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weight average molecular weight (Mw) of the copolymer 
and nanohybrid-grafted copolymer exhibited higher Mw 
than that of the PECH homopolymer. In the present study, 
we simply prepared a novel material and characterized it by 
various analytical methods.
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Introduction

Synthesis of novel bio-degradable and bio-compatible 
polymeric materials with improved physical, chemical, 
and biological properties has become an attractive field in 
polymer science and technology. Structural modification 
or copolymerization of the existing polymers is one of the 
ways to improve the properties of polymeric materials. It 
combines the best characteristics of the constituents toward 
certain end use application.

Polyethers such as poly (epichlorohydrin) (PECH) has 
wide range of applications, e.g., in drug delivery systems [1] 
and ionic conductive polymers in batteries [2]. PECH can 
be synthesized with the help of rare earth catalytic systems 
[3]. Epichlorohydrin (ECH) and ethylene sulfide copolymer 
was prepared for photoelectrochemical cells [4]. ECH-based 
copolymer was synthesized for bio-metallic ion channels [5]. 
There are also other works about the structural modification 
and copolymerisation of ECH by mesogenic acids [6], flava-
noids [7], PVA [8], surfactant [9], and carboxylates [10].

Poly(methylmethacrylate) (PMMA) is a well-known 
plastic candidate owing to its transparency and eco-friendly 
nature. Various methodologies are adopted for synthesis of 
PMMA such as click chemistry [11], dispersion [12], free 
radical [13], bulk [14], RAFT [15], ATRP [16], anionic 
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[17], and suspension [18] techniques. In order to improve 
the physical, chemical, and bio-medical applications of 
PMMA, the modification methodologies were used and 
it was copolymerized with other conventional monomers 
[19, 20]. For example, Gong et al. [21] studied the ATRP 
of MMA in an ionic liquid. PMMA-based diblock copol-
ymer has been reported in literature [22, 23]. Tang et  al. 
[24] explained the PMMA-based diblock copolymer with 
thermo responsive property. PMMA-based triblock copoly-
mer was synthesized by ATRP [25].

By combining MMA and ECH segments, one can get 
a flexible and bio-degradable polymer with –Cl pendant 
groups. This offers further structural modification reaction. 
Thorough literature survey, we could not find any report 
based on the ECH grafted acrylate-based copolymer. The 
novelty of the present investigation is the synthesis and 
characterisation of a stable copolymer with fluorescence 
and magnetic properties.

Among azo dyes, Congo red (CR) dye occupies the first 
place because of its wide application in medical field as a 
bio-imaging agent in its hybrid form [26]. After the utiliza-
tion, CR dye was photodegraded by Fe3O4 [27] and ZnO 
[28]. In the bio-probe application, shorter time of photo 
excitation (particularly in near infrared region) is required 
and hence the system is an effective one. Intra vital imag-
ing study of CR was reported by Hu et  al. [29]. CR was 
used as an imaging agent in bio-medical field by different 
research teams [30, 31].

On going through the literature, we could not find any 
report based on CR/Fe3O4 nanohybrid system and CR-
grafted PECH copolymer. By way of structural modifica-
tion of PECH, the bio-medical value can be increased. 
The purpose of using dye is to increase its application as 
a bio-probe in the bio-medical field. The applications of 
ferrite nanoparticles are increased in the bio-medical field 
as a targeted drug delivery material [32]. The combina-
tion of targeted fluorescent material as a bio-probe urged 
us to do the present investigation. Moreover, in this study 
we have prepared and characterized a fluorescent material. 
The novelty of the present investigation is the synthesis and 
characterization of the fluorescent and magnetic nanocom-
posite without sacrificing the properties of PMMA. For 
example, the molecular weight and thermal properties were 
increased. The main aim of the present investigation is just 
the preparation of a material for bio-imaging application.

Experimental

Materials

Phthalic anhydride (PAH), peroxy disulfate (PDS),Congo 
red dye (CR), sodium lauryl sulfate (SLS), ferric chloride 

(FeCl3), ferrous sulphate (FeSO4), and sodium hydrox-
ide (NaOH) pellet were purchased from Nice Chemicals 
Co., India. All of the materials and methacrylic acid (MA, 
Aldrich, USA), Epichlorohydrin (ECH, Aldrich, USA), 
and methylmethacrylate (MMA, CDH, India) were used 
without any further purification. Double-distilled (DD) 
water was used for making solutions. Tetrahydrofuran 
(THF, CDH) was used as a solvent for dissolution of 
polymer.

Method

Synthesis of Fe3O4 /CR nanohybrid system

One gram CR dye was dissolved in 50  mL of DD water 
under ultrasonication, and then put in a 500  mL beaker 
with vigorous stirring. Amounts of 2.5  g FeSO4 and 5  g 
FeCl3 were added into the beaker under N2 atmosphere 
at room temperature. Further, 100  mL of DD water was 
added to increase the dissolution process quality. The mix-
ing was continued for 10 min. Ten gram NaOH in 100 mL 
DD water was prepared separately, and the prepared NaOH 
solution was added to the beaker immediately under stir-
ring condition till the attainment of alkaline pH (pH 10.5) 
[33]. Once the permanent dark color was obtained, further 
addition of NaOH solution was ended. The reaction was 
allowed to stir for further 2 h. The added NaOH nucleated 
the formation of Fe3O4. The excess NaOH was removed 
from the medium by placing the beaker on a magnetic bar. 
Under the influence of magnetic field, the CR functional-
ized Fe3O4 molecules were settled down, whereas the unre-
acted NaOH was still presented in the aqueous medium. 
The supernatant liquid was removed by a pipette. The pre-
cipitate was washed with excess amount of DD water for 
three times. The washing process was continued till the pH 
of the supernatant liquid attained pH 7.0. Finally, the pre-
cipitate was freeze dried, weighed, and stored in a zipper 
lock cover (Scheme 1).

Synthesis of copolymer

The present investigation includes a three-step synthesis 
process. In the first step, poly (epichlorohydrin) (PECH) 
was synthesized using MA as an initiator. In the second 
step, MA–PECH–poly(methylmethacrylate) (PMMA) was 
synthesized using peroxy disulphate as a free radical initia-
tor through emulsion polymerization method. In the third 
step, the obtained copolymer was structurally modified by 
Fe3O4/CR nanohybrid system.

Five milli liter of ECH monomer was charged in a 
50  mL two-way necked round bottomed flask (RBF). 
The two-way necked RBF was used for N2 inlet and out-
let, respectively. Two milli liter of MA initiator was added 
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into the RBF and stirred well for 5 min. The ring opening 
polymerization (ROP) of ECH was induced by the addition 
of 0.10 g PAH as a co-monomer.

Recently, Murugesan et  al. [34] reported about the 
PAH-assisted ROP of THF. In the present investigation, we 
followed the similar procedure for the synthesis of ROP 
of ECH. Amount of 25  mL of DD water was added and 
stirred well in order to get a homogeneous solution (solu-
tion polymerization method). The ROP was carried out at 
45  °C for 6  h under nitrogen atmosphere with vigorous 
stirring. At the end of the reaction, the content was repeat-
edly washed with DD water. At the end of each wash-
ing, the content was evaporated to dryness at 110 °C over 
night. The remained water and unreacted ECH units were 
evaporated. Finally, PECH was obtained as a highly vis-
cous liquid.

The copolymer consisted of ECH and MMA units was 
synthesized by emulsion polymerization method [35, 36]. 
Two g of PECH was taken in a 50 mL RBF. Five milli liter 
of MMA was also added into the RBF under vigorous stir-
ring condition. Amounts of 1 g SLS and 0.50 g PDS were 
added under N2 atmosphere. The system was heated at 
55 °C for 4 h under vigorous stirring condition. After 4 h of 
stirring, the contents were thoroughly washed with 25 mL 
DD water for three times in order to remove the unreacted 
PECH or SLS. The unreacted MMA was removed by wash-
ing the product with acetone and the content was filtered 
and dried. Finally, the content was transferred to a petri 
dish for drying at 110 °C for 3 h.

Synthesis of copolymer grafted with nanohybrid system

One gram of copolymer was dissolved in 25 mL THF and 
transferred into a 50 mL RBF. Required amount of Fe3O4/
CR nanohybrid system was also added and stirred well. The 
nanohybrid system was synthesized according to the proce-
dure explained in our recent publication [37]. The concen-
tration of nanohybrid system was varied between 0.10 and 
0.50 g. The RBF was fitted with a Liebig condenser circu-
lated with chilled water. Amount of 0.10 g NaOH in 5 mL 
DD water was added into the RBF. The system was heated 
at 45 °C for 6 h. During the reaction, the chlorine group of 
ECH unit was replaced by the amino group of CR dye with 
the removal of 1 mol of HCl. The amino groups of CR dye 
were bonded with the Fe3O4 surface whereas the –SO3Na 
groups were remained intact. The amino or imino groups 
of CR were interacted with –Cl groups of the copolymer in 
alkaline medium. The surface binding nature of the amino 
groups toward the Fe3O4 surface was well explained in our 
earlier publication [37]. At the end of the reaction, the con-
tent was dried at 110 °C for 2 h. Thus, the obtained dark 
brown colored powder as the hybrid-modified copolymer 
was stored in a zipper lock cover and characterized further.

Characterization

TGA analysis was performed under air purge at the heat-
ing rate of 10 °C/min using a SDT 2960 simultaneous TGA 
and DSC analyzer (TA instruments, USA).

Scheme 1   Synthesis route of 
Fe3O4/CR nanohybrid-grafted 
copolymer



654	 Iran Polym J (2015) 24:651–661

1 3Iran Polymer and

Petrochemical Institute

Fourier transform infrared (FTIR) spectra of the samples 
were recorded using a Shimadzu 8400 S (Japan) instru-
ment by KBr pelletization method in the scan range 400–
4000 cm−1. A sample (3 mg) was ground with 200 mg of 
spectral grade KBr and made into a disk under the pressure 
of 7 tons.

A Jasco V-570 (USA) instrument was used for UV–Visible 
spectroscopy measurements. A sample (2 mg) was dissolved 
in 10 mL of THF under ultrasonic irradiation for 10 min and 
subjected to UV–Visible spectroscopy measurements.

1H-NMR (500  MHz) spectra were obtained using an 
NMR apparatus (Varian, Unity Inova-500 NMR, USA) at 
room temperature in deuterated DMSO solvent.

DSC was measured using Universal V4.4A TA (USA) 
Instruments under nitrogen atmosphere at the heating rate 
of 10 K/min from room temperature to 373 K. The second 
heating scan of the sample was considered in order to clear 
the previous thermal history of the sample.

A Waters 2690, U gel permeation chromatography 
(GPC, Germany) instrument was used to determine the 
Mn and Mw of the polymer samples using tetrahydrofuran 
(THF) as an eluent at room temperature at the flow rate of 
1 mL/min against polystyrene (PS) standards.

The surface morphology of the samples was scanned by 
a field emission scanning electron microscopy (FESEM, 
JSM 6300, JEOL model, USA) instrument.

Magnetic measurements were carried out with a super-
conducting quantum interference device magnetometer 
(Lakesore-7410-VSM, USA) with magnetic fields up to 7 
T at 32 °C.

Results and discussion

Charcterization of triblock copolymer

FTIR spectral analysis

Figure 1a represents the FTIR spectrum of methacrylic acid 
initiated ROP of ECH. The important peaks are character-
ized below: A broad peak around 3400 cm−1 is due to the 
–OH stretching of hydroxyl group of PECH. A twin peak 
around 2900  cm−1 is associated with the C–H symmetric 
(2872 cm−1) and anti-symmetric stretchings (2955 cm−1), 
respectively. The carbonyl stretching of MA unit is 
appeared at 1733 cm−1 [38]. A small hump at 1648 cm−1 
is responsible for the C=C present in the methacrylic acid 
unit. The ether C–O–C linkage present in the PECH can be 
seen at 1033 cm−1. The C–H out of plane bending vibra-
tion and C–Cl bond stretching are appeared at 738 and 
611 cm−1, respectively.

Figure 1b indicates the FTIR spectrum of MA–PECH–
PMMA copolymer system. Here also the above said peaks 

have appeared. The ether and ester C–O–C linkages con-
firmed the copolymer formation. Appearance of a small 
hump at 1648  cm−1 indicates that even after the copoly-
mer formation traces amount of unreacted MA units were 
still available. This is associated with the phase separation 
during the copolymer preparation by an emulsion method. 
Above all, there is a chance for the appearance of bending 
vibration of water molecules.

Figure  2 reveals the FTIR spectrum of MA–ECH–
PMMA–Fe3O4/CR system. The Fe3O4/CR nanohybrid 

Fig. 1   FTIR spectra of a MA–PECH, and b MA–PECH–PMMA 
copolymer samples

Fig. 2   FTIR spectra of MA–PECH–PMMA copolymer samples at a 
0.10, b 0.20, c 0.30, d 0.40, and e 0.50 g loadings of Fe3O4/CR nano-
hybrid system
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system was loaded from 0.10 to 0.50 g. There is a change 
in the FTIR peaks of MA–ECH–PMMA–Fe3O4/CR system 
after loading with different concentrations of dye. A peak 
at 3491 cm−1 is due to the N–H-stretching vibration of CR 
dye. The C–N stretching vibration of CR dye is appeared at 
1462 cm−1. The –SO2 stretching vibration of CR dye can 
be seen around 920 cm−1. The –SO2 stretching vibration is 
due to the presence of sulphonate group of CR dye. The 
Fe–O stretching vibration is appeared at 550  cm−1 [39]. 
Above all, the peaks appeared in the fingerprint region 
were varied.

The aromatic C–H out of plane bending vibration is 
located at 868.7 cm−1. The C–Cl bond stretching vibration 
of PECH segments has been disappeared. The disappear-
ance of C–Cl bond stretching vibration confirmed the exist-
ence of strong interaction between PECH unit and CR dye. 
The nanocomposite formation between Fe3O4/CR nanohy-
brid system and copolymer can be confirmed by the pres-
ence of a doublet peak around 560 cm−1. The appearance 
of N–H, –C–N, –SO2, and aromatic C–H out of plane bend-
ing vibrations and M–O stretching confirmed the chemi-
cal modification of copolymer by CR/ferrite nanohybrid 
system.

NMR analysis

The structure of copolymer was confirmed by 1H NMR 
spectroscopy and is represented in Fig.  3. A hump at 
0  ppm corresponds to TMS, an internal standard. A peak 
at 7.3 ppm corresponds to the solvent. A short triplet peak 
at 3.5  ppm is associated with the proton signals from –
CO2Me, –CH2Cl, and –CO2CH2 moieties. The methyl pro-
tons peak from PMMA (or) MA is appeared at 1.0  ppm. 
The alkoxy protons peak is appeared at 4.65 ppm [38]. The 
methylene protons peak is appeared at 1.81 ppm. Thus, the 
1H NMR spectrum confirmed the chemical structure of the 
copolymer.

UV–Visible and fluorescence spectral analysis

The UV–Visible spectrum of pristine CR dye is shown 
as spectrum a in Fig.  S1. The spectrum shows one sharp 
peak at 519  nm and one another at 430  nm correspond-
ing to the monomeric and dimeric structures of CR dye. 
The fluorescence emission spectrum of pristine CR dye 
is given as spectrum b in Fig. S1. The spectrum shows an 
emission peak at 513 nm. The fluorescence excitation spec-
trum (excited at 358 nm) of CR dye is shown as spectrum 
c in Fig.  S1. After nanohybrid formation, its UV–Visible 
spectrum exhibited an absorbance peak at 503.3 nm corre-
sponding to the monomeric structure of CR dye (Fig. S2, 
spectrum a). The blue shift in the spectrum is associated 
with the surface functionalization reaction. This can also 
be explained on the basis of decrease in the conjugation 
length or resonance stabilization of CR dye. A peak at 
381.4 nm ascribed to the dimeric form of CR dye was also 
blue shifted. The UV–Visible spectrum of CR dye before 
and after hybrid formation in ethylene glycol medium was 
studied by Gultek [26]. Moreover, it is well separated. The 
fluorescence emission spectrum of the nanohybrid system 
exhibited a peak at 519 nm (Fig. S2, spectrum b) whereas, 
the excitation spectrum (excited at 358 nm) showed a peak 
at 548.8 nm (Fig. S2, spectrum c). The red shift in the peak 
with respect to spectrum c in Fig. S1 explained the surface 
functionalization of ferrite by CR dye. The red shift in the 
emission peak confirmed the extension of electronic clouds.

Figure  4 indicates the UV–Visible spectra of CR dye 
modified copolymer samples. By increasing the loading 
of Fe3O4/CR nanohybrid, the absorption at 515  nm was 
increased linearly. This declares that equal concentration 
of ECH unit was present in the copolymer. The appearance 
of an absorption peak at 515  nm confirmed the chemical 
modification of copolymer by CR dye. Figure 4b indicates 
plots of log(weight of hybrid) vs. log(Abs.). The absorb-
ance value was measured at 515 nm. The slope value of the 
curve was taken from the linear region which confirmed 
the order of the chemical modification reaction. The slope 
value was determined as 0.80. It means that 1.0 mol of CR 
dye is required to modify 1 mol of ECH units present in the 
PECH.

Figure  5 indicates the fluorescence emission spectra 
of copolymer samples structurally modified by CR dye at 
different loadings. The spectra exhibited one strong emis-
sion peak at 517 nm. By increasing the loading of Fe3O4/
CR nanohybrid counterpart from 0.10 to 0.50  g, the FEI 
value of CR dye was increased. The rate of chemical modi-
fication based on the fluorescence emission value is shown 
in Fig. 5. The order of chemical structure modification of 
the copolymer by Fe3O4/CR nanohybrid counterpart can 
be determined using fluorescence emission spectroscopy. 
The plot of log (weight of hybrid) vs. log(FEI) is shown 

Fig. 3   1H NMR spectrum of MA–PECH–PMMA copolymer
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in Fig.  5b. It is interesting to note that while increasing 
the Fe3O4/CR nanohybrid loading, FEI value was also 
increased proportionally [33].

The slope value of the curve in Fig. 5b was determined 
as 1.07. It means that 1.07  mol of CR dye (includes the 
experimental error) is required for the structural modifi-
cation of 1 mol of ECH units present in the PECH units. 
Since CR dye contains two amino groups, during the 
structural modification, it may bind with the copolymer 
in more than one site. The interaction may occur through 
an amino group (or) through the –SO3Na group of the 
CR dye. If amino groups interact with ECH units, there 
will be liberation of 1  mol of HCl. If –SO3Na groups 
interact with ECH units, 1  mol of NaCl is removed and 
facilitates the structural modification process. Both the 

absorbance and emission spectra confirmed that 1 mol of 
CR dye is required to modify 1 mol of the ECH units of 
the copolymer.

GPC analysis

The copolymer formation was further confirmed by molec-
ular weight determination. The copolymer made from ECH 
and MMA units have the Mw of 24,154.3 g/mol and Mn of 
17,010.7. The polydispersity Index (PDI) was determined 
as 1.41 and this confirmed the absence of cross-linking or 
branching. The Mw has also confirmed the copolymer for-
mation. The GPC of the copolymer is shown in Fig. 6a. The 
molecular weight of PMMA synthesized in the presence 

Fig. 4   a UV–Visible spectra of MA–PECH–PMMA copolymer sam-
ples at a 0.10, b 0.20, c 0.30, d 0.40, and e 0.50 g loadings of Fe3O4/
CR nanohybrid system and b plot of log (weight of Fe3O4/CR) vs. log 
(Abs)

Fig. 5   a Fluorescence emission spectra of MA–PECH–PMMA 
copolymer samples at a 0.10, b 0.20, c 0.30, d 0.40, and e 0.50  g 
loadings of Fe3O4/CR nanohybrid system and b plot of log (weight of 
Fe3O4/CR) vs. log (FEI)
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of clay was thoroughly explained by Zhao et al. [40]. Our 
result coincides with their findings.

Figure 6b indicates the GPC of the CR-grafted copoly-
mer. The –Cl atoms of ECH units present in the copolymer 
were replaced by the amino groups of the CR dye with the 
evolution of HCl as a by-product. After grafting with 0.3 g 
Fe3O4/CR nanohybrid system, the system exhibited the 
Mw, Mn and PDI values as 28,540.7  g/mol, 23,417.5, and 
1.22, respectively. The increase in molecular weight after 
grafting reaction confirmed the incorporation of CR units 
into the backbone of PECH through the replacement of –Cl 
atoms.

Even after the chemical grafting reaction, the molecu-
lar weight of the copolymer was narrowed. It means that 
the reaction was occurred without any cross-linking reac-
tion. The CR contains two amino groups which may act 
as bridging units between two copolymer chains. After the 
chemical grafting reaction, the water insoluble ECH units 
were water soluble and showed fluorescence property and 
processability. For the sake of convenience, the GPC trace 
of MA–PECH system is given in Fig. 6c and the Mw, Mn, 
and PDI values were determined as 6142.1 g/mol, 4067.5, 
and 1.51, respectively. The Mw of MA–PECH was lower 
than those of the MA–PECH–PMMA and Fe3O4/CR nano-
hybrid-grafted MA–PECH–PMMA system. The increase in 
molecular weight confirmed the copolymer formation and 
Fe3O4/CR grafting reaction onto copolymer backbone.

DSC analysis

The DSC analysis gives an idea about the thermal phase 
transition behavior of the polymers. The DSC thermogram 
of the copolymer is shown as curve a in Fig. 7. The thermo-
gram did not show any endothermic or exothermic peaks 
corresponding to Tg and Tm values. The DSC thermograms 
of copolymer after the chemical modification with Fe3O4/
CR nanohybrid system are represented as curves b–f in 
Fig. 7.

Since PMMA is an amorphous polymer, after copolym-
erizing with PECH, the crystallinity of the copolymer was 
suppressed further. But after the structural modification 

with CR dye again, the peak corresponding to the Tg of 
PMMA segments was appeared. The resin nature of PECH 
does not give any melt transition peak. While increasing the 
loading of Fe3O4/CR nanohybrid system, the Tm of PMMA 
was increased linearly from 100.1 to 123.7 °C. This is due 
to the presence of phenyl ring in the dye molecules which 
correspondingly increased the rigidity of the structure. As 
a result of increase in rigidity, the glass transition tempera-
ture was also increased. The important point noted here 
is while increasing the loading of Fe3O4/CR nanohybrid 
counterpart, the energy required for glass transition was 
reduced (i.e.,) the crystallinity of PMMA was indirectly 
reduced due to the random grafting.

Aldosari et  al. [41] reported the Tg of neat PMMA as 
117 °C. In the present investigation, the Tg value was ini-
tially found to be 100.1 °C, and by increasing the loading of 
nanohybrid counterpart, only Tg of PMMA was increased. 
After the grafting reaction or structural modification of the 
copolymer, Tg was higher than that of the above-mentioned 
literature value.

Fig. 6   GPC traces of a MA–
PECH–PMMA, b MA–PECH–
PMMA copolymer loaded with 
0.30 g Fe3O4/CR nanohybrid 
system and c MA–PECH 
copolymer sample

Fig. 7   DSC thermograms of MA–PECH–PMMA copolymer sam-
ples at a 0, b 0.10, c 0.20, d 0.30, e 0.40, and f 0.50 g loadings of 
Fe3O4/CR nanohybrid system
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Thermogravimetric analysis

The thermal stabilities of the copolymer before and after 
structural modification with CR dye are exhibited in Fig. 8. 
The copolymer (Fig. 8, curve a) exhibited a three-step deg-
radation process. The first minor weight loss around 107 °C 
was due to the removal of moisture and water molecules. 
The second minor weight loss around 250  °C was due to 
the breaking of ether linkages present in the PECH units. 
The third major weight loss around 410  °C corresponded 
to the degradation of the PMMA units with the evolution 
of CO2. After the complete degradation, the copolymer 
showed a weight residue of 3.3 %. The copolymer after the 
structural modification with Fe3O4/CR nanohybrid system 
exhibited a three-step degradation process (Fig.  8, curves 
b–f). As usual, the first minor weight loss at 103  °C was 
associated with the removal of moisture and water mol-
ecules. The second weight loss around 360  °C could be 
explained on the basis of PMMA structural degradation 
with the simultaneous degradation of PECH units. The third 
minor weight loss around 442 °C was due to the breaking 
of CR dye molecules with the evolution of SO2. Two inter-
esting points were noted from the TGA thermogram. (i) 
By increasing the loading of Fe3O4/CR nanohybrid system 
from 0.10 to 0.50 g, the percentage weight residue around 
500 °C was also increased from 44 to 66 %, respectively. 
(ii) By increasing the loading of Fe3O4/CR nanohybrid 
counterpart, the moisture as well as water absorption was 
also increased. For example, the 0.5 g Fe3O4/CR nanohy-
brid-modified copolymer exhibited considerable weight 
loss around 103 °C corresponding to the removal of mois-
ture and physisorbed water molecules. On thorough analy-
sis, one can come to a conclusion that after the structural 
modification of the copolymer with Fe3O4/CR nanohybrid 
system, thermal stability of the polymer was increased. 
Zhang et al. [42] reported that the Td of PMMA varied from 
360 to 420  °C. In the present investigation, the Td value 
was reported as 360 °C. Hence our report is matched with 
the Zhang et al. [42] report.

FESEM analysis

Figure 9 indicates the FESEM micrographs of copolymer 
before and after the structural modification with ferrite/
CR nanohybrid system. Figure  9a confirms the spherical 
morphology of the PMMA particles with a size of approxi-
mately 5  µm. Figure  9b shows the magnified micrograph 
of the same sample. The micrograph shows the agglomer-
ated spherical morphology with some micro plates. The 
micro plates are formed as a result of the interface region 
between the PECH and PMMA. Here the PECH seg-
ments are acting as a hydrophilic soft segment, whereas 

the PMMA segments are acting as hydrophobic hard seg-
ments. The interface regions between the hydrophilic and 
hydrophobic segments were compressed and resulting in 
the plate-shaped structure. Figure 9c represents the FESEM 
micrograph of Fe3O4/CR nanohybrid-modified copoly-
mer. Amazingly, it is seen a gel-like morphology after the 
structural modification with Fe3O4/CR nanohybrid system. 
The size of microvoids was determined as ~2  µm. This 
type of surface morphology was very much useful in the 
drug delivery application because the micro-sized drugs 
can be easily accommodated in the microvoids. Once pH 
or temperature varied automatically, the drugs expelled 
out from the microvoids. Based on this concept, only the 
poly(caprolactone) (PCL) is acting as an efficient drug 
releasing material in the bio-medical field. Again, the micro 
voids are responsible for the efficient release of drugs.

Recently, our research team has reported about the pres-
ence of microvoids on the PCL backbone [34, 38]. Fig-
ure 9d indicates the magnified micrograph of the gel. Here, 
it can be seen a plate-like structure between the microvoids. 
Again, this is due to the suppressed spherical morphology 
of PMMA present in the interface region. This microplate 
can act as a wall, which can avoid the agglomeration of 
drug during the drug-loading process. It means that gel 
wall-like surface morphology can lead to the sustainable 
drug delivery.

Moreover, in the present investigation the ferrite nano-
particles were added as a hybrid and the same can control 
the drug delivery process with the targeted one. The spheri-
cal morphology of PMMA has been already reported by 
Zhao et al. [40]. Here also we get the same results.

Fig. 8   TGA thermograms of MA–PECH–PMMA copolymer sam-
ples at a 0, b 0.10, c 0.20, d 0.30, e 0.40, and f 0.50 g loadings of 
Fe3O4/CR nanohybrid system
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VSM analysis

Figure S3 indicates the VSM loop of Fe3O4 before and after 
decoration and encapsulation. The magnetization value of 
pristine magnetite (Fig. S3a) was determined as 55.48 emu/g, 
whereas the nanohybrid system (Fig.  S3b) shows the mag-
netization value of 50.89 emu/g. The decrease in magnetiza-
tion value was due to the decoration or hybridization effects. 
The 0.30  g Fe3O4/CR nanohybrid-grafted MA–PECH–
PMMA system (Fig. S3c) shows the magnetization value of 
25.21 emu/g. The sudden decrease in magnetization value is 
explained on the basis of encapsulation effect. The Fe3O4 was 
encapsulated by a coil like form of the copolymer and hence 
decrease in the magnetization value. The polymer encapsu-
lated Fe3O4 exhibited a lower magnetization value [43].

HRTEM study

The size of Fe3O4/CR nanohybrid system was determined 
with the help of HRTEM (JEM-200 CX, USA) instrument. 
Figure 10 indicates the HRTEM micrograph of the Fe3O4 
nanoparticles. The size of Fe3O4 nanoparticles was varied 
between 10 and 50 nm with a distorted spherical morphol-
ogy. The distorted morphology of the Fe3O4 nanoparticles 
was due to the agglomeration effect. The HRTEM of ferrite 
has been reported in the literature, as well [44, 45].

Conclusion

In this study synthesis and characterization, a fluorescent 
material by way of structural modification of PECH copol-
ymer with CR/Fe3O4 nanohybrid system are presented. The 
FTIR spectrum confirmed the presence of Fe–O stretching 
vibration in the copolymer around 550 cm−1. The shift in 

Fig. 9   FESEM micrographs 
of a, b MA–PECH–PMMA 
copolymer and c, d MA–
PECH–PMMA copolymer 
loaded with 0.30 g Fe3O4/CR 
nanohybrid system at two dif-
ferent magnifications

Fig. 10   HRTEM micrograph of Fe3O4/CR nanohybrid system
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the peak positions (both in UV–Visible and fluorescence 
emission spectra) confirmed the structural modification 
of copolymer by the nanohybrid system. The increase in 
Tg and Td values of the structurally modified copolymer 
was confirmed by DSC and TGA thermograms, respec-
tively, when increased the loading of nanohybrid coun-
terpart. The hydrogel-like morphology also confirmed the 
structural modification of the copolymer by the hybrid 
system. The weight average molecular weight of the 
structurally modified copolymer was higher than that of 
the non-modified copolymer. The VSM value of the pris-
tine Fe3O4 (55.48  emu/g) was higher than those of the 
hybrid (50.89  emu/g) and the copolymer nanocomposite 
(25.21 emu/g) systems. The HRTEM confirmed the size of 
the ferrite particles as 10–50 nm. The present investigation 
was focused on the preparation of a material for bio-imag-
ing and targeted drug delivery applications.
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