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Herein, we report the microscopic origin of surfactant modified magnetic properties of nearly

monodispersed CoFe2O4 nanoparticles (NPs). Surface modification is carried out with four

surfactants having p-acceptor/p-donor head group along with different chain-length. Upon

functionalization, magnetic NPs show a maximum 65.61% increase in coercivity and 78.24%

decrease in magnetization as compared to the bare one. Furthermore, p-donor head group surfactant

3d-transition metal oxide based highly coercive nano-

materials are the proper substituents over the currently used

alloy-based materials like Nd-Fe-B, Sm-Co, because of its

low cost, remarkable chemical and mechanical stability, high

magnetocrystalline anisotropy and magnetostriction, moder-

ate saturation magnetization, better coupling coefficient, low

thermal conductivity, high electrical resistance, and excellent

corrosion resistance.1–3 Among them, inverse spinel type fer-

rimagnetic cobalt ferrite (CoFe2O4) nanoparticles (NPs)

have attracted enormous concern due to its potential applica-

tions in diverse fields ranging from magnetic data storage,

catalysis to drug delivery.4–9 Most of the application of

CoFe2O4 NPs are strongly influenced by its coercivity which

depends mainly on the size of the particle. For larger crys-

tals, the coercivity increases with decreasing particle size

and below a critical diameter, the particles become single do-

main. At this critical state, coercivity reaches its maximum

value. Further decrease in size of NPs reduces the coercivity

and the particles reach a superparamagnetic state.10 Thus, if

the demagnetization occurs by perfect coherent rotation of

the domain magnetization, as in the case of magnetically iso-

lated single domain particles of a few tens of nanometers,

the coercivity will be very high of the order of kOe.11 Hence,

for a NP larger than its critical diameter, the coercivity

becomes far below to this level. Therefore, long-term

endeavours have been concentrated on the synthesis techni-

ques for the enhancement of coercivity of CoFe2O4 NPs

without going to the single domain configuration.

Various synthetic techniques have been explored to

increase the coercivity of as-synthesized nanocrystalline

CoFe2O4, such as mechanical milling,12 oil-in-water microe-

mulsion,13 and surface treatment.14,15 Liu et al.12 have

explained the reason behind the development of high coer-

civity (�5.1 kOe) of mechanically milled CoFe2O4 NPs of

110 nm on the basis of high density of defects and high level

of strain developed during the milling. Pillai and Shah13

have explicated the evolution of high coercivity (�1.4 kOe)

of the CoFe2O4 magnetic NPs of 50 nm in terms of magneto-

crystalline anisotropy imparted by cobalt to the oxide during

microemulsion process. Further, it is observed that functional

surface modification of CoFe2O4 NPs with crystallite size

�20 nm has induced a very large coercivity of the order of

9.1 kOe.15 They explained that the covalent bonding of oleic

acid to NP surface might enhance the surface spin disorder,

strain, anisotropy, and subsequently increase the coercivity

of surfactant co-ordinated CoFe2O4 NPs. It is well recog-

nized that surfactant-assisted surface modification technique

provides a huge enhancement in coercivity of magnetic NPs

against other synthesis techniques. Therefore, innumerable

surface modifications have been performed for achieving the

maximum possible coercivity of NPs by varying many sur-

face binding ligands.16 However, studies regarding the tun-

ing of magnetic properties with the variation of surface

co-ordination environment of monodispersed nanocrystals

are scarce in the extant articles. Hence, it would be of funda-

mental research interest to ascertain the cause of the subtle

differences in magnetic response of functionalized NPs with

the variation of surface co-ordinating ligands.

In this article, we have reported the quantum origin

behind the advent of enhanced coercivity accompanied with

reduced magnetization of the functionalized CoFe2O4 NPs

with reference to bare one as well as the fine tuning of their

magnetic response through a systematic variation of nature of

the surface binding ligand. For the purpose, we have synthe-

sized a series of nearly monodispersed CoFe2O4 NPs through

surfactant-assisted wet chemical method in which nature of

the surface binding ligands is chosen by selectively varying

both the head and tail part of it. To compare the effect of head

group in the magnetic response of functionalized NPs, we

have selected p-acceptor and p-donor ligands. Moreover, dif-

ferent chain-length of surfactants having same surface binding

head group helps to identify the magnetic responses solely

evoked by its chain-length. We have demonstrated a elucida-

tive correlation between the nature of surface binding ligand

and magnetic properties of functionalized NPs in terms of
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modified CoFe2O4 NPs show higher coercivity and magnetization with respect to p-acceptor head

group surfactant modified NPs and with the increase in chain-length of the surfactant, coercivity

of NPs enhances slightly. These consequences are explained in context of crystal field splitting

energy and steric hindrance offered by the surfactant.
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NP-ligand interaction which modifies the splitting of d-orbital

energy levels as well as surface spin motion of surface Coþ2

ions.

We have synthesized CoFe2O4 NPs by surfactant-assisted

wet chemical route with controllable size distribution by using

four different surfactants, namely, (1) Tetradecyltrimethyl am-

monium bromide (TTAB) (C17H38NBr), (2) Cetyltrimethyl

ammonium bromide (CTAB) (C19H42NBr), (3) Sodium

Dedocyl Sulfate (SDS) (C12H25NaSO4), and (4) Dioctyl so-

dium sulfosuccinate (AOT) (C20H37NaO7S). TTAB and

CTAB belong to p-acceptor ligand group with a minor differ-

ence in chain-length (TTAB<CTAB), whereas SDS and

AOT belong to p-donor ligand group in which chain-length of

SDS is less than that of AOT. The precursor salts, cobalt chlo-

ride (CoCl2, 6H2O) and ferric chloride (FeCl3, 6H2O); sodium

hydroxide pellets and surfactants are purchased from

Sigma-Aldrich and Merck. Double distilled, de-ionized water

is used as a solvent.

Initially, we have prepared the aqueous solutions of

0.2M CoCl2�6H2O, 0.4M FeCl3�6H2O, 4M sodium hydrox-

ide, and a series of surfactants individually. The mixture of

salt solutions along with different micelle is stirred con-

stantly for 15 min and heated to a constant temperature of

318 K in a thermostat. It is then added drop by drop to the

pre-heated sodium hydroxide solution at 350 K, taken in

three-neck flask, keeping the flow rate, stirring speed, tem-

perature constant. Initially, the mixture is turned into reddish

brown and after 1 h of constant stirring at 350 K, a black so-

lution is obtained. Finally, the precipitation is collected by

centrifugation, washed several times by water, and dried at

room temperature. Since reaction temperature, pressure, rea-

gent concentration, stirring speed, and reactant addition rate

influence the size of the particle, we have maintained them

constant in all cases. Thorough control of these reaction pa-

rameters allows us to narrow down the size distribution

(60–69 nm) with dispersion less than 10%.

The phase and crystallinity of CoFe2O4 NP are studied

by x-ray diffraction (XRD) using Cu Ka radiation (X’Pert

Pro, Panalytical). The particle size and morphology of NPs

are examined by transmission electron microscope

(TECHNAI G2 TF20). Magnetic hysteresis loop measure-

ment up to 1.6 T at 300 K is carried out using a vibrating

sample magnetometer (Lakeshore-7144). FTIR spectra of all

the samples are performed on a JASCO FTIR-6300 spec-

trometer in the range of 500–4000 cm�1.

The XRD patterns of all the samples as shown in Fig. 1

confirm their single phase inverse spinel face centred cubic

structure (JCPDS Card No. 22-1086). From the broadening

of Bragg reflection peaks, average grain size of the particles

is evaluated to be 23 6 4 nm using Scherrer’s equation for all

the cases.

TEM micrograph of bare-CoFe2O4 NPs, as shown in

Fig. 2(a) reveals their spherical shape and the particle size

distribution of all the NPs, as shown in Figs. 2(b)–2(f) con-

firms a narrow size distribution (60–69 nm) with an average

particle diameter of 65 6 3 nm.

We have performed FTIR spectroscopic analysis of one

functionalized CoFe2O4 NPs with reference to its corre-

sponding ligand in order to study the interaction of surfactant

molecules with the NP surface. The surfactant SDS (as

shown in Fig. 3) exhibits four characteristic bands (in the

range of 900–1600 cm�1) in which 993, 1219, and

1278 cm�1 are associated with the vibrational modes of sul-

phate group and 1472 cm�1 corresponds to the scissoring of

methylene group. However, the suppression/broadening of

FTIR peaks of functionalized CoFe2O4 NPs in comparison to

the surfactant imply a potent surface modification of mag-

netic NPs. These comparative studies help to identify the

strong co-ordination of both head and tail group of surfactant

to NP surface.

In order to study the effect of surface modification on

the magnetic response of both bare and ligand functionalized

CoFe2O4 NPs, we have performed zero-field-cooled/field

cooled (ZFC/FC) temperature dependent magnetization

(M-T) and room temperature field dependent magnetization

(M-H) measurement. Although, ZFC/FC curves do not show

any blocking temperature (TB) within the measured tempera-

ture range due to the particle size above superparamagnetic

limit. Herein, the surface functionalizations of CoFe2O4 NPs

have so been performed that the effect of both head and tail

group of surfactant on the magnetic behaviour of NPs can be

FIG. 1. Powder X-ray diffractograms of (a) CoFe2O4, (b) TTAB-CoFe2O4,

(c) CTAB-CoFe2O4, (d) SDS-CoFe2O4, and (e) AOT-CoFe2O4 NPs.

FIG. 2. (a) TEM images of CoFe2O4 NPs and size distributions of (b) bare

CoFe2O4, (c) TTAB-CoFe2O4, (d) CTAB-CoFe2O4, (e) SDS-CoFe2O4, and

(f) AOT-CoFe2O4 NPs.



identified individually. Figure 4 shows room temperature

magnetic hysteresis loops of both bare and modified

CoFe2O4 NPs, whereas Table I lists the change in coercivity

and saturation magnetization of functionalized CoFe2O4 NPs

with reference to the bare NPs and helps to demonstrate dis-

tinctly the differences in obtained results for all the cases.

The experimental error on repeated measurements is esti-

mated to be 2.1% and 1.8% for coercivity and magnetization,

respectively. The error due to the slight difference

(�1–2 nm) in the peak of the particle size distributions of all

functionalized NPs is very small (a fraction of one Gauss)

with respect to the obtained data which is of the order of

kG.17 Taking all these errors under consideration, Table I

suggests that the surface modification of CoFe2O4 NPs with

surfactant has a notable impact on the ferrimagnetic proper-

ties of CoFe2O4 NPs at room temperature.

The co-ordination of surfactant molecules to the NP sur-

face causes a very strong pinning to the magnetic moments

of surface Coþ2 ions and it leads to a strong surface anisot-

ropy which in turn enhances the coercivity of the functional-

ized system with reference to native NPs. Moreover, the

covalent bonding of ligand leads to quenching of surface

magnetic moments of Coþ2 ions because of ligand to metal

charge transfer which causes a significant reduction of mag-

netization of modified NPs with respect to the bare one.

Indeed, upon attachment with different type of surfactants,

the distinct changes in coercivity and magnetization of native

NPs occur due to different degree of splitting of d-orbital

energy levels of surface Coþ2 ions. According to the ligand

field theory, it is well known that p-acceptor ligand results in

larger crystal field splitting energy (CFSE) of d-orbital

energy levels of transition metal ions than p-donor ligand.

Therefore, enhanced ligand-metal interaction in case of

p-acceptor ligand favours the quenching of orbital magnetic

moments of 3d-transition metal ions more18,19 and subse-

quently reduces its spin-orbit coupling. Hence, larger the

CFSE of d-orbital energy levels of Coþ2 ions due to ligand

co-ordination reduces spin-orbit coupling more. Further, as

stated in Stoner-Wohlfarth theory, the magnetocrystalline

anisotropy energy EA of a single-domain particle can be

approximated as

EA ¼ KV sin2 h; (1)

where K is the magnetocrystalline anisotropy constant, V is

the volume of a NP, and h is the angle between magnetiza-

tion direction and easy axis of NP. Since K is determined by

the strength of spin-orbit coupling, reduced spin-orbit cou-

pling results in a decrease in magnetocrystalline anisotropy

of the NP system. Hence, the surface Coþ2 ions with higher

CFSE of d-orbital energy levels due to ligand interaction

should have smaller coercivity.

Not only magnetocrystalline anisotropy but also magne-

toelastic, magnetostatic, and shape anisotropy contribute sig-

nificantly to the coercivity of a magnetic system. The

adverse break down of local symmetry at the NP surface

enhances the surface anisotropy which has a notable value in

case of nanosized object. For a spherical particle with diame-

ter D, surface area S, and volume V, the anisotropy energy

constant (Keff) is described by the relation

Kef f ¼ KV þ
6

D
KS; (2)

where KV and KS are the bulk and surface anisotropy energy

constants, respectively. Further, Bødker et al.20 have

reported that Keff enhances more when the surface is modi-

fied with foreign molecules. Hence, the presence of surfac-

tant molecule also enhances the anisotropy, rather coercivity

of NP system. Herein, functionalization has been carried out

with four ligands, among them, TTAB and CTAB contain p-

acceptor tri-methyl amine head group [Nþ(CH3)3], whereas

FIG. 3. FTIR spectra of SDS molecule and SDS-CoFe2O4 NPs.

FIG. 4. Field dependent magnetization of (a) TTAB-CoFe2O4, (b)

CTAB-CoFe2O4, (c) SDS-CoFe2O4, and (d) AOT-CoFe2O4 nanoparticles at

room temperature. The inset of (a) shows the same for bare CoFe2O4.

TABLE I. List of percentage change in coercivity and magnetization of

functionalized CoFe2O4 with respect to bare CoFe2O4.

Type of CoFe2O4

Hc

(kG)

Ms

(emu/g)

EA

(J/kg)

% Hc

increase

% Ms

decrease

Bare CoFe2O4 2.29 69.08 4.62

TTAB-CoFe2O4 5.64 15.03 10.2 59.40 78.24

CTAB-CoFe2O4 5.95 18.99 13.07 61.51 72.51

SDS-CoFe2O4 6.07 25.77 17.83 62.27 62.69

AOT-CoFe2O4 6.66 32.20 23.9 65.61 53.39



SDS and AOT contain p-donor sulfate head group [SO4
-].

Due to higher CFSE of Coþ2 ions in presence of p-acceptor

ligand, TTAB and CTAB functionalized CoFe2O4 NPs show

lower coercivity enhancement than SDS and AOT function-

alized CoFe2O4 NPs.

In recent past, Giri et al.21 have reported that although

Mn3O4 NPs being paramagnetic at room temperature

become ferromagnetic in nature upon co-ordination with

p-donor ligand. Further, from Table I, it is observed that the

coercivity of modified CoFe2O4 NPs is increased with

increasing chain-length of the surfactant, for example, NPs

modified with TTAB (higher chain-length) shows higher

coercivity than those modified with CTAB (shorter chain

length) though they have the same p-acceptor head group.

Similar property is also observed in case of NPs modified

with p-donor ligands (AOT/SDS). Wang and Zhao22 have

reported that the dynamics of surface spins of formamide

NPs is restricted by tail group of TX100 molecule due to the

steric hindrance offered by ethylene oxide segment of the

surfactant. Hence, we can anticipate that the steric hindrance

associated with tail part of surfactant may be responsible for

such a difference in coercivity obtained for the consistent

head group. Therefore, the influence of both head as well as

tail group of surfactant on native CoFe2O4 NPs has been

individually identified through a prudential analysis of data

obtained through magnetic measurement.

The observed decrease in saturation magnetization in

modified CoFe2O4 NPs with respect to bare one is due to

ligand to metal charge transfer effect which enables to

quench the unpaired d-electrons of surface Coþ2 ions and

subsequently the net magnetization of the system reduces.

Further, larger splitting of d-orbital energy levels of transi-

tion metal ions in presence of ligand results greater reduction

in magnetization because enhanced ligand-metal interaction

helps to quench unpaired d-electrons of Coþ2 ions more.

Hence, TTAB/CTAB modified CoFe2O4 NPs result lower

magnetization than SDS/AOT modified NPs. Thus, we can

tailor the magnetic properties of the functionalized CoFe2O4

NPs by varying both the nature of head and chain-length of

surfactant judiciously for its application in specific operation.

It is an important encouraging result from fundamental per-

spective because the enhancement of a specific property of

magnetic NPs has increased its effectiveness in the applica-

tion fields such as biosensing, hyperthermia, drug delivery,

and magnetic resonance imaging.

Rational surface modifications of CoFe2O4 NPs have

been performed in order to investigate the effect of nature of

surface co-ordinated ligand on magnetic response of modi-

fied CoFe2O4 NPs. A sequence of surface modifications has

been implemented with p-acceptor (TTAB, CTAB) and

p-donor (SDS, AOT) ligands associated with different

chain-length on monodispersed nanocrystalline CoFe2O4. It

has been observed that coercivity of native NPs increases as

well as magnetization decreases upon co-ordination with

surfactants. Furthermore, we have defined a correlation

between the nature of the surface binding ligand and the

magnetic behaviour of functionalized CoFe2O4 NPs in terms

of ligand field theory. The extent of changes in magnetic

properties of modified CoFe2O4 NPs is strongly correlated

with the efficacy of ligand to induce splitting of d-orbital

energy levels of Coþ2 ions. The ligand that induces largest

splitting of d-orbital energy levels of surface Coþ2 ions

results in nethermost enhancement of coercivity and upmost

decrement of saturation magnetization. Moreover, the mag-

netic response of functionalized CoFe2O4 NPs accompany-

ing with same head group, coercivity increases with

increasing chain-length of the surface binding ligand. This

relationship has been demonstrated employing the theory of

steric hindrance engendered by the tail of ligand which

restricts the surface spin motion of Coþ2 ions and conse-

quently enhances coercivity of the functionalized NP system.

We believe that these findings would pave a path for further

research developments in the field of rational design of sur-

factant co-ordinated NPs to enhance its potency in diverse

application fields.
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