spectra of all of the 
nanocomposites have sharp band at 212 nm and 284 nm 
and a shoulder band at 240 nm. The absorption in the 
500–600 nm range is approximately stable for all of the 
nanocomposites. It shows that minimum absorbance is 
seen in 5% NdSIP doped SiO2 nanocomposites and the 
maximum absorbance is seen in 15% NdSIP doped SiO2 
nanocomposites. When the absorbance graphs of the nano-
composites are compared with each other, it is seen that 
the absorbance values increase with increasing NdSIP con-
centration. Increasing the NdSIP concentration caused a 
slight blue shift in the absorption band. This can be attrib-
uted to the complexation between NdSIP and SiO2 and 
the varying degree of crystallinity with increasing NdSIP 
concentration. Transmissions in the extended 200–600 nm 
spectral range are similar for all of the nanocomposites. 
But, there is a dramatic change from 250 to 350 nm in 
the ultraviolet for all of the nanocomposites. Addition-
ally, transmittance (%) in the SiO2@NdSIP nanocompos-
ites decreases with increasing NdSIP concentration [54].

The absorption coefficient α (λ) is expressed by using 
the following equation [55]:

where A is the absorbance and d is the thickness of nano-
composites in this study.

�(�) = 2.303x
A

d
,

Fig. 9   Room temperature solid-state luminescence spectrum of the 
(a) SiO2 and (b) SIP in the visible region, (c) NdSIP with the energy 
levels diagram and SiO2@NdSIP (5,10 and 15%wt.) in the NIR 
region and (d) PL spectra of SiO2@NdSIP (5–15%wt.) in the ranges 
800–1400 at room temperature and (e) Changes in NIR emission 
intensity with a peak at 1055 nm as a function of NdSIP dopant con-
centration

◂



5214	 Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:5203–5217

Figure 12 shows the variation of α as a function of 
the photon energy hν of the investigated nanocompos-
ites. According to Fig. 12, the absorption coefficient of 
all nanocomposites shows almost a similar trend, and the 
absorbance coefficient of the nanocomposites increases 
as the photon energy (hν) increases. Here, it can be seen 
that the absorption coefficients for all nanocomposites are 

Fig. 10   The isometric plot of 
temperature-dependent photo-
luminescence (PL) intensity as 
a function of wavelength and 
temperature, spanning the range 
from 10 to 300 K for SiO2@
NdSIP (15%wt.)

Fig. 11   (a) UV absorbance and (b) transmission spectra for NdSIP and SiO2@NdSIP (5, 10 and 15% wt.) nanocomposites

Fig. 12   Absorption coefficient (α) for NdSIP and SiO2@NdSIP (5, 10 
and 15% wt.) nanocomposites

Table 4   Optical energy gap of NdSIP and SiO2@NdSIP (5, 10 and 
15% wt.) nanocomposites

Nanocomposite Absorption 
edge (eV)

Egi (eV) Egd (eV)

NdSIP 4.61 eV 4.72 3.97
SiO2@NdSIP (5%wt) 4.19 4.51 3.58
SiO2@NdSIP (10%wt) 4.05 4.42 3.44
SiO2@NdSIP (15%wt) 3.95 4.35 3.39
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distributed over all UV ranges. The investigation of the 
optical absorption edge is important because it provides 
valuable information about the band structure and optical 
band gap of the material. The study of the optical absorp-
tion edge is essential as it provides valuable information 
about the material's band structure and optical band gap 
[56–58]. The optical absorption edge values can be deter-
mined from the extrapolation of the linear section of the 
curves to zero absorption (Fig. 12; Table 4). As seen in 
Table 4, absorption edge energy values were found to 
be higher than 3 eV. These values are 4.61 eV for NIP, 
4.19 eV for SiO2@NdSIP (5%wt.), 4.05 eV for SiO2@
NdSIP (10%wt.) and 3.95 eV for SiO2@NdSIP (15%wt.). 
The absorption coefficient of the nanocomposites increases 
with increasing NdSIP (5, 10 and 15% wt.) doping con-
centrations. The reason for the increase in the absorbance 
coefficient is probably an increase in the degree of struc-
tural disorder of the doped concentration [59, 60].

Optical absorption spectra of crystalline materials are 
used to determine the optical band gap energy. The direct 
and indirect optical band gaps of nanocomposite are calcu-
lated with the Tauc technique [61]. The optical band gap is 
found using the incident photon energy (hν) and the absorp-
tion coefficient (α) and can be expressed by the following 
equation [60, 61]:

(h� − Eg).where h is Planck’s constant, ν is the photon’s 
frequency, α is the absorption coefficient, β is known as the 
disorder parameter which is energy independent and Eg is 
the optical band gap of investigated nanocomposites. The 
factor m depends on the electron transition and is equal to 
½ for the direct transitions and 2 for the indirect transition 
band gaps. The (αhν)2 and (αhν)1/2 values have been plotted 
as a function of incident photon energy (hν) to determine 
the nature and width of the band gaps. The Fig. 13 shows 

the dependence of (αhν)2 and (αhν)1/2 on photon energy hν 
for NdSIP compound and SiO2@NdSIP (5, 10 and 15% 
wt.) nanocomposites. In Fig. 13, the linear segment of the 
relations is extrapolated to intersect the hν axis at the zero 
point to obtain the indirect band gap and direct band. The 
indirect and direct band gap values decrease with increasing 
NdSIP concentration as Table 4 and Fig. 13. The absorp-
tion coefficients of the investigated nanocomposites are 
around 101 cm−1, and since the absorption coefficients are 
smaller than 104 cm−1, the indirect transition is most likely 
[54, 60]. From Fig. 13, it can be seen that the indirect band 
gap Eg for the pure NdSIP blend is about 4.72 eV. The band 
gap of SiO2@NdSIP (5, 10 and 15% wt.) nanocomposites 
with doped NdSIP have been determined as approximately 
4.51 eV, 4.42 eV and 4.35 eV, respectively (Table 4). This 
decrease in the indirect optical band gap values is thought 
to be due to the formation of defects in the polymeric matrix 
and an increase in the degree of disorder in the nanocompos-
ites with increasing NdSIP concentration [60]. The reduction 
of optical band gap is of great importance for polymeric 
materials. Because it is necessary for valuable applications 
and different potential optical device designs [60–64].

4 � Conclusion

The production process of nanocomposites whose proper-
ties are examined in this study consists of three stages. The 
first is the synthesis of the Nd3+-HOF by the hydrothermal 
method, the second is to obtain SiO2 microspheres and mod-
ify them with carboxylate, and the third and final step is to 
obtain SiO2@NdSIP nanocomposites by the hydrothermal 
method. X-ray structure analysis shows that the obtained 

Fig. 13   (a) Plot of (αhυ)2 vs. photon energy (hυ) (indirect transition) and (b) Plot of (αhυ)1/2 vs. photon energy (hυ) (direct transition) for NdSIP 
and SiO2@NdSIP(5, 10 and 15% wt.) nanocomposites



5216	 Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:5203–5217

NdSIP compound formed a hydrogen-bonded-organic 
framework with a honeycomb appearance in two dimen-
sions and also these 2D layers stacked in 3D via hydrogen 
bond interaction. The results of the Hirschfield analysis per-
formed to determine the interactions and molecular arrange-
ments in the crystal structure, consistent with single crystal 
x-ray, show π⋯π stacking of the molecules in the NdSIP 
compound and hydrogen bond interactions which play an 
important role in molecular packing. Different concentra-
tions of NdSIP were added to observe their effects on the 
spectroscopic properties of SiO2@NdSIP nanocomposites. 
When the FT-IR spectrum of SiO2@NdSIP is examined, it 
is seen that the nanocomposites are doped with SiO2 suc-
cessfully. SEM images examined to understand the surface 
morphologies of the produced materials have revealed the 
rod-like crystalline nature of the NdSIP compound with dif-
ferent thicknesses and lengths and the formation of mono-
disperse SiO2@NdSIP core–shell microspheres. In addition, 
with increasing doping concentration, the nanocrystalline 
nature of the synthesized nanocomposite was revealed and 
the agglomeration levels of spherical particles increased, as 
a result of which it was confirmed that they had a crystal-
line structure and the doping was successful. TGA curves 
examined for thermal stability show that SiO2-doped nano-
composites have better thermal resistance than NdSIP com-
pounds. This result also shows that the lanthanide compound 
in a hybrid matrix has a positive effect in increasing the ther-
mal stability, as expected. The photoluminescence spectra of 
the free NaH2SIP ligand and SiO2 show blue light emission 
with the broadband at room temperature. To observe the 
doping effect, PL spectra of SiO2@NdSIP nanocomposites 
were collected at different concentrations (range 5–15%wt.), 
and it was found that there was an increase in the intensity 
of PL emission peaks as the doping concentration increased 
by the effect of Nd3+ ions. This increase in PL intensity 
is because higher doped ions lead to more photon-electron 
interactions within the material, and therefore the higher 
doping rate causes more carriers to be excited. When the 
temperature-dependent photoluminescence (PL) inten-
sity is examined, the decrease in the emission intensity of 
Nd3+4F3/2 → 4I11/2 transitions with increasing temperature 
can be explained by the temperature dependence of thermal 
quenching.

The importance of this research lies in the necessity for 
further examination of NIR-luminescent materials and their 
properties across numerous fields, ranging from biological 
applications to information technology. A specific area of 
interest includes the study of lanthanide-doped luminescent 
materials, as the incorporation of a lanthanide compound in 
a matrix significantly enhances its thermal and (photo)chem-
ical stability. The use of rare earth compounds doped SiO2 
is also beneficial due to their relatively low toxicity in bio-
logical media, excellent thermal, mechanical, and chemical 

stability, and high optical performance. The increased sta-
bility of these compounds enables their use in NIR OLEDs, 
telecommunication applications, and luminescent probes.
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