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optical properties of magnetic
carbon/iron oxide hybrid dots

Yin Hu,ab Ping Wang,b Christopher E. Bunker,c Lindsay R. Teisl,b McIver Reibold,b

Sijia Yan,b Haijun Qian,b Dawei Hea and Ya-Ping Sun *b

Carbon dots (CDots), generally defined as small carbon nanoparticles with various surface passivation

schemes for bright and colorful fluorescence emissions, have emerged to represent a rapidly advancing

and expanding research field. Building upon the basic structural configuration of CDots, iron oxides were

introduced for both magnetic and fluorescence properties in the resulting hybrid dots, thus resulting in

more capabilities beyond those of neat CDots. The carbon/Fe3O4 hybrid dots with oligomeric

polyethylene glycol or polyethyleneimine for surface functionalization and passivation were prepared in

a facile thermal carbonization synthesis using microwave energy, coupled with magnetic separation. The

magnetic hybrid dots were fluorescent over the visible spectrum, but the fluorescence quantum yields

were found to be lower than those of their neat CDots counterparts, for which a possible quenching

effect due to the Fe3O4 in the dot structure was probed and evaluated. The results support the notion

that the hybrid dot configuration could serve as a platform for imparting magnetic properties into

brightly fluorescent CDots. Also investigated were the dot structures and compositions to gain a rough

view of the carbon–iron oxide configurations in the hybrid dots. The application potential of the hybrid

dots and opportunities for their further improvements are discussed.
1. Introduction

Carbon is commonly perceived as being a dark-colored matter,
with little attention paid to its optical properties other than its
use as a blackbody for photon to heat conversion. At the
nanoscale, however, carbon materials have exhibited rich
optical properties, including effective photon harvesting to
drive excited state energy and charge transfer processes, which
are widely pursued for a variety of applications.1–3 Especially,
carbon “quantum” dots or carbon dots (CDots, Fig. 1)4 have
emerged to represent a new class of carbon-based optical
nanomaterials with bright and colorful uorescence emissions,
attracting much attention recently.5–13 In fact, the investigation
on the science and technology of CDots has become a rapidly
advancing and expanding research eld, as made evident by the
large number of publications in the literature.12,13

CDots are generally dened as small carbon nanoparticles
with various surface passivation schemes, among which the use
of organic molecules or species has been effective (Fig. 1).4,14,15
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Beyond the neat CDots, the same structural conguration, along
with some of the synthesis methods for CDots, has been used
as the basis for carbon-based hybrid nanostructures with
semiconductors including TiO2 and others for purposes such as
much improved optical properties16,17 and enhanced photocatalytic
Fig. 1 A cartoon illustration on a CDotwith polyethyleneimine (PEI) for
surface functionalization (upper)45 and a carbon/Fe3O4 hybrid dot with
organic species for the desired passivation effect (lower).

This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07220a&domain=pdf&date_stamp=2017-08-23
http://orcid.org/0000-0001-8593-5769
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07220a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007065


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

25
 1

:1
3:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
activities.18–22 Similarly, unpaired electrons have been introduced
into the structure of CDots to impart magnetic properties in the
resulting hybrid nanostructures, with far-reaching implica-
tions in terms of an understanding of the effects and/or
interactions between the optical and magnetic properties and
in the expanded development of CDots-derived technolo-
gies.23–32 For example, Du, et al. fabricated Gd-doped CDots by
hydrothermal treatment of a mixture of glycine and gado-
pentetic acid, and found that these dots could serve as T1
contrast agents in magnetic imaging, exhibiting also the dose
enhancement effect in inhibiting the growth of solid tumor.30

Han, et al. used the solvothermal reaction of MnCl2, EDTA, and
triethylenetetramine in ethylene glycol for the preparation of
Mn-doped CDots, and evaluated the dots thus prepared in
MRI-uorescence dual-modality bioimaging.28 In a similar
solvothermal synthesis, Wang, et al. prepared porous carbon/
Fe3O4 hybrid nanoparticles of large sizes (around 100 nm in
diameter) for their serving as vehicles to carry anti-cancer drug
doxorubicin and for the function of light-controlled drug
release.32

In fact, carbon/metal oxide hybrid dots may represent
a versatile platform for combining optical properties with
magnetic and other functionalities, alternative to the widely
pursued strategies such as incorporating uorescent dye
molecules, noble metal nanoparticles, and/or semiconductor
quantum dots into polymeric or silica composite nano-
spheres.32,33 For those materials, a signicant amount of
results have been reported in the literature on their various
promising potential applications, such as biomedical imaging,
drug delivery and controlled release, and other uses.34–39

Among a few available studies of nanoscale Fe3O4 as the metal
oxide in hybrid dots involving carbon, Li, et al. fabricated
carbon/Fe3O4 nanoparticles of relatively small sizes for their
uses in cell imaging by both magnetic and uorescence
modalities, though the optical excitation and uorescence
emissions of these nanoparticles were mostly limited to the UV
spectral region.33

In this work, carbon/Fe3O4 hybrid dots with oligomeric
polyethylene glycol (PEG) or polyethyleneimine (PEI) for
surface functionalization and passivation were prepared in
a facile synthesis based on thermal carbonization with
microwave energy, coupled with magnetic separation. The
hybrid dots were characterized for an understanding of their
structures and compositions, with the results suggesting that
the hybrid dot structure may be viewed as a relatively small
Fe3O4 nanoparticle decorated with carbon moieties in very
roughly a core–shell like conguration, functionalized by the
organic species (Fig. 1). Optical absorption and uorescence
properties of the hybrid dots were compared with those of
their neat CDots counterparts, and an emphasis of the
investigation was on probing any quenching effect of the
Fe3O4 on the uorescence properties of the passivated carbon
domains in the hybrid dots. The potential and also challenges
in the development of magnetic carbon/metal oxide hybrid
dots with high optical performance (bright and colorful
uorescence emissions in particular) are highlighted and
discussed.
This journal is © The Royal Society of Chemistry 2017
2. Experimental section
2.1 Materials

Ferric ammonium citrate (C6H8O7$xFe
3+$yNH3) was purchased

from VWR, ferrous sulfate heptahydrate (FeSO4$7H2O) from
J. T. Baker, and potassium thiocyanate (KSCN) from Strem
Chemicals, Inc. Oligomeric polyethylene glycol (PEG1500,
average molecular weight � 1500) was obtained from ACROS
Organics, polyethylenimine (PEI, branched, average molecular
weight� 1200) from Polyscience, Inc., and polyvinylpyrrolidone
(PVP, average molecular weight � 40 000) from Sigma Aldrich.
Silicon carbide (120 grit) was acquired from Panadyne Abra-
sives, nitric acid and sulfuric acid from Fisher Chemical, and
potassium permanganate from ACROS. Dialysis membrane
tubings (molecular weight cut-off �500 and �1000) were
supplied by Spectrum Laboratories. Water was deionized and
puried by being passed through a Labconco WaterPros water
purication system.

2.2 Measurements

Powder X-ray diffraction measurements were performed on
a Rigaku Ultima IV X-ray diffractometer with Cu Ka radiation
(l ¼ 1.5418 Å) at 25 �C. The calculation of crystallite sizes based
on the Scherrer equation was enabled by the PDXL 1.8.1.0
soware. The transmission electron microscopy (TEM) imaging
was carried out on a Hitachi H-9500 high-resolution TEM
system. The TEM specimen was prepared by depositing a few
drops of a dilute sample solution onto a copper grid, followed
by careful evaporation to remove the solvent. UV/vis absorption
spectra were recorded on a Shimadzu UV2501-PC spectropho-
tometer. Fluorescence spectra were acquired on a Jobin-Yvon
emission spectrometer equipped with a 450 W xenon source,
Gemini-180 excitation and Triax-550 emission mono-
chromators, and a photon counting detector (Hamamatsu
R928P PMT at 950 V). 9,10-Bis(phenylethynyl)-anthracene in
cyclohexane was used as a standard in the determination of
uorescence quantum yields by the relative method (matching
the absorbance at the excitation wavelength between the sample
and standard solutions and comparing their corresponding
integrated total uorescence intensities). FT-IR spectra were
measured on a Shimadzu IRAffinity-1S spectrophotometer with
the Single Reection ATR accessory for solid samples.

2.3 PEGylated carbon/Fe3O4 hybrid dots

Ferric ammonium citrate (0.5 g) and PEG1500 (1 g) were mixed in
water (10 mL) in a small scintillation vial with stirring to yield
a brown-colored solution, followed by the removal of water via
purging with nitrogen gas for the reactant mixture. Separately,
a silica crucible casting dish (about 8 cm in diameter and 2.5 cm
in height) containing silicon carbide (150 g) was pre-heated in
a conventional microwave oven at 500 W for 3 min. The small
scintillation vial containing the reactant mixture was immersed
in the pre-heated silicon carbide bath for processing in the
samemicrowave oven. The initial treatment was at 1000 W until
smoke started to appear (aer about half min). The oven was
opened, and the vial containing themixture was taken out of the
RSC Adv., 2017, 7, 41304–41310 | 41305
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silicon carbide bath to be in the ambient for about 1 min. Then,
the vial was re-immersed in the silicon carbide bath for a repeat
of the same cycle of microwave treatment until smoke appear-
ing and then out in the ambient for about 1 min. Aer a total of
7 treatment cycles, the reaction mixture was collected and
cooled to the ambient temperature, and then dispersed in
deionized water (10 mL) with vigorous sonication. The resulting
aqueous dispersion was allowed to stand for about 10 min
before the separation in a magnetic separator (Dynal MPC-L).
For the separation, the aqueous dispersion of the reaction
mixture was in the separator for about 2 h. The supernatant was
removed, and the magnetic precipitate was washed with water
and precipitated again in the magnetic separator. Aer the
repeated washing until the supernatant became colorless, the
nal magnetic precipitate was collected as the as-prepared
sample of the PEGylated carbon/Fe3O4 hybrid dots (PEG-C/
Fe3O4-dots).

2.4 Polyethylenimine-functionalized carbon/Fe3O4 hybrid
dots

Ferric ammonium citrate (0.5 g) and polyethylenimine (PEI, 1 g)
were mixed in water (10 mL) in a small scintillation vial with
stirring to yield a brown-colored solution, followed by the
removal of water via purging with nitrogen gas for the reactant
mixture. Separately, a silica crucible casting dish (about 8 cm in
diameter and 2.5 cm in height) containing silicon carbide
(150 g) was pre-heated in a conventional microwave oven at
500 W for 3 min. The small scintillation vial containing the
reactant mixture was immersed in the pre-heated silicon
carbide bath for processing in the same microwave oven. The
processing was in multiple cycles, each of which consisted of
the treatment by microwave at 400 W until smoke started to
appear in the sample vial, taking the vial out of the silicon
carbide bath to be in the ambient for about 1 min, and then re-
immersing the vial in the silicon carbide bath for the next cycle.
Aer a total of 12, the reactionmixture was collected and cooled to
the ambient temperature, and then dispersed in deionized water
(10 mL) with vigorous sonication. The resulting aqueous disper-
sion was allowed to stand for about 10 min before the magnetic
separation by using the same protocol described above to collect
the nal magnetic precipitate as the as-prepared sample of the
PEI-functionalized carbon/Fe3O4 hybrid dots (PEI-C/Fe3O4-dots).

2.5 Iron content and removal

Iron contents in the hybrid dots were quantied by using the
classical colorimetric method with the use of a thiocyanate
agent for the formation of red-colored iron(III) complex. For the
standard curve, an aqueous solution of FeSO4$7H2O (0.24895 g
in 50 mL) was prepared, and to the solution was added
concentrated H2SO4 (2.5 mL) and then aqueous KMnO4 (2%)
dropwise until the purple color in the solution stopped fading.
The resulting solution was diluted to 500 mL as the standard
stock solution. An aliquot of the standard stock solution
(10mL) was diluted to 100mL as the standard working solution.
Five 25 mL volumetric asks were used, to which different
volumes of the working solution (0, 0.5, 1.0, 2.0, and 3.0 mL)
41306 | RSC Adv., 2017, 7, 41304–41310
were added, and then water (5 mL), H2SO4 (50%, 1 mL), KMnO4

(1%, 20 mL), and KSCN (20%, 2 mL) were added to each ask,
followed by the dilution with water to the full volume of each
ask (25 mL). The absorbances of the solutions at 470 nm were
measured for the standard curve.

For the digestion before the colorimetric analysis, a dot
sample was reuxed in HNO3 (20%, 25 mL) for 2 h, and then the
solution was concentrated to less than 10 mL in volume, fol-
lowed by being cooled to room temperature and diluted to 10
mL for the working solution of the sample. The working solu-
tion (2 mL) was added to a 25 mL volumetric ask, and to the
ask were then added water (5 mL), H2SO4 (50%, 1 mL), KMnO4

(1%, 20 mL) and KSCN (20%, 2 mL), followed by the dilution
with water to the full volume of the ask (25 mL). The absor-
bance of the solution at 470 nm was measured, and the iron
content in the sample was obtained from the standard curve.

For the removal of Fe3O4 from the hybrid dots, a dot sample
in aqueous dispersion (2 mL) was mixed with HCl (20%, 25 mL),
and the mixture was reuxed for 30 min. The reaction mixture
was cooled back to ambient temperature, and dialyzed
(molecular weight cutoff� 500) against fresh water for 12 h. The
solution in the dialysis tubing was collected and concentrated
for characterization and investigations.

3. Results and discussion

The PEGylated hybrid dots PEG-C/Fe3O4-dots were prepared in
the one-pot thermal carbonization processing of precursor
mixtures containing oligomeric PEGs (PEG1500) and ferric
ammonium citrate (FAC) in various PEG/FAC mass ratios.
Different processing conditions involving the use of microwave
irradiation for the thermal carbonization were evaluated,
including various combinations of microwave power and irra-
diation time duration in a single treatment and the use of
multiple treatment cycles, each of which consisted of micro-
wave heating and then a quick cooling in the ambient. The
reaction mixture from each processing was dispersed in water,
and the resulting aqueous dispersion was separated in terms of
magnetic precipitation in a magnetic separator with a perma-
nent magnet to harvest the magnetically responsive fraction.
The evaluation of the outcomes associated with different PEG/
FAC mass ratios and thermal carbonization conditions was
based on parameters including the product yield for the dot
sample, the aqueous dispersibility, and the C/Fe ratio in the
sample from the magnetic separation. The use of a PEG/FAC
ratio of 2 in the precursor mixture coupled with multiple-cycle
microwave treatments was identied as being more desirable
for the carbonization processing. Briey on the multiple treat-
ment cycles for the thermal carbonization with microwave
irradiation, in the initial cycle the precursor FAC–PEG mixture
was immersed in a pre-heated silicon carbide bath for heating
in a conventional microwave oven until the onset of visible
smoking in the sample vial, and then the vial was taken out of
the oven for a quick cooling in the ambient, followed immedi-
ately by the next treatment cycle of the same microwave irra-
diation and quick cooling. At the conclusion of the thermal
carbonization processing, the targeted hybrid dots
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 A TEM image of the PEI-C/Fe3O4-dots, with a statistical size
analysis based on multiple images in the inset.

Fig. 4 FT-IR spectra of FAC (upper), PEG1500 (middle), and the PEG-C/
Fe3O4-dots (lower).
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PEG-C/Fe3O4-dots could readily be harvested as the magneti-
cally responsive fraction in the magnetic separation of the
reaction mixture.

Similarly, the PEI-functionalized hybrid dots PEI-C/Fe3O4-
dots were prepared by thermal carbonization processing of
FAC–PEI mixtures in terms of the same multiple microwave
treatment – quick cooling cycles, and isolated from the reaction
mixture as the magnetically responsive fraction in a magnetic
separation.

Powder X-ray diffraction measurements were used for the
characterization of the hybrid dots, and the diffraction patterns
were found to be due exclusively to Fe3O4 (Fig. 2), suggesting
that the samples were free from any meaningful presence of
other crystalline species, and the carbon domains in the hybrid
dots were largely amorphous, as commonly observed for core
carbon nanoparticles in CDots.3,40–42 All of the diffraction peaks
(2q of 111, 220, 311, 400, 422, 511, and 440, Fig. 2) were
broadened, consistent with the nanoscale nature of the Fe3O4 in
the hybrid dots. With the peak broadening, calculations based
on the Scherrer equation yielded average Fe3O4 nanocrystal
sizes of 10 � 1 nm and 9.5 � 0.9 nm in the PEG-C/Fe3O4-dots
and PEI-C/Fe3O4-dots, respectively. The size estimates were
supported by the TEM imaging results. Shown in Fig. 3 is
a representative TEM image for the PEI-C/Fe3O4-dots. Because
of the high Z-contrast between carbon and iron, the size proles
in TEM images are dominated by the Fe3O4 nanoparticles in the
hybrid dots. The statistical analysis based on multiple TEM
images yielded an average size of 9.7 nm and a size distribution
standard deviation of about 2 nm (Fig. 3), consistent with the
estimate based on the Scherrer equation.

FT-IR spectra of the PEG-C/Fe3O4-dots and PEI-C/Fe3O4-dots
are compared with those of the precursors (FAC, PEG1500, and
the PEI) in Fig. 4 & 5. Overall, the spectra of the hybrid dots are
apparently broadened, and both exhibit signicant absorptions
at 1770–1650 cm�1 due to carbonyl moieties, which are shied
from the carbonyl absorptions at 1650–1500 cm�1 in the spec-
trum of FAC (Fig. 4 & 5). As known in the literature,43,44

the strong carbonyl absorptions in neat citric acid are at
1770–1650 cm�1, and in FAC as a salt of citric acid with Fe(III),
the absorptions of iron carboxylate are at 1650–1500 cm�1.
Fig. 2 Results from the X-ray powder diffraction characterization of
the hybrid dots, with the standard diffraction pattern of cubic Fe3O4

also shown for comparison.

This journal is © The Royal Society of Chemistry 2017
Thus, the thermal processing for the formation of the hybrid
dots must have sacriced the iron carboxylate in the precursor
FAC to have some of the resulting citric acid-like species
bound and/or trapped in the hybrid dot structures. For the
PEG-C/Fe3O4-dots, the characteristic C–H absorptions at
2900–2700 cm�1 are much weaker than those in neat PEG1500,
largely as expected for the PEGs being consumed in the
carbonization processing. Similarly weakened C–H absorptions
are found in the spectrum of the PEI-C/Fe3O4-dots. For both
hybrid dots, the broad absorption bands at low frequencies
(630–590 cm�1, Fig. 4 & 5) may be assigned to Fe–O bonds.

Aqueous dispersions of the hybrid dots exhibited more
scattering in appearance visually and also in absorption spectral
measurements even when the dispersions were very dilute,
different from the solutions of neat CDots of similar surface
functionalities reported previously.45 This might be due to
several factors, including more signicantly these hybrid dots
being larger in size and heavier with a substantial content of
Fe3O4. A commonly used strategy in improving the dispersion of
inorganic and other nanoparticles46,47 was adopted by adding
RSC Adv., 2017, 7, 41304–41310 | 41307
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Fig. 5 FT-IR spectra of FAC (upper), the PEI (middle), and the PEI-C/
Fe3O4-dots (lower).
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polyvinylpyrrolidone (PVP) polymers into the aqueous disper-
sions of the hybrid dots for reducing the light scattering in UV/
vis absorption measurements. As shown in Fig. 6, the observed
absorption spectra of the aqueous dispersed PEG-C/Fe3O4-dots
and PEI-C/Fe3O4-dots with PVP polymers for improved disper-
sion are generally similar to that of the neat PEI-CDots reported
previously.45 It should be pointed out that Fe3O4 nanoparticles
are colored, but their absorptivities in the visible spectral region
are generally low,48,49 and thus their contributions to the
observed absorption spectra of the hybrid dots are insignicant.

Fluorescence spectra of the aqueous dispersed PEG-C/Fe3O4-
dots and PEI-C/Fe3O4-dots are similar in prole to those of neat
CDots, as illustrated in Fig. 6 for the comparison with the
spectrum of neat PEI-CDots in aqueous solution, but their
intensities or uorescence quantum yields are lower. Between
the two hybrid dots, the PEI-C/Fe3O4-dots are signicantly more
uorescent, consistent with the general observation in the
literature that CDots of surface functionalization by amino
molecules or polymers are higher in uorescence quantum
yields.14,15,50 Nevertheless, the observed quantum yields of the
PEI-C/Fe3O4-dots, on the order of 3% at 400 nm excitation, are
still lower than those of the neat PEI-CDots (on average around
Fig. 6 Absorption (ABS) and fluorescence (FLSC, 440 nm excitation)
spectra of the PEG-C/Fe3O4-dots ( ) and the PEI-C/Fe3O4-dots
( ) in aqueous dispersions with PVP polymer as a dispersion
agent are compared with those of the neat PEI-CDots in aqueous
solution ( ).45

41308 | RSC Adv., 2017, 7, 41304–41310
15% at the same excitation wavelength).45 Since the optical
absorptions and uorescence emissions in the visible spectral
region are associated with the carbon domains in the hybrid
dots, the observed lower uorescence yields could be attributed
to causes including the different formation processes and
structural congurations of the hybrid dots from those of their
neat CDots counterparts (resulting in less effective passivation
of the carbon domains) and/or direct quenching effect of the
Fe3O4 in the hybrid dots on the emissive excited states of the
carbon domains. The latter as a possible cause was examined
experimentally by removing Fe3O4 from the PEI-C/Fe3O4-dots,
for which the dot sample was treated in an aqueous acid (HCl)
solution to dissolve the iron oxide, followed by dialysis to
harvest the residual nanostructures of the hybrid dots without
the Fe3O4 nanoparticles. For these Fe3O4-free residual “dots”,
their observed uorescence spectra are largely the same as
those of the original PEI-C/Fe3O4-dots before the acid treatment
(Fig. 7), again supporting the conclusion that the uorescence
emissions in the hybrid dots are due to the carbon domains
passivated by the organic species. The uorescence quantum
yields of the hybrid dots post-acid treatment are around 4% at
400 nm excitation, somewhat higher than those of the same
dots pre-acid treatment but still lower than those of the neat
PEI-CDots reported previously.45 While there may be an argu-
ment that the comparison with the neat PEI-CDots is biased
against the acid-treated hybrid dots because the acid treatment
process may have other effects on the dot structures in addition
to the removal of Fe3O4, such as effects that are negative to the
effective passivation of the carbon domains by PEI and derived
species in the residual dot structures post-acid treatment, it
seems unlikely that the presence of Fe3O4 as a quencher within
the hybrid dot structure could account entirely or predomi-
nantly for the observed lower uorescence quantum yields of
the hybrid dots. Therefore, it should be possible to prepare
carbon/Fe3O4 hybrid dots of competitive uorescence perfor-
mances to those of their neat CDots counterparts by developing
more suitable synthetic strategies.

On the compositions and structures of individual hybrid
dots, the average carbon content in the dot cores was estimated
Fig. 7 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation)
spectra of the PEI-C/Fe3O4-dots before ( ) and after ( )
acid treatment in aqueous dispersions with and without PVP polymer,
respectively.

This journal is © The Royal Society of Chemistry 2017
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on the basis of the observed optical absorption in the visible
spectrum by using the known absorptivities of small carbon
nanoparticles.3 For the iron content, the classical colorimetric
method based on the formation of red-colored iron(III) complex
with thiocyanate was applied to the quantication by using
a separately generated standard curve.51 The hybrid dots were
rst digested in established procedures before the colorimetric
analyses. The estimated C/Fe mass ratios in the hybrid dots
were on the order of 0.5. According to the TEM imaging results,
which are against the possibility of carbon nanoparticles and
Fe3O4 nanoparticles in pairs or clusters, a more likely dot
conguration is a Fe3O4 nanoparticle that is surface-coated with
a layer of carbon and/or decorated with randomly distributed
small carbon domains, which are functionalized by residual
PEG (or PEI) species or segments (Fig. 1). The organic func-
tionalization responsible for the passivation effect could be
binding and/or the exposed segments of the organic species
trapped in the dot surface structure. Such a hybrid dot cong-
uration could be viewed in a rst approximation as being on
average a special structure of core and shells, namely the Fe3O4

nanoparticle core, a carbon shell (with an estimated thickness
on the order of 1 nm), and then a so-shell (or corona) of bound
or attached organic species (Fig. 1). Obviously, this structural
view may be too simplied and idealized, as the actual
arrangements of the carbon and Fe3O4 domains in the hybrid
dots are probably more random and vary from dot to dot, for
which a more accurate probing and understanding of structural
details would require more sophisticated experimental tech-
niques beyond the scope of this work.

The hybrid dots are obviously magnetic in terms of their
response to external magnetic eld in the magnetic separation.
Similar magnetic response has been reported in the literature
on other carbon–Fe3O4 combinations.24,32,33,52,53 Super-
paramagnetism in those materials has also been explored,52–55

so have been their uses as contrast agents in MRI experi-
ments.32,33,52 While no dramatic differences are expected, an
examination on the magnetic properties of the carbon/Fe3O4

hybrid dots from this work against those already reported in the
literature may prove interesting in further investigations.

4. Conclusions

Carbon/Fe3O4 hybrid dots with oligomeric PEG and PEI species
for surface functionalization and passivation could be synthe-
sized in a facile thermal carbonization processing coupled with
magnetic separation. The dot structure may be considered
roughly as a small Fe3O4 nanoparticle (around 10 nm in
diameter) coated or decorated with nanoscale carbon domains
to which the organic species are attached via binding and/or
other modes (some segments of the PEG or PEI survived the
carbonization yet linked to the carbon domains in the hybrid
dots, for example). The nanoscale carbon domains passivated
by the organic species, which are similar to what are generally
dened for CDots, are responsible for the observed uorescence
emissions of the hybrid dots. A major purpose of the study was
to assess the potential quenching effect of Fe3O4 on the uo-
rescence emissions in the hybrid dots, and the results suggested
This journal is © The Royal Society of Chemistry 2017
that the quenching was hardly prohibitive. The observed lower
uorescence quantum yields of the hybrid dots than those of
their neat counterparts were more likely due to changes in the
synthesis of the dots, thus presenting opportunities for poten-
tially developing synthesis methods that could produce carbon/
Fe3O4 hybrid dots of a much higher uorescence performance.
The combined uorescence and magnetic properties in indi-
vidual hybrid dots are amenable to applications that require
both modalities, such as imaging and the sensing uses that
couple magnetic separation with optical detection or quanti-
cation. To be more effective in these and other related appli-
cations, however, again further investigations aimed at
a substantial enhancement of uorescence properties in the
hybrid dots are required. In addition to the dual modality uses
(uorescence/MRI as a more popular example), the hybrid dots
may serve the purpose of carrying the magnetic moieties into
organic or polymeric systems for various magnetic so
materials.
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