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A B S T R A C T   

This work reports on the efficient performance of hybrids particles with silver nanoparticles (AgNPs) distributed 
within single polymer molecules with star-like topology as Surface Enhanced Raman Scattering (SERS) supports. 
First, the library of the star-like polymers with poly (acrylic acid)-block-polystyrene (PAA-b-PS) arms was ob
tained via atom transfer radical polymerization (ATRP) using a “core-first” approach. Then, hybrid silver 
nanoparticles were synthesized in a controlled way within the prepared single molecules playing the role of 
molecular templates for AgNPs. Finally, the hybrid particles were tested as novel substrates for SERS using crystal 
violet as an analyte. Synthesized star-like templates had varied number of arms within the single star, the order 
of PAA and PS blocks, their degree of polymerization, and the molar ratio of the carboxylic groups of PAA block 
to the nanoparticles’ precursor. Additionally, the minimum analyte concentration required for SERS was 
determined. The number of arms within a polymer template plays a crucial role in the synthesis of silver 
nanoparticles and observed SERS effect. Prepared substrates were stable for long time and allowed the detection 
of the analytes on the nanomolar level.   

1. Introduction 

Surface Enhanced Raman Scattering (SERS) technique is a unique 
analytical method that allows shifting the detection threshold down to a 
very small concentration (to nano or even picomolar range) of analyte i. 
e., mainly different organic molecules including biologically active ones 
[1,2]. Thus, a lot of effort is devoted to developing stable, effective, and 
universal SERS supports [2,3]. SERS phenomenon occurs due to the 
amplification of scattered light by localized surface plasmon resonance 
(LSPR). Through interactions between light and metal nanoparticles, 
surface plasmons are generated and their collective oscillations lead to 
significant amplification of the signal. Two mechanisms are believed to 

contribute to the SERS phenomenon: Chemical Mechanism (CE) and 
Electromagnetic Mechanism (EM) [4–6]. The first is based on electron 
transfer between analyte and nanoparticles and brings a slight 
enhancement up to three orders of magnitude. The latter mechanism 
consists of obtaining the resonance effect between the electrons of the 
analyte molecule and the surface plasmons of nanoparticles (NPs), 
resulting in a signal amplification even to 1015 [4]. Therefore, there are 
certain factors affecting the Raman signal enhancement, the most 
important are: the size and shape of nanoparticles, distance between 
them, type of metal, chemical structure, affinity to NPs of an analyte, 
power of the exciting beam, exposure time, and Raman cross-section of 
an analyte. The most effective SERS have been observed for noble metal 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: marcin.kozanecki@p.lodz.pl (M. Kozanecki), joanna.pietrasik@p.lodz.pl (J. Pietrasik).  

Contents lists available at ScienceDirect 

Polymer 

journal homepage: www.elsevier.com/locate/polymer 

https://doi.org/10.1016/j.polymer.2023.126363 
Received 24 May 2023; Received in revised form 8 September 2023; Accepted 13 September 2023   

mailto:marcin.kozanecki@p.lodz.pl
mailto:joanna.pietrasik@p.lodz.pl
www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2023.126363
https://doi.org/10.1016/j.polymer.2023.126363
https://doi.org/10.1016/j.polymer.2023.126363
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2023.126363&domain=pdf


Polymer 285 (2023) 126363

2

nanoparticles (Au, Ag), and the most desirable are those with spiked 
parts, for example, star-like or flower-like forms, due to the enormous 
electromagnetic field accumulated in these regions. The metal nano
particles of such complex shapes have also high surface energy and the 
tendency for agglomeration and/or aggregation, so the problem of their 
stability is the next important challenge. Furthermore, the distance be
tween the metal NPs should be also precisely controlled in a range from 
a few to a dozen or so nanometers (that distance is necessary to give a 
space for analyte penetration) to reach a high SERS effect [7,8]. 

High control of nanoparticles’ morphology can be achieved by using 
different types of polymer templates for nanoparticle synthesis. In gen
eral, linear polymers cannot be used as effective templates because they 
do not provide sufficient stability of nanoparticles during the synthesis 
[9]. However, under certain conditions, linear block copolymers with 
proper chemical composition can self-organize into micelles which are 
stable structures within selected environments and were successfully 
used as templates for the synthesis of various nanoparticles [10–13]. 
Polymer micelles can be also obtained via polymerization-induced 
self-assembly (PISA) and further applied as templates for the synthesis 
of nanoparticles [14,15]. Another approach is to use more complex 
molecules, such as nanogels [16,17], star-like or brush-like polymers 
[18] as templates which can also effectively prevent against aggregation 
of metal NPs and enhance their stability, provide solubility in selected 
solvents, and improve distribution in polymer matrixes [19]. The main 
advantage of such a system is that the size and shape of the nanoparticles 
may be predetermined by the degree of polymerization and chemical 
composition of the polymer templates. A variety of nanoparticles with 
varied properties (optical, magnetic, electric, semiconducting, cata
lytic), morphologies (filled, hollow, and core-shell spheres or rods), and 
applications (nanofillers for polymer matrixes, additives to dielectric 
layers in organic field effect transistors) were synthesized [9,19–24]. 

In our previous works, poly(acrylic acid)-block-polystyrene (PAA-b- 
PS) and poly(acrylic acid-stat-acrylamide)-block-polystyrene (P (AA-stat- 
Am)-b-PS) micelles obtained via PISA were used as effective templates 
for Ag nanoparticles. Obtained materials were successfully used as 
substrates for SERS [14,15]. Due to the size of the templates, it was 
difficult to control the number and morphology of AgNPs generated 
within a single polymer micelle. Herein, single macromolecules with 
star-like architecture were used as unimolecular polymer templates for 
the synthesis of hybrid silver nanoparticles. First, initiators containing 3, 
17, 50, and 280 initiation sites were prepared from 1,1,1-tris(4-2-bro
moisobutyryloxy)phenyl)ethane (TBPE) and poly (2-bromoisobutyr
yloxyethyl methacrylate) (PBiBEM), respectively. Then, PAA-b-PS arms 
were synthesized using the “core-first” and “grafting-from” approach via 
atom transfer radical polymerization (ATRP) [25–29]. Next, the pre
pared polymer templates were used for the in-situ synthesis of Ag 
nanoparticles, which were finally tested as potential substrates for SERS 
spectroscopy. Systematic studies were carried out to check how the to
pology of the polymer template influences the synthesis of AgNPs and 
SERS effect. 

2. Experimental part 

2.1. Materials 

Tert-butyl acrylate (tBA, 99%) received from Alfa Aesar and styrene 
(S, ≥99%) received from Sigma Aldrich were purified by distillation 
under reduced pressure. 2-(Trimethylsilyloxy)ethyl methacrylate 
(HEMA-TMS, 96%) received from Sigma Aldrich was purified by passing 
through the basic aluminum oxide. 2,2’-Azobis(isobutyronitrile) (AIBN) 
received from Sigma Aldrich was purified by recrystallization. Copper 
(I) chloride (CuCl, ≥99%), copper (II) chloride (CuCl2, 99.999%), cop
per (I) bromide (CuBr, 99.999%), copper (II) bromide (CuBr2, 99.999%), 
4,4’-dinonyl-2,2’-dipyridyl (dNbpy, 97%), N,N,N’,N”,N”-pentam
ethyldiethylenetriamine (PMDETA, 99%), ethyl α-bromoisobutyrate 
(EBiB, 98%), α-bromoisobutyryl bromide (BIBB, 98%), potassium 

fluoride (KF, ≥99%), 2,6-di-tert-butylphenol (DTBP, 99%), tetrabuty
lammonium fluoride (TBAF, 1.0 M in THF), silver nitrate (AgNO3, 
≥99.8%), sodium borohydride (NaBH4, ≥99%), trifluoroacetic acid 
(TFA, 99%), 1,1,1-tris(4-hydroxyphenyl)ethane (THPE, 99%), triethyl
amine (TEA, ≥99.5% (GC)), dimethyl sulfoxide (DMSO, anhydrous, 
≥99.9%) were used as received from Sigma Aldrich. Magnesium sulfate 
(98.0%) was used as received from Fluorochem. Solvents: dichloro
methane (DCM, 99.8%), N,N-dimethylformamide (DMF, 99.8%), ethyl 
acetate (99.5%), methanol (MeOH, 99%), n-hexane (99%), tetrahydro
furan (THF, 99.8%) were provided by Avantor Performance Materials 
Poland. Anisole (99%) was provided by Acros Organics. 

2.2. Synthesis 

All polymer templates used within these studies were obtained ac
cording to the general procedure described below for 3-arm star poly
mer. Molar ratios for all syntheses are presented in Table S1 (see 
Supplementary Information). 

2.2.1. Synthesis of 1,1,1-tris(4-(2-bromoisobutyryloxy)phenyl)ethane 
initiator (TBPE) 

Synthesis of 1,1,1-tris(4-(2-bromoisobutyryloxy)phenyl)ethane 
(TBPE) was carried out according to an already published procedure, 
molar ratios were THPE:BIBB:TEA = 1:3.94:6 [30]. 

2.2.2. Synthesis of TBPE-(PtBA136)3 stars 
TBPE (0.0286 g, 0.114 mmol) obtained in the previous step, CuBr2 

(0.0013 g, 0.006 mmol), and CuBr (0.0074 g, 0.051 mmol) were 
weighted into a Schlenk flask and degassed by argon purging for 45 min. 
Then, degassed anisole (1.11 mL, 10% v/v), tBA (10.00 mL, 68.238 
mmol), and PMDETA (12 μL, 0.057 mmol) were added. The flask was 
placed in a preheated oil bath at 70 ◦C while stirring. After the monomer 
conversion reached 22.7% (determined by 1H NMR), the reaction 
mixture was cooled to RT, diluted with dichloromethane (DCM), and 
passed through a neutral alumina column. The solvent and remaining 
monomer were removed by dialysis in MeOH/THF mixture (1/1 v/v) 
using Regenerated Cellulose Dialysis Membrane ZelluTransRoth MWCO 
3500. A white solid product was obtained after drying in a vacuum oven 
at 30 ◦C and 10 mbar. 

2.2.3. Synthesis of TBPE-(PtBA136-b-PS29)3 stars 
TBPE-(PtBA136)3 (0.5000 g, 0.028 mmol) obtained in the previous 

step, CuBr2 (0.0006 g, 0.003 mmol), and CuBr (0.0037 g, 0.025 mmol) 
were weighted into a Schlenk flask and degassed by argon purging for 
45 min. Then, degassed anisole (0.50 mL, 22% v/v), S (1.80 mL, 12.725 
mmol), and PMDETA (6 μL, 0.031 mmol) were added. The flask was 
placed in a preheated oil bath at 60 ◦C while stirring. After the monomer 
conversion reached 6.5% (determined by 1H NMR), the reaction mixture 
was cooled to RT, diluted with DCM, passed through a neutral alumina 
column, concentrated, re-precipitated three times in methanol, and 
dried in a vacuum oven at 30 ◦C and 10 mbar. 

2.2.4. Hydrolysis of TBPE-(PtBA136-b-PS29)3 stars 
TBPE-(PtBA136-b-PS29)3 star polymer (0.0500 g, 0.00034 mmol of AA 

units) obtained in the previous step was dissolved in 3 mL of DCM. Then 
trifluoroacetic acid (127 μL, 0.0017 mmol) was added dropwise. The 
reaction was carried out at RT for 48 h. Later, the reaction mixture was 
precipitated once in n-hexane. A white solid product was obtained after 
drying in a vacuum oven at 30 ◦C and 10 mbar. 

2.2.5. Synthesis of silver nanoparticles 
Silver nanoparticles were obtained according to the general pro

cedure. Templates were dissolved in DMSO to prepare solutions with a 
concentration of 1 mg/mL. Then, three varied amounts of silver pre
cursor solutions were added (1 mg/mL of AgNO3 in DMSO; -COO-/Ag+

= 2:1, 1:1, 1:2) and reaction mixtures were stirred for 1 h at RT to allow 
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the incorporation of the precursor within the templates. Next, a reducing 
agent solution (0.1 mg/mL of NaBH4 in DMSO; NaBH4/Ag+ = 1:1) was 
added dropwise. After 15 min of stirring, vials were closed and stored in 
the dark for 48 h. 

2.2.6. Synthesis of P(HEMA-TMS)17 stars [25,31,32] 
dNbpy (0.0900 g, 0.220 mmol), CuCl2 (0.0069 g, 0.051 mmol), and 

CuCl (0.0058 g, 0.059 mmol) were weighted into a Schlenk flask and 
degassed by argon purging for 45 min. Then degassed anisole (0.45 mL, 
10% v/v), HEMA-TMS (4.00 mL, 18.347 mmol), and EBiB (27 μL, 0.183 
mmol) were added. The flask was placed in a preheated oil bath at 60 ◦C 
while stirring. After the monomer conversion reached 17% (determined 
by 1H NMR), the reaction mixture was cooled to RT, diluted with DCM, 
passed through a neutral alumina column, concentrated, and used in the 
next step. 

2.2.7. Synthesis of PBiBEM17 stars [25,31,32] 
KF (1.8122 g, 31.19 mmol) and DTBP (0.4921 g, 2.39 mmol) were 

weighted into a three-neck flask equipped with a condenser. Then, P 
(HEMA-TMS)17 (3.7120 g, 18.35 mmol), and dry THF (50 mL, 93% v/v) 
were added, and the reaction mixture was degassed by argon for 45 min. 
The flask was cooled down in an ice bath, next TBAF (0.18 mL, 1.0 M in 
THF, 0.18 mmol), and BIBB (2.72 mL, 22.02 mmol) were added drop
wise in 20 min. The reaction mixture reached RT and it was carried out 
for 24 h. Later, solids were filtered off and the polymer was precipitated 
in a methanol/water solution (7/3 v/v). The solids were dissolved in 
DCM, passed through a basic alumina column, concentrated, re- 
precipitated three times in n-hexane, and dried in a vacuum oven at 
30 ◦C and 10 mbar. 

Backbones with DP = 50 and 280 were prepared using analogous 
conditions; first, the synthesis of PtBA, next the extension with PS, and 
the hydrolysis of PtBA units were carried out according to conditions 
presented for 3-arm star polymers and molar ratios given in Table S1. 

2.3. Characterization 

2.3.1. Proton nuclear magnetic resonance characterization (1H NMR) 
1H NMR was used to calculate the monomer conversion and degree 

of polymerization (DP) of the synthesized polymers. The 1H NMR 
spectra were recorded using a Bruker Avance II Plus 16.4 T spectrometer 
(Bruker BioSpin, Germany) operated at 250 and 700 MHz for 1H ex
periments. Samples were prepared by dissolving a polymer in DMSO‑d6 
or CDCl3. 

2.3.2. Gel permeation chromatography characterization (GPC) 
GPC was used to determine the weight average and number average 

molecular weights of the synthesized polymers and their dispersity (Ð). 
The GPC measurements were performed with a Wyatt (Wyatt, Dernbach, 
Germany) instrument equipped with two Perfect Separation Solutions 
(PSS) columns and one guard column (GRAM Linear (10 μm, Mn =

800–1 000 000 g/mol), differential refractometer (RI) and multi angle 
light scattering (MALS) detectors. The measurements were performed in 
DMF, containing 50 mmol LiBr, as eluent at a flow rate of 1 mL/min. 
Linear poly(methyl methacrylate) and polystyrene standards (PMMA 
from Mp = 440–1 650 000 g/mol; PS from Mp = 666–2 300 000 g/mol) 
were used. 

2.3.3. Dynamic light scattering characterization (DLS) 
DLS was used to determine the average hydrodynamic diameters of 

the obtained Ag nanoparticles. Measurements were performed on 
Zetasizer Nano ZS90 analyzer using Malvern Zetasizer Software 7.11. 
Measurements were done in DMSO at 20 ◦C using quartz glass cuvettes 
with 10 mm path length. 

2.3.4. UV–Vis characterization 
To study optical properties of obtained hybrid silver nanoparticles 

the UV–Vis analysis was performed at room temperature using a Thermo 
Scientific Evolution 220 UV–Vis spectrophotometer with 1 nm resolu
tion. The standard quartz cuvettes with the 10 mm of optical pathway 
were used and spectra were collected relative to the pure solvent as 
reference. 

2.3.5. SERS performance 
Raman spectra with the spectral resolution of c.a. 0.5 cm−1 were 

acquired with a dispersive Raman spectrometer T64000 (Jobin Yvon) 
equipped with Olympus B-40 microscope. The long working distance 
objective (x50, NA = 0.5) was used. An argon laser line 514.5 nm was 
applied for sample excitation. Laser power of 0.6 mW was measured on 
the sample surface. Acquisition time was 2 x 15 s. The SERS samples 
were prepared by the drop-casting of Ag@template nanoobjects mixed 
with crystal violet solutions in DMSO (used concentrations of CV: 10 
mM, 0.1 mM, 0.01 mM) to obtain final concentrations of CV for each 
sample: 200 μM, 2 μM and 200 nM. Immediately after mixing, the so
lutions were deposited onto chromed copper plates through the drop- 
casting method and covered to protect the solvent against rapid evap
oration. The droplets were left for complete solvent evaporation. The 
dry layers were examined by Raman spectroscopy. The results presented 
for each sample were obtained for at least three independent 
measurements. 

2.3.6. High-resolution transmission electron microscopy characterization 
(HR-TEM) 

JEOL ARM 200F was used to investigate the morphology of hybrid 
silver nanoparticles via HR-TEM. Before HR-TEM measurements, 
approximately 40 μL of the nanoparticles’ dispersions were dropped on 
the carbon-coated copper grids that were covered with an ultrathin 
carbon layer from Ted Pella. The samples were allowed to dry under 
ambient conditions for a minimum of 12 h and then observed using a 
JEOL ARM 200F microscope operating at 200 kV. Concentration of the 
nanoparticles’ dispersions was around 0.33 mg/mL. 

3. Results and discussion 

3.1. Characterization of polymer templates 

Molecular templates with varied topology, meaning different 
numbers and degree of polymerization of arms were prepared using 
atom transfer radical polymerization (ATRP). First, 1,1,1-tris(4-hydrox
yphenyl) ethane (THPE) and poly (2-(trimethylsilyloxy)ethyl methac
rylate) P(HEMA-TMS) were modified using α-bromoisobutyryl bromide 
(BIBB), obtaining 1,1,1-tris(4-2-bromoisobutyryloxy)phenyl)ethane 
(TBPE) and poly(2-bromoisobutyryloxyethyl methacrylate) (PBiBEM) 
initiators, respectively (Fig. 1A). Then, block copolymer arms, poly(tert- 
butyl acrylate)-block-polystyrene (PtBA-b-PS) were synthesized using 
“grafting from” approach, followed by the hydrolysis of tBA units to 
obtain copolymers containing acrylic acid (AA) (PAA-b-PS) (Fig. 1B). To 
generate silver nanoparticles in the last step, silver nitrate was used as 
silver precursor. It was incorporated within the star-like templates due 
to the interactions between carboxylate ions of PAA units and silver ions. 
Then, silver ions were reduced using sodium borohydride, leading to 
silver nanoparticle formation (Fig. 1C). Polystyrene that was used as an 
outer block of the arms provided stability to the templates loaded with 
nanoparticles. 

Synthesized polymers were characterized using gel permeation 
chromatography and proton nuclear magnetic resonance. The evolution 
of molecular weight after each step of the template synthesis was pre
sented for PBiBEM17-g-(PtBA46-b-PS19), as an example (Fig. S1). The 
shift of the GPC curves after each step of star-like polymer synthesis as 
well as their symmetrical shape indicated the controlled character of the 
polymerizations. The chemical structure of the obtained PBiBEM17-g- 
(PAA46-b-PS19) star-like polymer was confirmed based on 1H NMR 
spectrum (Fig. S2). Signals of PBiBEM protons are invisible as the molar 
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fraction of the arms is much higher than the core (they should appear at 
δ = 0.70–2.35 ppm (a, b, e) and at δ = 4.00–4.50 (c, d)). Methylene 
groups from the main PAA chain (f, g) and the main PS chain (i, j) 
overlapped each other in the range δ = 0.70–2.35 ppm, while phenyl 
group from PS (k) appeared at δ = 6.30–7.30 ppm. Successful hydrolysis 
of PtBA units was proved by the appearance of a new signal of proton of 
hydroxyl group in PAA structure (h) at δ = 12.20 ppm. 

Four varied macroinitiators with 3, 17, 50, and 280 initiating sites 
were used for the preparation of a library of unimolecular templates. 
Synthesized PAA-b-PS arms had different lengths for each block, DP of 
PS block usually varied from 15 to 30. It was assumed that longer outer 
blocks could screen silver particles obtained in the core of the template, 
resulting in the limitation of the performance of these materials in SERS 
spectroscopy. The ratio of degree of polymerization of PAA and degree 
of polymerization of PS was usually around 2.4 and 3.6. Additionally, 
there were also prepared samples without PS protective block and with 
reversed order of the blocks (PS-b-PAA). Chemical composition, mo
lecular weight, and dispersity for all prepared templates are presented in 
Table 1. 

3.2. Characterization of hybrid nanoparticles 

Nanoparticles were synthesized according to the general procedure, 
regardless of the template type (Fig. 1C) [14,15]. During the synthesis, 

the color of the reaction mixture changed from transparent to brown due 
to the reduction of silver ions to metallic silver. The successful synthesis 
of silver hybrid nanoparticles was also confirmed using the UV–Vis 

Fig. 1. (A) Initiators used for the preparation of (B) diblock copolymer containing templates and (C) synthesis of silver nanoparticles within the tem
plates (Ag@template). 

Table 1 
Molecular parameters of the synthesized molecular templates.  

chemical compositiona Mn NMR
a Mn

b Ðb 

TBPE-(PAA29-b-PS66)3 27 650 41 700 1.24 
TBPE-(PAA54-b-PS23)3 28 700 36 300 1.22 
TBPE-(PAA80-b-PS23)3 38 700 46 800 1.28 
TBPE-(PAA87-b-PS9)3 22 380 34 800 1.12 
TBPE-(PAA110)3 24 530 33 900 1.14 
TBPE-(PAA136-b-PS29)3 62 100 56 800 1.06 
PBiBEM17-g-(PAA46-b-PS19) 128 600 94 300 1.11 
PBiBEM17-g-(PAA80-b-PS21) 216 200 188 000 1.09 
PBiBEM17-g-(PS22-b-PAA86) 231 100 158 900 1.07 
PBiBEM17-g-PAA46 105 000 43 300 1.12 
PBiBEM50-g-(PAA47-b-PS20) 419 300 207 800 1.46 
PBiBEM280-g-(PAA55-b-PS39) 3 189 300 545 700 1.52  

a Degree of polymerization (DP) and theoretical molecular weight (Mn NMR) 
were calculated based on 1H NMR results. 

b Number average molecular weight (Mn) and dispersity (Ð) were determined 
by GPC based on RI detector and PS standards for samples before PtBA 
hydrolysis. 
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spectroscopy. It was found, that both the position of the maximum and 
shape of the absorption peak strongly depend on the size of the nano
particles (a broad peak suggests the presence of more than one nano
particle fraction) [33]. Nanoparticles were also characterized by the DLS 
to determine their hydrodynamic diameters. Peak maxima from UV–Vis 
and diameters from DLS registered for all investigated systems are 
summarized in Table 2. Graphical data for hybrid nanoparticles ob
tained from all templates are presented in Supporting Information 
(Figs. S3–S14). 

Based on the UV–Vis spectroscopy and DLS results it was found that 
three-arm star polymers enabled the synthesis of stable silver nano
particles when the ratio of the template (-COO- groups in PAA) to silver 
precursor (Ag+ from AgNO3) was 2:1 and 1:1. For all hybrid nano
particles size varied from 15 to 25 nm (Figs. S3–S8, Fig. 2A) and no 
dependence between diameter and arm length was observed. This sug
gests the partial aggregation of hybrid nanoparticles as a result of strong 
interactions between them. Nevertheless, most of the samples were 
stable after the synthesis for more than one year. On the contrary, the 
formation of the aggregates and precipitation of silver during the syn
theses was observed when -COO-:Ag+ ratio was 1:2. When DPPS was 
increased, while DPPAA was decreased in the TBPE-(PAA29-b-PS66)3 
template, samples stability decreased, and aggregation was observed 
(Fig. S3). Probably PS blocks formed a layer that limited the 

incorporation of the precursor into PAA units, so silver nanocrystals 
were formed mostly outside of the template and aggregated. 

Star-like polymers with 17 arms, PBiBEM17-g-(PAA46-b-PS19) and 
PBiBEM17-g-(PAA80-b-PS21), provided the best stability of hybrid nano
particles. The hydrodynamic diameter of the obtained hybrid silver 
nanoparticles was a few nanometers (Figs. S9–S10), which was smaller 
than expected, however, some aggregates with a diameter of around 50 
nm were also observed (Fig. 2B). Introducing PS as an inner block in the 
arm, PBiBEM17-g-(PS22-b-PAA86), also resulted in the formation of well- 
defined stable nanoparticles but their hydrodynamic diameters were in 
the range of 40–50 nm due to the strong interactions between outer PAA 
blocks leading to aggregation (Fig. S11). Noteworthy is the fact that 
nanoparticles were stable for almost two years after the synthesis. 

The necessity to use a PS block was confirmed by preparing silver 
nanoparticles using templates including only PAA block, TBPE- 
(PAA110)3 and PBiBEM17-g-PAA46, respectively. Formed particles 
aggregated and precipitated during the synthesis that was monitored by 
DLS (Figs. S7 and S12). Stable nanoparticles were synthesized using 
TBPE-(PAA110)3 only when a low amount of the precursor was used, 
-COO-:Ag+ = 4:1, however, no SERS was observed for this nanomaterial 
in further measurements. 

Silver hybrid nanoparticles synthesized within the template con
taining a higher number of arms than 17, PBiBEM50-g-(PAA47-b-PS20), 
were stable when ratio -COO-:Ag+ was 1:1 and 1:2. Nanoparticles had 
diameters in the range of 30–40 nm (Fig. S13), while on HR-TEM im
ages, NPs’ size was slightly lower (Fig. 2C). Furthermore, if AgNPs was 
synthesized using PBiBEM280-g-(PAA55-b-PS39) templates, a bimodal 
distribution of nanoparticle sizes was obtained. The fraction with a 
hydrodynamic diameter of 15–25 nm was formed outside of the tem
plate, while the main fraction had an average diameter of around 175 
nm (Fig. S14, Fig. 2D). These results are in agreement with data reported 
for the synthesis of TiO2 within molecular brush templates [24]. 

3.3. Hybrid silver nanoparticles as SERS substrates 

Synthesized hybrid nanoparticles Ag@template were investigated as 
potential SERS substrates using crystal violet (CV) as an analyte. This 
substance is a widely used organic dye, not only in the textile industry 
but also in medicine due to its fungicidal and bactericidal properties 
[34–36]. For the sake of widespread use, it is now one of the common 
water pollutants exhibiting toxic, genotoxic, and carcinogenic behaviors 
[37–40]. Therefore, new analytical methods capable of detecting sub
stances with concentrations in the nanomolar range are currently being 
searched for. The SERS technique seems to be appropriate in this field 
because of the low detection limit. Moreover, the CV is often used as a 
model target molecule in the investigation of the SERS effect [41,42] 
and has a high affinity to silver nanoparticles. 

The characteristic peaks for crystal violet appearing in the regions: 
935 cm−1 ring skeletal vibrations, 1175 cm−1 C–H in-plane bending 
vibrations, 1390 cm−1 N-phenyl stretching vibrations, 1549, 1591 and 
1622 cm−1 C–C stretching vibrations [43,44]. The peak at 1622 cm−1 

was selected for Enhancement Factor (EF) calculations as the most 
intense one. EF was calculated according to the equation [45]:  

EF = (ISERS⋅CRaman)/(IRaman⋅CSERS)                                                    (1) 

where: ISERS and IRaman are intensities of the CV peak on spectrum 
recorded in the presence of silver hybrid nanoparticles (SERS condi
tions), and in the layer drop-casted from the DMSO solution (standard 
Raman experiment), while CSERS and CRaman are CV concentrations in 
the sample with silver hybrid nanoparticles and in DMSO solution, 
respectively. All EF results are summarized in Table S2. 

3.3.1. Effect of silver amount 
An influence of silver content within hybrid nanoparticles on SERS 

effect is presented in Fig. 3 using Ag@PBiBEM17-g-(PAA46-b-PS19) as an 

Table 2 
Characterization of hybrid silver particles (Ag@template).  

template 
composition 

-COO-: 
Ag+

absorption peak 
maximum (nm)a 

hydrodynamic 
diameter (nm)b 

TBPE-(PAA29-b- 
PS66)3 

2:1 415 10 ± 3; 52 ± 23 
1:1 420 156 ± 66 
1:2d N/A N/A 

TBPE-(PAA54-b- 
PS23)3 

2:1 413 22 ± 5 
1:1 413 20 ± 5 
1:2 418 24 ± 5 

TBPE-(PAA80-b- 
PS23)3 

2:1 426 21 ± 10 
1:1 421 20 ± 9 
1:2d N/A N/A 

TBPE-(PAA87-b- 
PS9)3 

2:1 411 17 ± 5 
1:1 411 21 ± 8 
1:2 412 10 ± 3; 58 ± 32 

TBPE-(PAA110)3 4:1 416 4 ± 1 
2:1e 422c 171 ± 53 
1:1e 445c 98 ± 25; 730 ± 252 
1:2d N/A N/A 

TBPE-(PAA136-b- 
PS29)3 

2:1 413 19 ± 6 
1:1 414 18 ± 11 
1:2d N/A N/A 

PBiBEM17-g- 
(PAA46-b-PS19) 

2:1 421 6 ± 1 
1:1 423 5 ± 1 
1:2 420 4 ± 1 

PBiBEM17-g- 
(PAA80-b-PS21) 

2:1 406 4 ± 1 
1:1 408 2 ± 1 
1:2d N/A N/A 

PBiBEM17-g-(PS22- 
b-PAA86) 

2:1 417 41 ± 10 
1:1 417 48 ± 10 
1:2 417 40 ± 8 

PBiBEM17-g-PAA46 2:1e 412c 72 ± 25 
1:1e 413c 166 ± 54 
1:2d N/A N/A 

PBiBEM50-g- 
(PAA47-b-PS20) 

2:1d N/A N/A 
1:1 422 40 ± 19 
1:2 411 34 ± 8 

PBiBEM280-g- 
(PAA55-b-PS39) 

2:1 418 15 ± 4; 119 ± 63 
1:1 422 26 ± 8; 164 ± 95 
1:2d N/A N/A  

a Determined by UV–Vis in DMSO at 25 ◦C. 
b Hydrodynamic diameters (volume distribution) were determined by DLS in 

DMSO at 20 ◦C. 
c Broad peak on UV–Vis spectrum suggesting nanoparticles’ aggregation and/ 

or agglomeration. 
d Sample precipitated during or shortly after the synthesis. 
e Sample was stable for 48 h and later it precipitated. 
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arbitrarily chosen example. The best results (the highest EF) were ob
tained for the samples with a -COO- to Ag+ ratio of 1:1. This trend was 
observed for other tested systems and also in our previous works where 
the polymer templates for the synthesis of Ag nanoparticles were created 
by PISA [14,15]. Despite the various size of the templates (a dozen 
nanometers in the case of star-like polymer discussed within this work 
vs. tens of nanometers for PISA systems) the optimal Ag+ content for the 
preparation of the most effective SERS supports is equimolar with 
carboxyl groups. It means that the -COO- to Ag+ ratio is the crucial 
parameter determining the SERS effectiveness of investigated materials 
independently of the polymer template shape and size. The observed 
effect can be explained considering that for the higher silver concen
tration, aggregates of silver nanoparticles were created resulting in the 
reduction of silver surface accessible for CV molecules and a reduction of 
the number of hot spots in the system. Thus, the SERS signals for systems 
with a -COO- to Ag+ ratio of 1:2 are usually weaker in comparison to 
systems with a -COO- to Ag+ ratio of 1:1. If the -COO- to Ag+ ratio is 2:1, 
the amount of silver is insufficient to create many NPs in close proximity 
(the distances between silver nanoparticles inside the polymer template 
are too high to create numerous hot spots), and SERS signal is low. 

3.3.2. Effect of the number of arms 
TBPE-(PAA54-b-PS20)3, PBiBEM17-g-(PAA46-b-PS19), and PBiBEM50- 

g-(PAA47-b-PS20) systems can be used to discuss the impact of a number 
of arms in polymer template on the SERS effectiveness of final hybrid 
nanoparticles. These templates have similar DPPAA:DPPS ratio equals 2.4 
so the main difference between them is the number of arms in each 
system. For comparison the systems with -COO-:Ag+ ratio 1:1 were used. 
Representative SERS spectra are presented in Fig. 4. For the stars with 3 
arms the SERS effect is much weaker compared to the others. It is due to 
the fact, that they act the same as linear polymers so there is no possi
bility to create hot spots – AgNPs are too far away from each other. 

Not only too little number of arms in a polymer star-like template but 
also too many seem to be inappropriate for effective SERS support, 
because hybrid nanoparticles prepared based on a 50-arm-star gave 
smaller enhancement than the hybrid nanoparticles containing a 17- 
arm-star template. This behavior can be interpreted as a result of the 
limited penetrability of so dense polymer system by analyte molecules. 

3.3.3. Block order effect 
Systems with the same number and length of arms but a different 

order of PAA and PS blocks were also analyzed (Fig. 5). The star-like 
polymer templates containing 17 arms were selected to create final 
hybrid nanoparticles and the average total arm length was close to 100. 
For comparison, the systems with a -COO-:Ag+ ratio of 1:1 were used. 

Fig. 2. HR-TEM images of nanoparticles obtained using different molecular templates: (A) TBPE-(PAA136-b-PS29)3, (B) PBiBEM17-g-(PAA46-b-PS19), (C) PBiBEM50-g- 
(PAA47-b-PS20), (D) PBiBEM280-g-(PAA55-b-PS39). The scale bar is 10 nm. 

Fig. 3. SERS spectra of CV deposited onto Ag@PBiBEM17-g-(PAA46-b-PS19) 
hybrid nanoparticles with different molar ratios of -COO-:Ag+. The CV con
centration was 2 μM. CV spectrum was added as a reference. 

Fig. 4. SERS spectra of CV deposited onto Ag@TBPE-(PAA54-b-PS20)3, Ag@P
BiBEM17-g-(PAA46-b-PS19) and Ag@PBiBEM50-g-(PAA47-b-PS20) hybrid nano
particles with -COO-:Ag+ = 1:1 ratio. The spectrum of CV measured under 
standard (non-SERS) conditions was added for comparison. The CV concen
tration was 2 μM. 
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Surprisingly, it was found that the order of the PAA and PS blocks is 
not a crucial parameter determining the SERS effect, as for both tested 
systems the enhancement was relatively high. The EF was higher if 
polystyrene was placed in the exterior part of the hybrid nanoparticle 
(Ag@PBiBEM17-g-(PAA80-b-PS21) system) although it was expected that 
the silver nanoparticles could be less accessible for CV molecules if they 
are in the inner layer of polymer template. These results show the sig
nificant role of stabilizing hydrophobic (polystyrene) blocks in polymer 
templates that are required to protect the final nanoparticles against 
agglomeration. For a system with PAA outer blocks (Ag@PBiBEM17-g- 
(PS22-b-PAA86)), strong interactions between nanoparticles were ex
pected resulting in potential agglomeration and reduction of silver 
surface accessibility for analyte molecules. Overall, it means that the 
design of effective SERS supports based on star-like polymer templates 
requires consideration of both indeed contradictory structural effects: 
silver surface accessibility – higher if the PAA forms the outer layer, and 
hybrid nanoparticle stability – higher if the PS forms the outer layer. 

3.3.4. Effect of PAA and PS blocks length ratio 
One of the crucial parameters determining the amount of silver 

possible to be loaded into a star-like polymer template is the relative 
length of both blocks: with high affinity to silver ions (PAA in case of 
systems tested herein) and with low affinity to Ag+ ions (PS block). 
Thus, the ratio of DPPAA:DPPS should strongly affect the Enhancement 
Factor. Fig. 6 shows SERS spectra of CV deposited onto the hybrid 
nanoparticles prepared based on star-like polymer templates with 
DPPAA:DPPS = 2.4 or 3.8. It was observed that the SERS effect decreased 
with the increase of the DPPAA:DPPS ratio. 

3.3.5. Effect of the analyte concentration (detection limit) 
The detection limit (the lowest concentration of the analyte that can 

be detected) is a fundamental point determining the applicability of the 
given analytical method. For some SERS systems, the detection limit was 
found even at the picomolar level [46], but most works report that the 
useful systems work on the nanomolar level [33,47]. Thus, the system 
that exhibited the highest EF, namely Ag@PBiBEM17-g-(PAA46-b-PS19) 
with -COO-:Ag+ = 1:1, was investigated for the detection limit (Fig. 7). 
Measurements conditions were changed to obtain a better quality of 
results (laser power 0.1 mW, acquisition time 1 × 180 s). SERS mea
surements showed high sensitivity of the polymer hybrids as a substrate 
for CV analysis, which allowed the detection of CV in solutions of con
centration as low as 2 nM. This value is very similar to the values 

reported for other systems [42,48]. 

3.3.6. Aging effect 
It is commonly known that nanoparticles have high surface energy 

and due to that their stability is usually limited. In dispersion, they tend 
to agglomerate and/or aggregate which may negatively impact their 
properties, including SERS effectiveness [49,50]. In the systems dis
cussed herein, the silver nanocrystals are introduced and chemically 
attached to the polymer template that stabilizes them. Nevertheless, 
agglomeration may occur at the level of whole hybrid nanoparticles 
reducing the silver surface accessibility and SERS strength. Thus, the 
influence of aging was also investigated. Even after 5 months of storage 
of the dispersion of hybrids particles under room temperature and in 
darkness, the sample Ag@PBiBEM17-g-(PS22-b-PAA86) was still able to 
serve as an effective SERS substrate (Fig. 8). Comparison of SERS spectra 
recorded for the “fresh” hybrid nanoparticles and 5-months aged ones 
shows that the intensity of the CV band at 1622 cm−1 was only slightly 
lower in the aged system, within experimental error. These results prove 
the effectiveness and very high stability of the synthesized hybrid 
nanoparticles as SERS substrates. 

4. Conclusions 

New, stable, hybrid polymer star-like/silver nanoparticles were 
proposed as effective SERS supports. The core-first strategy was used to 
synthesize well-defined star-like copolymers by ATRP. Synthesized 
macromolecules varied on the number of arms, order of blocks of high 
(PAA) and low (PS) affinity to silver ions, as well as the ratio between the 
degree of polymerization of PAA and PS blocks. 

It was shown that the number of arms in a polymer template was a 
crucial parameter determining the SERS effectiveness of hybrid nano
particles. If the number of arms was too low the hot spots formation 
between silver particles was very limited leading to a low SERS effect. 
On the contrary, the too-high number of arms of the templates resulted 
in high polymer density within single hybrid particles, which limited the 
penetrability of hybrid nanoparticles by analyte molecules. The optimal 
density of arms should allow penetration of analyte inside the hybrid 
particles and simultaneously give a possibility to form hot spots by silver 
nanocrystals. 

Contrarily to the number of arms, the order of blocks within a single 
arm played a secondary role in SERS. It is probably because of two 
negative effects, which impacted the silver surface accessibility: 
agglomeration of hybrid nanoparticles that was promoted if the PAA 

Fig. 5. SERS spectra of CV deposited onto Ag@PBiBEM17-g-(PS22-b-PAA86) and 
Ag@PBiBEM17-g-(PAA80-b-PS21) hybrid nanoparticles with -COO-:Ag+ = 1:1 
ratio. The spectrum of CV measured under standard (non-SERS) conditions was 
added for comparison. The CV concentration was 2 μM. 

Fig. 6. SERS spectra of Ag@PBiBEM17-g-(PAA46-b-PS46), Ag@PBiBEM17-g- 
(PAA80-b-PS21), with -COO-:Ag+ = 1:1 ratio. The spectrum of CV measured 
under standard (non-SERS) conditions was added for comparison. 
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block was the exterior of the template and diffusion pathway of analyte 
molecule inside the hybrid nanocomposite that could be limited if PS 
was an outer layer and its degree of polymerization was too high. 

It was also observed that the SERS effect decreased with the increase 
of the DPPAA:DPPS ratio. The optimal content of the silver nanoparticles, 
that were generated within the template, was obtained if the molar ratio 
between the carboxylic group of polymer templates and silver particles 
precursor was 1:1. This ratio seems to be universal for PS-PAA templates 
independent of their size and morphology, as the identical value was 
previously found for PS-PAA templates obtained by PISA [14,15]. 

It is important to highlight, that Ag@PBiBEM17-g-(PAA46-b-PS19) 
hybrid particles, which were the most efficient system for SERS, allowed 
the detection of the analytes on the nanomolar level. It provides new 
perspectives for the applications of similar materials in analytical 
practice. 

Finally, the high stability of tested systems was shown, as the EF 
measured for fresh and aged five months samples was the same. 
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