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CNT- and Fe-based nanofillers were applied to optimize the properties of polymer 

matrices in fiber form and investigate their effects in a comparative way. Electrospinning 

was successfully used to fabricate nanofibers of iron oxide/poly(m-anthranilic 

acid)/poly(ε-caprolactone) and CNT/poly(styrene–butadiene–styrene) (SBS) composite 

elastomers, which were then thermomechanically, morphologically, and 

spectroscopically characterized.
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Introduction

C N Ts  a r e  a  u n i q u e  c l a s s  o f 

n a n o m a t e r i a l s  w i t h  e x c e p t i o n a l 

mechanical, electrical, and thermal 

properties. When embedded into a 

polymer matrix, they can significantly 

improve  the  compos i te ' s  overa l l 

performance, including its strength, 

stiffness, toughness, conductivity, and 

heat resistance. CNT-embedded polymer 

composites have a wide range of potential 

applications, i.e., aerospace, automotive, 

electronics, and energy, due to lightweight 

and heat resistance.
CNT-conta�n�ng polymer�c compos�te 

fiber mats can contr�bute espec�ally to 

health and med�cal appl�cat�ons �.e., bone 

reconstruct�on, where sens�ng and soft 

surface are requ�red,  and for the 

Electrosp�nn�ng �s one of the process�ng 

methods for  der�v�ng m�cro-  and 

nanofibers from polymer solut�ons and 

melts by the presence of electr�cal 

f o r c e s [ 1 ] .  E l e c t r o s p u n  fi b r o u s 

polymer–matr�x compos�te membranes 

w�th a h�gh surface area due to h�gh pore 

d e n s � t y  s e r v e  a  b r o a d  r a n g e  o f 

appl�cat�ons,�.e., med�cal and t�ssue 

eng�neer�ng, electromagnet�c �nterference 

sh�eld�ng, and batter�es and catalyt�c 

appl�cat�ons as smart text�le products. 

Smart text�le products have a cruc�al role 

�n the�r development such as med�cal 

text�les, protect�ve cloth�ng, touch screen 

d�splays, flex�ble fabr�c keyboards, and 

sensors.

development of fiber and text�le structures 

w�th enhanced breathab�l�ty as a del�very 

tool for drugs and b�omolecules to 

enhance cell recovery. CNTs feature a 

un�que one-d�mens�onal structure and 

h�gh aspect rat�o, l�ghtwe�ght, and good 

electr�cal conduct�v�t�es. The mechan�cal 

propert�es of CNTs-filled fibers are 

�mproved compared to the convent�onal 

fibers, produced by electrosp�nn�ng [2,3].
Iron-based polymeric composites are 

also used in a wide variety of applications, 

including, electromagnetic shielding, 

magnetic resonance imaging (MRI) as 

contrast agents, drug delivery, sensors, 

and energy storage.

D e t a � l s  o f  f a b r � c a t � o n  b y 

electrosp�nn�ng, and mater�al propert�es 

are g�ven �n our recent publ�cat�ons[2-5]. 

Advanced character�zat�on techn�ques 

s u c h  a s  X - r a y  p h o t o e l e c t r o n 

spectroscopy(XPS), h�gh-resolut�on 

scann�ng electron m�croscopy(HRSEM), 

h�gh-resolut�on d�fferent�al scann�ng 

calor�metry,  Dynam�c mechan�cal 

analyses(DMA), Four�er-transform 

�nfrared spectroscopy(FTIR), Raman 

s p e c t r o s c o p y ,  a n d  X - r a y 

d�ffractometry(XRD) are employed to 

�nvest�gate the mechan�sm of �nteract�on 

between nanofiller and polymer matr�ces. 

This study compares the effects of 

separately applied CNT- and iron-based 

nanofillers in fiber form on the optimized 

properties of polymer matrices.

Experimental 
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I n  t h e  c a s e  o f  C N T  fi l l e r 

poly(styrene–butad�ene–styrene) (SBS) 
−1(Mw ~ 140 000 g mol )-, polystyrene 

(PStyr, Mw ~ 192 000 g mol−1) and 

polybutad�ene(PBu Tg = 95 °C, Mw ~ 200 
−1

000 g mol )-polyethylene ox�de (PEO, Tg 
- 1

=-67°C, Mw of ~100,000 g.mol ) 

matr�ces are used  .
F e O  ( N P ;  S i g m a  A l d r i c h ) 2 3

n a n o p a r t i c l e s  e m b e d d e d  i n 

polyanthranilic acid(P3ANA) and poly(ε-

caprolactone) (PCL, Mw: 80 000 g mol−1) 

matrices.

Results & Discussion 

The results �nd�cate that the �nclus�on of 

CNTs �nto SBS decreases the fiber 

th�ckness by an order of magn�tude, from 

m�cro to nanoscale, wh�le a trans�t�on from 

a porous to non-porous and rough 

morphology �s atta�ned[4].HRSEM and 

energy-d�spers�ve X-ray (EDX) supported 

the find�ngs of the thermomechan�cal 

analys�s by exam�n�ng the �nfluence of 

compos�t�on and CNT �nclus�on.
Polymer blends, nanofillers, and 

process�ng parameters affect the fiber 

F�g.1. SEM �mages of the SBS/PStyr (a), CNT�ncluded SBS/PStyr (b) compos�te fibers w�th d�fferent 
magn�ficat�ons (Insets: d�ameter d�str�but�ons) (Reproduced with permission from 

Royal Society of  Chemistry, Sarac B., Gürbüz R., Micusik M., Omastova M., Rezvan A., 
Yüce E., Xi L., Eckert J., Ozcan A., Sarac A.S., Styrene–butadiene–styrene-based stretchable 
electrospun nanofibers by carbon nanotube inclusion, Mol. Syst. Des. Eng., 2023,8, 911-921)
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morphology,�.e., CNTs are �ncluded �n the 

blends to enhance electr�cal conduct�v�ty 

and �nterfac�al re�nforcement and for 

better m�cro-crack control and h�gher 

fr�ct�on and thermal conduct�v�ty. 

The CNT �nclus�on �nto PStyr/PBu 

changes the thermal propert�es by sh�ft�ng 

the glass trans�t�on of the PBu peak to 

much lower temperatures. The drop �n the 

absorbance �n FTIR and the �ntens�ty drop 

Homogeneous fibers and d�str�but�on 

are obta�ned for the SBS/PStyr case 

compared to the PStyr/PBu and �n the 

presence of CNT, fiber d�ameters are 

drast�cally decreased by the presence of 

CNT  �n the case of SBS/PStyr  (F�g.1)

The XPS results concluded that the 

m a j o r  s t r u c t u r a l ,  t h e r m a l ,  a n d 

morpholog�cal changes happen w�th the 

add�t�on of CNTs to the SBS/PStyr 

sample. The inclusion of 1.25 wt% CNTs 

eliminates the semi-crystallinity of 

SBS/PStyr, indicating that even small 

quantities of CNTs can retard the 

�n Raman spectroscopy account for the 

�nclus�on of CNTs even �n small 

quant�t�es(F�g.2). Furthermore, the 

Raman spectroscopy results �nd�cate that 

�ntramolecular �nteract�ons between 

add�t�onal PStyr and PBu �n SBS l�m�ted 

the �nteract�on of CNTs compared to the 

PStyr/PBu blend. 

F�g.2 . Compar�son of the Raman plots for SBS/PStyr and SBS/PStyr/CNT samples.
(Reproduced with permission from Royal Society of Chemistry, Sarac B., Gürbüz R., Micusik M., 

Omastova M., Rezvan A., Yüce E., Xi L., Eckert J., Ozcan A., Sarac A.S., 
Styrene–butadiene–styrene-based stretchable electrospun nanofibers by carbon nanotube inclusion, 

Mol. Syst. Des. Eng., 2023,8, 911-921)
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crystallization process. In FTIR, the 

decreased absorbance of both SBS/PStyr 

and PStyr/PBu reveals the presence of 

CNTs.
Employed advanced character�zat�on 

techn�ques,�.e., XPS, XRD, and Raman 

spectroscop�c results(F�g.2) enl�ghten the 

mechan�sm of �nteract�on between CNTs 

and the SBS tr�-block copolymer matr�x 

through the determ�nat�on of  the 

morphology, p�–p�* �nteract�ons, and the 

crystall�n�ty of the synthes�zed fibers w�th 

the presence of CNT fillers.
The glass trans�t�on (Tg) of the PBu 

peak �s determ�ned to be chang�ng 

between −96 and −72 °C, whereas the Tg 

of polystyrene �s not majorly �nfluenced 

by copolymer�zat�on nor by CNT add�t�on.
The �nclus�on of �ron and carboxyl�c 

ac�d-funct�onal�zed polyan�l�ne �nto 

polymer�c polycaprolactone structures 

enhanced the electron-donat�ng ab�l�ty 

wh�ch �n turn �ncreases the compound 

conduct�v�ty and may �nduce revers�ble 

redox chem�stry, allow�ng them to be used 

�n electrochem�cal �mmunosensors[5]. 
Hence, th�s study presents a new 

compos�te structure, Fe O  /P3ANA/PCL 2 3

compos�te nanofibers, and the assessment 

of the�r �ntr�ns�c propert�es enables the 

d�scovery of poss�ble appl�cat�on fields �n 

b�omed�cal and sensor appl�cat�ons. 

The characterization results of iron 

F�g.3. EDX of 5% Fe O  �n PCL (above) and, 5% Fe O  /10% P3ANA �n PCL (bottom F�g.) 2 3 2 3

(Reproduced with permission from Royal Society of Chemistry, Iron ox�de – poly
(m-anthran�l�c ac�d)–poly(ε-caprolactone) electrospun compos�te nanofibers: fabr�cat�on and 

propert�es, Huner K., Sarac B., Yüce E., Rezvan A., M�cus�k M.,Omastova M., Eckert J., 
Sarac A.S., Mol. Syst. Des. Eng., 2023,8, 394-406)
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The �ncorporat�on of CNTs �nto SBS 

reduces the fiber th�ckness from a 

m�croscale to a nanoscale by an order of 

magn� tude,  wh�le  s �multaneously 

ach�ev�ng a trans�t�on from a porous to a 

non-porous and rough morphology. H�gh-

Conclus�ons

oxide-containing poly(m-anthranilic acid) 

(P3ANA)–polycaprolactone (PCL) 

composite nanofibers confirm that 

blending polymers with different 

characteristics improves morphological 

h o m o g e n e i t y  a n d  e l e c t r i c a l 

(impedimetric) properties. SEM & EDX-

mapping indicates NPs well dispersed in 

PCL composite nanofibers without bead 

formation. (Fig.3) Fe2O3 nanoparticles 

embedded in the polymer matrix hinder 

cross-linking throughout the network and 

enhance inter-chain interactions.

The presence of Fe O  and P3ANA 2 3

renders an increase in crystallinity in the 

polymer matrix and brittle-to-ductile 

transition at the macro-scale. SEM and 

EDX-mapping indicate that nanoparticles 

were well dispersed in PCL composite 

nanofibers without any bead formation. 

Frequency-dependent electrochemical 

impedance  spec t roscopy  revea l s 

remarkable changes in the percentage of 

polymer content, particularly in the 

presence of Fe O .The modifications in the 2 3

chemical state of the samples confirmed 

by the C−O and C=O peaks are analyzed 

by means of XPS. 

resolut�on scann�ng electron m�croscopy 

(HRSEM) and energy-d�spers�ve X-ray 

spectroscopy (EDS) support the find�ngs 

of the thermomechan�cal analys�s, and the 

mechan�sm of �nteract�on between CNTs 

and the SBS tr�-block copolymer matr�x �s 

eluc�dated through the determ�nat�on of 

the morphology, p�–p� �nteract�ons, and 

the crystall�n�ty of the compos�te fibers. 

Even small quant�t�es of CNTs can h�nder 

the crystall�zat�on process and �mprove 

the mechan�cal propert�es of electrospun 

fibers. Th�s �s because CNTs act as 

n u c l e a t � o n  s � t e s  f o r  p o l y m e r 

crystall�zat�on, result�ng �n smaller and 

more  un� form crys ta l  s �zes .  The 

d�sappearance of the sem�-crystall�n�ty of 

SBS/PStyr w�th the �nclus�on of CNTs 

(1.25 wt%) further corroborates the 

r e t a r d � n g  e ff e c t  o f  C N T s  o n 

crystall�zat�on. It �s hypothes�zed that 

CNTs may �nterfere w�th the format�on of 

polymer crystals.
 The �ncorporat�on of �ron and 

c a r b o x y l � c  a c � d - f u n c t � o n a l � z e d 

polyan�l�ne �nto PCL enhances the 

electron-donat�ng ab�l�ty of the compos�te 

mater�al, wh�ch �n turn �ncreases �ts 

conduct�v�ty and may �nduce revers�ble 

redox chem�stry, enabl�ng �ts use �n 

electrochem�cal �mmunosensors and drug 

d e l � v e r y .  H o m o g e n e o u s 

F e O / P 3 A N A / P C L e l e c t r o s p u n 2 3

compos�te nanofiber meshes have the 

potent�al to be used as sk�n patches due to 

the grow�ng �nterest  �n magnet�c 

nanocompos�tes �n b�omater�als sc�ence. 
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Th�s s tudy demonstrates that  the 

�ncorporat�on of Fe O  and P3ANA allows 2 3

for the tun�ng of the morphology and 

electr�cal conduct�v�ty of the compos�te 

nanofibers, wh�ch prom�ses the�r use �n a 

var�ety of appl�cat�ons. Add�t�onally, as 

the �ncorporat�on of Fe O  nanopart�cles 2 3

�nto PCL fibers makes them more prone to 

cell attachment, PCL nanofibers enr�ched 

w�th �ron ox�de-P3ANA could be 

�ntroduced as a scaffold to �mprove the 

performance of l�ver t�ssue eng�neer�ng.
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