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The main advantage of graphene oxide (GO) over its non-oxidized counterpart, is its ability to form stable
solutions, due to exfoliation to single-atomic-layer sheets. At present day, the ﬁne chemical structure of
GO remains ambiguous, while the traditional characterization methods have exhausted their potentials
in revealing GO chemistry. Here we employ the NMR relaxation method to monitor reactions between
GO and the three transition metal cations Mn2þ, Gd3þ and Fe3þ while in solution phase. We demonstrate
that interaction between GO and metal cations is chemical in its nature. The GO functional groups serve
as ligands replacing water molecules from the metal cations’ ﬁrst coordination sphere. The functional
groups interacting at different pH values have been identiﬁed and quantiﬁed. At least part of the functional groups interacting with metal cations in neutral and basic solutions are alcohols that have acidic
character. The metal ion induced rearrangement of the oxygen functional groups on GO platform points
at the highly dynamic nature of GO, conﬁrming the main standing points of our earlier proposed Dynamic Structural Model. For Fe3þ, the polynuclear complexes with hydroxide ion bridges form on the
surface of GO; the process of the seeding the nanoparticles on GO surface is recorded.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Graphene oxide (GO) became one of the most intensively
studied materials of the last decade, being successfully tested for
numerous applications. In particular, nanocomposites of GO with
several metals found being promising in energy storage, fuel cells
and catalysis [1]. These composite materials consist of nanometerscale particles of metals and/or metal oxides anchored to GO sheets.
Despite numerous papers reporting formation and use of such
nanocomposites, the mechanism of their formation remains
elusive. It is not even clear if any interaction between GO and metal
cations takes place prior to the nanoparticle grow. Understanding
of these interactions, from one side, would help to control the
process, and subsequently the parameters of as-grown nanoparticles. From another side, this would shed additional light on GO
chemistry that remains ambiguous despite intensive research.
The classical way of learning about chemical structure of any
new substance is studying how it behaves being subjected to
certain chemical reactions. Thus, thorough investigation of chemical reactions, their correct interpretation would help in understanding the actual chemical structure of GO. Since the pioneering
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work by Lerf et al. [2], up to the present day, substantial body of the
studies on GO chemical properties were focused on attempts of
covalent functionalization of GO [3e6]. Despite the large number of
publications claiming such functionalization, solid and unambiguous demonstration of covalent bonding between GO and reacting
species is very difﬁcult [6]. First of all, different functional groups on
GO platform cross-inﬂuence each other, changing the chemical
behavior from that described in classical organic chemistry textbooks. Secondly, even if such functionalization takes place, it is
difﬁcult to conﬁrm. Strictly, formation of covalent bonds can be
demonstrated only spectroscopically by elimination of original GO
bands and rise of the new ones. With multifunctional GO this is
very difﬁcult [6], especially by the commonly used methods that
analyze solid GO samples.
One of the main advantages of GO, making it different from its
non-oxidized counterpart and other 2D materials, is its ability to
form stable solutions, by exfoliating to single-atomic-layer sheets.
Thus, a successful chemical reaction involving GO should be conducted in solution phase to provide easy and unimpeded access to
GO surface. To investigate such reactions, one needs the instrumental techniques applicable to solutions. Note, today most of the
traditional instrumental methods, used for GO characterization (13C
SSNMR, FTIR, TGA, Raman etc.), investigate the solid material; they
miss a crucial information about the chemistry of GO in solution. In
our opinion, traditional spectroscopic methods, broadly used for
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GO characterization, have exhausted their potential for revealing
GO chemical structure. As an additional argument for this statement, the intensive and extensive studies of the last decade, despite
some progress, have not brought us substantially closer to understanding GO chemistry. New, nontraditional approaches are needed
today for studying GO chemistry.
In this report we investigate interaction of GO with three transitional metal cations in aqueous solutions. In contrast to the majority of GO related studies, we do not employ a solid GO product as
a main indicator of chemical reaction. Instead, we monitor the reactants, while they are still in solution phase. More speciﬁcally, we
use NMR relaxation method to monitor the environment of the
three metal cations Mn2þ, Gd3þ and Fe3þ. This method was rarely
used, if at all, in GO chemistry studies before. A few papers on this
topic were focused mostly on preparing new contrast agents for
MRI, but not on the chemistry of GO [7,8].
In this work, we investigate two different ranges of ratios between GO and metal cations. The ranges of equimolar ratios are
studied by the NMR relaxation. The ranges with an excess of the
metal salts were used to determine the upper limit uptake of the
metals by GO; the as-prepared metal-GO composites, were investigated by traditional characterization methods.

standard buffers (pH 4.01, 7.00 and 9.00). Proton relaxation times
Т 1,2 were measured using pulsed NMR-relaxometer Minispec
MQ20 from Bruker with operational frequency of 19.65 MHz by
applying standard radio frequency pulse sequences: inversionrecovery method (spin-lattice relaxation time Т 1) and CarrPurcell sequence modiﬁed by Meiboom-Gill (spin-spin relaxation
time Т 2) with measuring accuracy error smaller than 3%. The
temperature was maintained using Haake DC10 (Thermo Electron)
cryo thermostat. The solutions for the relaxivity measurements
were prepared by introducing certain amount of the 33% GO
aqueous paste into the stock metal salt solution, and diluting the
resulted solution in the volumetric ﬂask to achieve the 0.5 mM
concentration by metal cation. The concentration of metal ions in
resulted solution was always 0.5 mM; the content of GO varied from
0.05 wt% through 0.40 wt%.
The as-prepared solutions, formed by mixing metal salts and
GO, had pH~3, which is typical for aqueous GO solutions. To explore
a broader pH range, small amounts of either HCl or NaOH solutions
were added to the as-prepared metal-GO solutions, and the
relaxivity at a given pH values was measured.
The experimentally measured relaxation times ðT1;2 Þobs , were
 
. The latter is the sum of the
inverted to the relaxation rates T11;2

2. Experimental part

two main contributions: the relaxation of the protons located in the
 
ﬁrst coordination sphere of the paramagnetic ion T11;2 (para-

2.1. Materials
All the reagents have been used as received, without additional
puriﬁcation. Sulfuric acid was from “Shchekinoazot” Trading House,
LLC, Russia; nitric acid, hydrochloric acid, sodium hydroxide were
from CJSC “TatHimProduct”, Russia; potassium permanganate was
from MCD Company, Russia. Manganese(II) chloride, manganese
(II) nitarte, gadolinium(III) nitrate, iron (III) nitrate were all the
“pure for analysis” grade.
2.2. Preparation of GO
GO was synthesized by the modiﬁed Hummers method according to the following procedure. Graphite ﬂakes (10 g,
832 mmol) were dispersed in 96% sulfuric acid (680 mL) at room
temperature using a mechanical stirrer. After 10 min of stirring,
1 wt equiv of KMnO4 (10 g, 63.2 mmol) was added. The mixture
became green due to the formation of the oxidizing agent MnOþ
3.
Additional portions of KMnO4 (10 g, 63.2 mmol each) were added
when the green color of MnOþ
3 was diminished, indicating that the
oxidizing agent was consumed. A total of 4 wt equiv of KMnO4 were
sequentially added. The end of the oxidation was always determined by the disappearance of the green color after each KMnO4
addition. After complete consumption of KMnO4, the reaction was
quenched with 1400 mL of ice-water mixture, and 16 mL of 30%
H2O2 solution was added to convert manganese by-products to
soluble colorless Mn (II) ions. The reaction mixture was centrifuged
15 min at 8900 rpm to separate GO from acid. For puriﬁcation, the
GO precipitate was redispersed in DI water, stirred 30 min, and
centrifuged 20 min at 8900 rpm to separate puriﬁed GO from
washing waters. This constituted one puriﬁcation cycle. Four more
puriﬁcations were performed consecutively: one time with DI
water and three times with 4% HCl. The GO precipitate after the last
washing was dried in air. 18.2 g of air-dry GO was obtained.
2.3. NMR relaxation measurements
All the experiments and measurements were conducted at 298
К. “ThermoOrion 420Aþ” (Thermo Electron) pH-meter was used to
measure acidity values of solutions, and was calibrated using
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The diamagnetic component for pure water is ~0.4 s1. Addition
of GO into pure water increases this parameter up to 0.9 s1 in the
tested GO concentration region. The contribution of the diamagnetic component to the overall relaxation is small. In our experiments, for the neutral solutions, the contribution of the
diamagnetic component to the overall relaxation rate was 1e2%. In
the highly acidic and highly basic conditions it can increase up to
10% mainly due to the lowering the absolute value of the para 
magnetic component. The paramagnetic component, T11;2 , was
p

calculated as the difference between the measured relaxation rate
 
1
(measured for the metal-GO-water system), and the
T1;2
obs
 
diamagnetic component T11;2 (measured for GO-water). The
d

value of the paramagnetic component, adjusted to the concentration of the paramagnetic metal cation, CM, is usually denoted as the
relaxivity, R1;2 ¼ CM ðT11;2 Þ . This parameter is used below to characp

terize the state of the metal ions (Mn2þ, Gd3þ, Fe3þ) in GO solutions.
2.4. Preparing highly metal-loaded M-GO composites
To prepare the M-GO composites, the metal salts and GO were
mixed in the ratio where one metal cation was used toward two
carbon atoms of GO framework.
To prepare high-Fe-GO, the 20.0 g of the 0.25M Fe(NO3)3 solution was added with stirring into the 20.0 mL of the 1.0% GO solution. The GO solution immediately turned opaque due to
coagulation of GO ﬂakes in the high ionic strength solution. The
mixture stirred for 1 h. Next, the solution was centrifuged 30 min at
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9000 rpm, The separated GO gel precipitate redispersed in 40 mL
water, stirred 30 min, and centrifuged to separate puriﬁed GO. This
procedure was repeated six more times. The sample was dried on
open air. The number of required washing cycles was determined
by the content of metal in resulted dry M-GO composites and by the
presence of metals in washing waters.
The same procedure was used to prepare Gd-GO and Mn-GO.
The only difference was that the three, not seven washing cycles
were done on the puriﬁcation step. With Fe(NO3)3 an additional
experiment with ten times lower Fe(NO3)3 content was conducted.
In this experiment, 2.0 mL of the 0.25M of Fe(NO3)3 and 18.0 mL of
DI water were added with stirring into the 20.0 mL of 1% GO solution. The seven washing cycles were done on the puriﬁcation
step, as for the high-Fe-GO.
For the studies of potential grow of the nano-structured clusters,
the reaction time was increased from 1 h to 24 h, and only one
washing cycle was done after the reaction. These samples were
used only for TEM analysis. Very dilute solutions (~0.05 wt%) of MGO samples were used to deposit the M-GO ﬂakes on the TEM grids.
2.5. Characterization of the M-GO composites
The X-ray photoelectron spectroscopy (XPS) spectra were acquired in a UHV chamber of the multi-technique surface analysis
system Phoibos 100/150 from SPECS. The Mg Ka X-ray source
operated at 12.5 kV and 250 W was used. A pass energy of 30 eV
(step size of 0.5 eV) was used for wide range scans; pass energy of
20 eV (step size of 0.1 eV) was used for high resolution measurements. All spectra were analyzed by using the CasaXPS software.
The thermogravimetric analysis (TGA) data was collected with the
Q50 analyzer from TA Instruments in Ar atmosphere. The FTIR
spectra were acquired with Nicolet iS50 spectrometer with the ATR
sampling. The TEM imaging of the samples was carried out in a
transmission electron microscope Hitachi HT7700 Excellence. The
imaging was held at an accelerating voltage of 100 kV in the TEM
mode; the elemental analysis was carried out in the STEM mode, at
the same parameters using Oxford Instruments X-Max ™ 80T
detector.

metal-GO aqueous solutions on the two factors: pH of solution, and
the metal/GO (M/GO) ratio. The as-prepared solutions, formed by
mixing metal salts and GO, had pH~3, which is typical for aqueous
GO solutions. To explore a broader pH range, small amounts of
either HCl or NaOH solutions were added to the as-prepared metalGO solutions, and the relaxivity at a given pH values was measured.
The concentration of the metal ions in solution was always 0.5 mM;
The content of GO varied from 0.05 wt% through 0.40 wt%.
In pure water, aqua-ions of Mn2þ are stable in a broad range of
pH values. Hydrolysis of the aqua-ions occurs in slightly basic
conditions, which manifests as the rapid decrease in relaxivity at
pH > 8.5 (Fig. 1a and b). Addition of 0.05% GO into the Mn2þ solution causes negligible change in the spin-lattice relaxivity R1; the
0.05% GO curve remains close to the curve for aqua-ion until
pH ¼ 8.5 (Fig. 1a). On the contrary, a notable monotonous decrease
was found for the spin-spin relaxivity R2 (Fig. 1b). When the content of GO is increased, relaxation increases with the wellpronounced maximums around pH ¼ 7. Earlier we have demonstrated that for Mn2þ solutions the R2/R1 ratio correlates well with
the number of water molecules in the ﬁrst coordination sphere
[14,15]. For the complex with diethylenetriaminepentaacetic acid,
this ratio changes from 4.8 ± 0.2 for aqua-ion through 1.2 ± 0.2 for
the condition where all the six water molecules in the ﬁrst sphere
are completely replaced. The linear correlation of R2/R1 with the
increment D(R2/R1) ¼ 0.6 per every replaced water molecule was
discovered [15]. Another value for R2/R1 ¼ 1.5 was reported earlier
for the Mn2þ/ethylenediaminetetraacetate complex that contained
0.5 water molecule in the Mn2þ ﬁrst coordination sphere [16]. The
fractional value 0.5 was due to the equilibrium in the ligand denticity between 5 and 6. Thus, based on the value for R2/R1 ¼ 1.6
obtained in this work (Fig. 1c), we arrive at our ﬁrst important
conclusion: in a weakly-acidic, neutral and basic GO solutions, no
more than one water molecule remains in the ﬁrst coordination
sphere of the Mn2þ/GO complex.
Unlike ﬂexible organic molecules that wrap around the metal
ion, a single 2D GO sheet cannot provide ﬁve or six functional
groups to the same metal ion due to the geometrical considerations. The only solution to occupy ﬁve or six positions at Mn2þ
cation is the sandwich-like structure comprising metal cation

3. Results and discussion
3.1. NMR relaxation
The NMR relaxation method is based on the fact that in aqueous
solutions paramagnetic transitional metal ions can decrease the
relaxation time of nearby water protons. According to the SolomonBloembergen theory [9e11], the relaxation time is the function of
several parameters including: 1) number of relaxing nuclei in close
proximity to paramagnetic ion, 2) times of relaxation, 3) a distance
from proton to unpaired electrons, etc. For these studies, the most
important factors are the ﬁrst two, while the ﬁrst one is the common parameter for all the paramagnetic ions. When a paramagnetic
ion forms complexes with small ligands, relaxivity normally decreases due to the decrease in the number of water molecules in the
ﬁrst coordination sphere of the metal cation. The second factor is
the most important for solutions of Mn2þ, Gd3þ and Cu2þ, where
the proton relaxivity depends on the rotation rate of the aqua-ions.
Binding these ions with large objects such as micelles, polymers
and nanoparticles decreases the rotation rate, and increases
relaxivity values. Often, this increase, related to the increase in the
particle size, overcomes the decrease caused by the decrease in the
number of water molecules [12,13]. In general, relaxivity values
provide crucial information about the conﬁguration of the metal
cation’s ﬁrst coordination sphere.
In this work, we studied the dependence of the relaxivity of the

Fig. 1. The pH dependence of (a) the spin-lattice relaxivity R1, (b) the spin-spin
relaxivity R2, (c) the R2/R1 ratio of Mn2þ solutions at different GO content. CMn(II) is
0.5 mmol/L. Concentration of GO in solutions is 0.05%, 0.10%, 0.20%, 0.30% and 0.40% by
mass. (d) Schematic representation of the arrangement of metal ions relative to GO
sheets: top - high M/GO ratio, bottom - low M/GO ratio. (A colour version of this ﬁgure
can be viewed online.)
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between two GO sheets (Fig. 1d). At low GO content (0.05%), the
spin-spin relaxivity R2 decreases (Fig. 1b) due to loosing water
molecules at a greater extent, than the increase caused by the
slowing in rotation. This, in turn, is caused by the limit of the active
sites on GO surface to bind all the Mn2þ ions present in solution.
Being bonded to GO surface by 2e3 bonds, Mn2þ cations can still
exchange with those remaining in bulk solution (Fig. 1d, top
conﬁguration). However, at higher GO content, the sandwich-like
structure is organized (Fig. 1d, bottom conﬁguration), and the
subsequent slowing in rotation of Mn2þ cations results in the
notable increase in the relaxivity.
As evident from Fig. 1c, with high GO loading (0.20e0.40%),
Mn2þ starts loosing water molecules even at pH < 2. Note, only
negatively charged functional groups can replace water molecules
from the ﬁrst coordination sphere of metal cations. From all the
functional groups on GO platform, only organic sulfates exist in the
ionized form at such low pH [17,18]. The X-ray photoelectron
spectroscopy (XPS) data demonstrates presence of 0.9%e1.0% sulfur
in the original GO sample. This number does not change upon
interaction with the metal cations. The assignment of this sulfur to
the organic sulfates is based on the FTIR analysis [17] (see also the
spectra in Part 3.2). Earlier, we reported interaction of Mn2þ with
the compounds containing sulfate and sulfonate groups [15,16]. The
loss of the two water molecules (R2/R1 ¼ 3.6) was observed for
interaction with sodium dodecylsulfate, and the loss of 2.5 water
molecules (R2/R1 ¼ 3.3) was observed for interaction with sodium
polysterenesulfonate. These are exactly the same values for the R2/
R1 ratio that we obtained in this work at pH~2 with high GO
loadings (Fig. 1c). Thus, we arrive to our second important
conclusion: the functional groups that bind with Mn2þ at pH < 2 are
most likely sulfate esters, present in GO prepared by the Hummers
method [17,18]. This fact allows us to quantitatively estimate the
number of the sulfate groups (see below).
With increasing GO content in solution, the rise of the relaxivity
(Fig. 1a and b) and the decrease in the R2/R1 ratio (Fig. 1c) occurs at
progressively lower pH values. The lowest R2/R1 value 1.6 is achieved at pH ¼ 8 for the 0.05% GO content, and at pH ¼ 4 for the
0.40% GO content, meaning that less GO is needed to replace the
same number of water molecules from the ﬁrst coordination sphere
at higher pH compared to the case with lower pH. This observation
suggests that greater number of the functional groups ionize at
higher pH, and bind with Mn2þ cation. These newly ionizing groups
are most likely carboxylic acids ionizing in the pH range from 3
through 6, and some alcohols ionizing at higher pH values.
Fig. 2 schematically represents gradual replacement of water
molecules from the Mn2þ ﬁrst coordination sphere.

Fig. 2. The schematic representation of gradual replacement of water molecules from
the ﬁrst coordination sphere of Mn2þ cation. The content of the ﬁrst coordination
sphere changes with pH of solution. Sulfates, carboxyls, and alcohols progressively take
part in Mn2þ complexation with increasing pH. Different atoms are represented by the
following colors: Mn - green, O - red, S - yellow, C - gray, H - white. The two right-most
structures represent the equilibrium established between the penta-functionalized,
and hexa-functionalized Mn2þ ions. (A colour version of this ﬁgure can be viewed
online.)
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The R2/R1 value of 1.8, speciﬁc for only one remaining water
molecule is achieved at pH 3.3 for 0.4% GO, and at pH 3.5 for 0.3%
GO (Fig. 1c). Both sulfate and carboxyl groups can serve only as
mono-dentate ligands; for the best of our knowledge, the bidentate behavior of these groups was never reported. Subsequently, in order to replace ﬁve water molecules in the sandwich
like structure, one GO sheet should provide two binding sites, and
another one should provide three. The location of the three functional groups (sulfates and carboxyls) in close proximity to each
other is difﬁcult to envision within the traditional GO structural
models [2]. It is even more unlikely that ﬁve-six sulfates and/or
carboxyls from two different GO ﬂakes would be situated in close
proximity to one metal cation. This argumentation brings us at the
third conclusion: functional groups other than sulfates and carboxyls must be involved in the complexation. Some of these groups
are most likely alcohols that have acidic properties due to the
conjugation with ketones and/or with graphitic domains [19,20].
Being a conjugate base of a weaker acid, an ionized alcohol is a
stronger base than sulfate and carboxylate. Subsequently, it should
establish stronger chemical bonds with metal cations, which act as
Lewis acids. With the decrease in solution acidity, the fraction of
these acidic alcohols in the ﬁrst coordination sphere of metal cations increases. Moreover, these groups must have mobile character,
as we suggested earlier in the Dynamic Structural Model of GO [19].
The functional groups must rearrange into the conﬁguration with
three or two ionizable groups in close proximity to each other. This
rearrangement of the functional groups is induced by the metal
cation, and must have very low activation energy, since all the reactions are conducted at room temperature.
While carboxyls can be located only on the edges (both ﬂake
edges and edges of the point defects or holes), sulfates and alcohols
are located mostly on the basal planes [17,18]. The EDAX mapping
(see Fig. 10 below) shows the even distribution of metals over the
GO ﬂake without any preference of the ﬂake edges. The even distribution of carboxyls over the basal plane is simply impossible.
Such an even distribution of the tiny, not TEM-detectable holes over
the entire ﬂake body is not realistic. Thus, the key-players in this
interaction must be the basal plane groups: sulfates and alcohols.
This conclusion conﬁrms our earlier ﬁndings about a relatively
minor role of carboxyl groups in the origin of GO acidity [19,20].
Factors, inﬂuencing relaxation time, discussed for Mn2þ cations
above, are also valid for Gd3þ cations. However, for the latter the
difference between R2 and R1 is insigniﬁcant [9,21]. Subsequently,
the R2/R1 ratio does not change with replacing additional water
molecules in the ﬁrst coordination sphere. This is why below we
will discuss only the values of R2. Since the proton relaxation time
in the Gd3þ solutions is still controlled by the correlation time tR,
the increase in relaxivity in acidic region must be still caused by
slowing the rotation of Gd3þ ions upon binding to GO.
The general trend in the R2 curves for the Gd3þ solutions at high
GO loadings (Fig. 3) is similar to that for Mn2þ: rapid increase in the
acidic region, maximum at pH 6e7, and decrease in the basic region. However, at low GO loadings, the picture is different. With
0.05% GO, there is no signiﬁcant change in relaxivity in the entire
tested pH region, meaning that the total number of all the ionized
groups has not yet reached a certain threshold value needed for
such level of binding of Gd3þ that would cause the increase in the
relaxivity. For 0.10% GO, the relaxivity does not change until pH 5,
where it makes a sharp jump. This observation suggests that at this
pH, the number of the ionized functional groups reach the
threshold value. With increasing GO content, this jump in relaxivity
progressively shifts toward lower pH values. The rapid and significant increase of relaxivity even at pH < 2 at high GO loadings
suggests that in highly acidic conditions, the threshold concentration of the binding sites is afforded solely by the sulfate groups. In
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Fig. 3. The pH dependence of the spin-spin relaxivity R2 of the Gd3þ solutions at
different GO content. CGd(III) is 0.5 mmol/L. Concentration of GO in solutions vary from
0.05% through 0.40% by mass. (A colour version of this ﬁgure can be viewed online.)

the less acidic regions, the groups other than organic sulfates
ionize, and the number of the binding centers on GO surface increases. Subsequently, effective binding occurs even at progressively lower GO contents.
The main jump in R2 values for Mn2þ solutions (Fig. 1a) occurs
between the 0.05% and 0.10% GO content, while for Gd3þ between
0.10% and 0.15%. This observation has simple and logical explanation: Gd3þ with the coordination number 9 requires more functional groups compared to Mn2þ with the coordination number 6.
The M/GO ratio can be easily recalculated into the ratio of metal
ions per carbon and oxygen atoms of the GO lattice by assuming the
simple empirical formula of solid GO C2O. This empirical formula is
derived from the atomic ratio of GO determined by XPS. The
contribution of the low weight H atoms and rare S atoms to the
mass of the empirical formula is negligible. Then at 0.5 mM of the
metal ion concentration, the GO contents of 0.05%, 0.10%, 0.20%
would translate into the following M/C ratios respectively: 1/50, 1/
100 and 1/200. Interestingly, with Mn2þ, saturation occurs at 0.30%
GO content, while with Gd3þ at 0.20e0.25%. With this in mind, for
Mn2þ that has six spaces in the ﬁrst coordination sphere, the
saturation occurs at the ratios of 6 coordination sphere vacancies
(CSV) per 300 carbon atoms and 150 oxygen atoms (6/300/150). For
Gd3þ this ratio is 9/200/100. This is somehow counterintuitive,
since Gd3þ with 9 CSV should require more GO. There are two
possible explanations for this controversy. While for Mn2þ practically all the water molecules in the ﬁrst coordination sphere are
replaced by GO, for Gd3þ this is not necessarily the case; indeed, it is
difﬁcult to envision occupation of all the nine vacancies even in the
sandwich-like geometry. Another explanation is that some GO
oxygen functionalities that can bind with Gd3þ, do not interact with
Mn2þ. For completely saturated Mn2þ, every 25th oxygen atom of
GO lattice (6 oxygen atoms out of 150) takes part in binding with
the metal cation. This number is even slightly lower than the
combined number of organic sulfates (one group per 65 carbon
atoms of GO lattice; 4.6 groups per 150 oxygen atoms) and carboxyls (one group per 100 carbon atoms; 3 groups per 150 oxygen
atoms). However, considering relative scarcity of sulfates and carboxylates, it is almost impossible that ﬁve or six sulfates and/or
carboxyls from two different GO ﬂakes would be situated in close
proximity to one metal cation. Thus additional functional groups
other than sulfates and carboxyls must be involved in the

complexation. Above, we made the same conclusion based on the
simple structural considerations. Here we arrive at this conclusion
based on the stoichiometric approach.
The 0.05% and 0.10% GO content, between which the main jump
in R1 and R2 values for Mn2þ occurs, translates into the CSV/C/O
ratios of 6/50/25 and 6/100/50 respectively. For Gd3þ the main
jump between the 0.10% and 0.15% GO content translates into the
ratios 9/100/50 and 9/150/75 respectively. The last ratio completely
coincides with that for Mn2þ. The difference in the lower GO content ratios is explained solely by the fact that the 0.075% GO content
solution was not tested. This similarity additionally conﬁrms the
same mechanism of the relaxivity for the two ions.
When discussing the downtrend of the relaxivity curves in
neutral and basic region (pH 6e10) at high GO loadings (Figs. 1 and
3), one must take into account the difference in the stability of
Mn2þ and Gd3þ aqua-ions against hydrolysis: the ﬁrst ion hydrolysis at pH > 9, while the second at pH > 6.5. Nevertheless, at high
GO content, both ions demonstrate similar pH dependence. This
indicates that, in general, binding with GO effectively protects
metal cations from hydrolysis. In our opinion, in case of Mn2þ one
must completely exclude the hydrolysis as a possible reason of the
downtrend in the relaxivity curves. Thus, the observed downtrend
in the relaxivity with increasing pH can be explained only by the
change in the metal cations ﬁrst coordination sphere. In basic solutions the sulfate and carboxylate groups, coordinating Mn2þ ion,
must be progressively replaced by other functionalities (e.g. vinyl
alcohols). This assumption agrees well with the experimentally
obtained M/GO ratios, and with the mobility of the functional
groups on GO platform discussed above. Thus, the observed
decrease of the relaxivity in basic solutions reﬂects the change in
the composition of the metal cations’ ﬁrst coordination sphere. This
statement fully applies to Mn2þ. Concerning Gd3þ, the general
argumentation is the same, however, its lower threshold of hydrolysis alongside with several remaining coordinated water molecules do not exclude the possibility of formation of mixed
hydroxo-complexes in the basic Gd3þ/GO solutions.
Thus, two ions Mn2þ and Gd3þ with different charge, size and
electron conﬁguration, but with similar mechanism of the proton
relaxation, demonstrated similar trends in relaxivity as function of
pH and GO content. To gain additional information on GO chemistry, we have chosen Fe3þ ions. The Fe3þ ion has the same charge as
Gd3þ, the same electron conﬁguration as Mn2þ (3d5), but the
smaller ionic radius (rGd(III) 1.075, rMn(II) 0.86, rFe(III) 0.66) [22]. At the
same time, for hydrated ions the difference is not as signiﬁcant:
RMOGd(III) 2.415, RMOMn(II) 2.20, RMOFe(III) 2.00, where RMO (Å) is
the distance between the metal cation and the oxygen atom.
From the three chosen ions, Fe3þ is the one most prone to hydrolysis. Deprotonation of water molecules in the ﬁrst coordination
sphere of the aqua-ion leads to decrease in relaxivity even in the
highly acidic region (pH > 1.5) (Fig. 4). With the most of the known
low-molecular ligands, Fe3þ demonstrates moderately low relaxivity values in the range of 1000e2000 M1 s1 [23] with the
highest reported values reaching 4000e4500 M1 s1 [24].
Considering these data, it was surprising to observe signiﬁcant
increase in the R2 values even at low GO content, and the anomalously high R2 values at higher GO loadings. While the general trend
in the shape of the curves (Fig. 4) is similar to those for Mn2þ and
Gd3þ, there are signiﬁcant differences. First of all, the maximum R2
values of the Fe3þ/GO solutions do not reach that for the pure Fe3þ
aqua-ion registered at pH ¼ 1. Secondly, the “acidic” branches of the
curves for the 0.2%, 0.3%, and 0.4% GO content coincide, while the
“basic” branches separate. This is exactly the opposite to what was
observed for Mn2þ and Gd3þ.
It was shown earlier that for high-spin complexes of Fe3þ, the
rate of the proton relaxation is controlled mostly by the correlation
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Fig. 4. The pH dependence of spin-spin relaxivity R2 for the Fe3þ solutions at different
GO content. CFe(III) is 0.5 mmol/L. Concentration of GO in solutions vary from 0.05%
through 0.40% by mass. (A colour version of this ﬁgure can be viewed online.)

Fig. 5. The pH dependence of the spin-spin relaxivity R2 of the Fe3þ solutions at
different Fe3þ concentrations. CGO ¼ 0.30%. The concentration of Fe3þ in solution was:
(1) 0.2 mM, (2) 0.5 mM, (3) 1.0 mM.

time of the electron relaxation (tS) [25,26]. Subsequently, in principle, retardation of the rotation rate of Fe3þ ions should not inﬂuence relaxivity values. However, in the moderate magnetic ﬁelds
(including 20 MHz at 298K, used in this study) magnitudes of tS and
tR might have similar values [25]. Subsequently, in some cases the
increase in the size of the Fe3þ ions due to the complex formation
might still lead to the increase in relaxivity. For example, in ref. [27]
the authors emphasize the relaxation enhancement for ~2e5 times
of the paramagnetic component for water proton relaxation rates
(up to ~5000 M1 s1 at 37  C at 20 MHz) due to the increase in the
rotational correlation times of the protein-bound agents.
At low GO content (0.05%), one can observe a step-wise decrease
in relaxivity (Fig. 4). The R2 values attain ~5400 M1 s1 at рН
3.0e4.5, ~3200 M1 s1 at рН 6.5e9.0, and ~2400 M1 s1 at рН
10e11. At such low GO concentration this can be attributed to
formation of the mixed hydroxo-complex ions of Fe3þ, which most
likely exist in basic solutions. At the same time, at higher GO content, relaxivity increases in the entire pH region due to the sufﬁciency of the functional groups on GO sheets to completely
coordinate iron ions.
To investigate the possible formation of the polynuclear
hydroxo-complexes in basic medium, we conducted additional
experiments, where we varied the Fe3þ concentration at the ﬁxed
GO content (Fig. 5).
Overlapping of the “acidic” branches of the R2 curves (Fig. 5)
suggests that in the given pH range, the environment of the Fe3þ
ions doesn’t change with the Fe concentration. The dependence of
the “basic” branches on the Fe3þ concentration suggests simultaneous presence of the mononuclear and polynuclear complexes of
Fe3þ. With higher Fe3þ concentration, the equilibrium must inevitably shift toward the polynuclear form. Since the increase in the
Fe3þ concentration causes decrease in the R2 values, one can
conclude that the mononuclear form exhibits higher relaxivity,
compared to the polynuclear forms. This observation points at the
magnetic exchange interaction between OH-bridged Fe3þ ions
within the same polynuclear complex [28]. Thus, the decrease in
the relaxivity with increasing the Fe/GO ratio can be accounted for
the formation of the polynuclear hydroxo-complexes. This complex
is rooted to GO platform via two or three oxygen functional groups,
and grows radially via hydroxide bridges. This polynuclear complexes serve as seeds for growing iron-based nanoparticles at
higher Fe3þ content in solution. This is what makes iron different
from manganese and gadolinium.

The saturation level for Fe3þ solution is reached at 0.3% GO
content (Fig. 4), which translates into the Fe/C/O ratio of 1/300/150,
the same as it is for Mn2þ. Thus, the interacting ratios for the two
metals follow the coordination numbers, not the ionic charges. This
observation additionally signiﬁes that the interaction between
metal cations and GO is chemical in its essence, not just electrostatic. The relatively low ratio for Gd3þ (1/250/125) suggests that
the maximum relaxivity values are obtained at conditions when
not all the water molecules in the ﬁrst coordination sphere are fully
replaced by GO.
By the NMR relaxation studies discussed above, we determined
the lowest threshold of the M/GO ratio, showing the amount of GO,
needed to occupy the majority of the vacancies in the ﬁrst coordination sphere of the metal cations. In order to determine the
highest M/GO threshold, we prepared the metal-GO (M-GO) composites at conditions with signiﬁcantly higher M/GO mixing ratios
than those used in the NMR relaxation studies.

3.2. Metal-GO composites
In the new series of experiments, the M/C molar ratio was 1/2,
i.e. 25 times higher than in the NMR relaxation studies with the
lowest (0.05%) GO content. This apparent excess of metal cations
would potentially push the reaction to the level completely
exhausting all the GO functionalities. In this experiments, we ﬁrst
completely saturated GO with metals, and afterwards the asformed M-GO composite was washed thoroughly with water to
remove all the unreacted salts. Thus, only the part of metal,
anchored to GO platform stayed in the sample. The as-prepared
composites will be referred to as Mn-GO, Gd-GO and Fe-GO.
It is important to mention the difference in behavior of Mn-GO
from that of Gd-GO and Fe-GO. Upon mixing metal salt solutions
with GO, GO immediately coagulates due to the bridging GO ﬂakes
with metal cations. Upon washing with DI water, Mn-GO re-coagulates and forms stable GO solution similar to that of pure GO
(Fig. 6). This does not happen with Gd-GO and Fe-GO. Also, dried
Gd-GO and Fe-GO do not redisperse in water at all, while Mn-GO
partially does. This signiﬁes that Gd3þ and Fe3þ form stronger
bonds bridging neighboring GO ﬂakes than Mn2þ.
The content of metals in the as-prepared M-GO composites was
determined by TGA and XPS.
Pure GO has the three main weight loss regions (Fig. 7). The ﬁrst
region, from room temperature through 100  C, is associated with
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Fig. 6. Photograph of the Mn-GO solution (left) and Gd-GO solution (right) after two
washing cycles performed following the reaction between metal salts and GO. Mn-GO
re-coagulates and forms stable solution in water. Gd-GO remains coagulated. (A colour
version of this ﬁgure can be viewed online.)

the loss of the physisorbed water, contributing ~15% to the overall
weight loss. Next, from ~160  C through 300  C is the interval of
decomposing oxygen functionalities, which contributes ~30% to the
overall weight loss. Finally, at ~700  C the carbon framework burns
down to zero forming gaseous products. Mn-GO and Gd-GO
demonstrate TGA curves notably different from that for pure GO
(Fig. 7a). First of all, decomposition of oxygen functionalities occurs
at temperatures 40e60  C higher than that for pure GO. This signiﬁes, that functionalization with metals stabilizes GO; decomposition of the complexes between metals and GO functional groups
requires additional energy. Secondly, the pure GO curve has a low
inclination region from 220  C through 300  C. On the Mn-GO and
Gd-GO decomposition curves, this region is missing completely,
suggesting that their ﬁne chemical structure is signiﬁcantly altered
compared to that of pure GO. Finally, modiﬁed GO samples burn at
signiﬁcantly lower temperatures. Apparently, metals catalyze the
combustion reaction. After burning out the carbon, Mn-GO and GdGO retain 4.23% and 8.56% of their original weights respectively.
After burning, the two metals must exist in the forms of the
respective oxides. Examining the exact chemical structure of these
newly forming metal oxides was beyond the scope of this study. For
the purpose of this work we assume that the two metals exist in the
form of the metal(III) oxides: Mn2O3 and Gd2O3 as the most stable
and abundant oxides. After subtracting the mass of oxygen, the
content of pure metals in the M-GO composites is 1.47% for Mn and
3.71% for Gd. The X-ray photoelectron spectroscopy (XPS) demonstrated 0.79 at% Mn and 1.44 at% Gd in the original functionalized
samples. Considering the molar mass of the metals, this coincides
fairly well with the weight percentage, determined by TGA. The
Mn/C/O ratio according to the XPS survey spectrum is 1/82/35. This
is between the mixing ratios for the 0.05% and 0.10% GO content
solutions in the NMR relaxation experiments. For Gd-GO, the Gd/C/
O ratio was 1/40/16. This ratio is also close to the 1/50/25 used in
the 0.05% GO content in the NMR relaxation experiments. Here we
arrive at the next conclusion: despite signiﬁcant excess of the metal
salts used for preparation of M-GO composites, GO cannot

Fig. 7. TGA curves for Mn-GO and Gd-GO (a), and for two Fe-GO samples (b). The
analysis was conducted in air. (A colour version of this ﬁgure can be viewed online.)

effectively bind more metal cations, than a certain threshold value.
The C1s XPS spectrum of GO (Fig. 8) consists of the three
distinguishable components: elemental carbon centered at
284.8 eV, the carbon of epoxide and hydroxide groups at 287.3 eV,
and a shoulder at ~289 eV originated by ketone and carboxyl
groups. The C1s spectrum of the Mn-GO and Gd-GO (Fig. 8) does
not substantially differ from that of pure GO, suggesting that the
overall oxidation level of GO does not change signiﬁcantly upon
reaction with metals. The intensity of the 287.3 eV component
slightly decreases compared to that in pure GO, and shifts toward
the lower energies for 0.2 eV. According to several works,
attempting to disentangle the ~287 eV component for the carbon of
epoxides and tertiary alcohols, the signal for latter outstands from
that of the former for 0.4 eV toward the lower energies [29,30]. In
this respect, the observed phenomena can be interpreted as the
partial decrease of epoxide groups relative to alcohols. This in turn
can be interpreted that alcohols are preferable species in binding
metal cations compared to epoxides. As we discussed above, these
might be hydroxide groups of vinylogous acids [19,20], which are
acidic, but originate the same signal in the XPS spectra as the ordinary alcohols.
With iron we conducted two experiments at the two different
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Fig. 8. The C1s XPS spectra for GO, Mn-GO and Gd-GO. (A colour version of this ﬁgure
can be viewed online.)

Fe/GO ratios: 1/2, as it was for manganese and gadolinium, and 1/
20 the ratio close to that we used in the NMR relaxation experiments. The two samples will be referred to as high-Fe-GO and lowFe-GO, respectively. The overall behavior of the two TGA curves
(Fig. 5b) is similar to those for Mn-GO and Gd-GO. The content of
iron oxide after burning the carbon framework is 4.1% for low-FeGO and 7.6% for high-Fe-GO. These numbers translate into 1.43%
and 2.65% of pure iron respectively. The obtained numbers coincide
fairly well with the XPS data for iron content in the two Fe-GO
composites obtained as 1.19 at% and 2.05 at% respectively. The Fe/
C/O ratio according to the XPS survey spectrum is 1/51/22 for lowFe-GO, and 1/30/13 for high-Fe-GO. This percentage represents iron
tightly bounded to GO framework, since very thorough washing
was given to these two samples. The difference in the iron content
for low-Fe-GO and high-Fe-GO leads to conclusion that with higher
Fe loading the equilibrium shifted toward polynuclear complexes
resulting in more iron on GO surface. The C1s XPS spectrum for
high-Fe-GO completely overlaps with that for pure GO, suggesting
no change in the oxidation level of GO.
Thus, we obtained the following M/C/O ratios in the M-GO
composites: 1/82/35 for Mn, 1/40/14 for Gd, and 1/30/13 for Fe.
These numbers do not follow any trends in metal ions charges or
coordination numbers, and most likely reﬂect the speciﬁc chemistry between GO and metal cations. In case of iron and gadolinium,
these ratios are additionally affected by formation of the polynuclear hydroxo-complexes.
Despite no detectable change in the C1s XPS spectra upon reaction with metal cations, the FTIR spectra demonstrate signiﬁcant
change (Fig. 9). The spectra for the three M-GO composites are
similar to each other, but they are notably different from the
spectrum of the parent GO. First of all, the ﬁngerprint region
changes completely, suggesting signiﬁcant alteration of the chemical structure. Unfortunately, this region of GO spectrum cannot be
accurately interpreted due to the overlapping of the numerous
absorption bands for different modes of many functional groups
[19,31,32]. The only solid assignment can be made for the
1221 cm1 signal originated by the symmetric stretch of S]O
bonds of the organic sulfates [17]. This signal appears as a small
sharp shoulder on the spectrum of the original GO (Fig. 9). It becomes better pronounced in the spectra of the three M-GO samples
due to the elimination of the absorption bands immediately to the
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Fig. 9. FTIR absorption spectra for GO, Mn-GO, Gd-GO and high-Fe-GO. Only the 2000
- 700 cm1 region is shown to expand the important part of the spectra. Note the
relative increase in intensity of the 1619 cm1 band over the 1734 cm1 band for the
M-GO composites. The 1221 cm1 absorption band is originated by the symmetric
stretch of the S]O bonds of sulfate esters. (A colour version of this ﬁgure can be
viewed online.)

right from the 1221 cm1 signal. Thus, sulfates are not eliminated
by reactions with metal cations; this agrees well with the XPS data.
The notable change occurs in the 1800 cm1 - 1500 cm1 region of
the FTIR spectra, which is well understood. The 1734 cm1 band is
originated by the stretching mode of carbonyl groups. The
1619 cm1 band is originated by the bending modes of water
molecules physisorbed to GO [19,31]. Upon the reaction, the relative intensity of the 1734 cm1 and the 1619 cm1 bands changes in
favor of the latter. A similar observation was reported earlier for GO
reacted with dilute solutions of strong bases [19,31] or simply with
sodium chloride solution [19]. Based on the TGA data (Fig. 6), the
content of water in M-GO does not increase. We explain this phenomenon by the relative increase in intensity of the bending modes
of water molecules. Formation of the coordinate covalent bonds
between metal cations and functional groups, loosens the hydrogen
bonding between the functional group and a nearby water molecule. Subsequently, water molecules acquire more freedom; this
leads to the increase in the bending mode intensity. As an alternative explanation, the number of carbonyls on GO platform can
decrease by keto-enol tautomerism in order to create the charged
functional groups for complexation.
The TEM images of Mn-GO, Gd-GO and the two Fe-GO samples
did not reveal any nanostructures on GO surface, suggesting that
metals are evenly distributed on GO surface on either a singleatom, or a small-cluster level. The EDAX mapping of high-Fe-GO
(Fig. 10) demonstrates the even distribution of iron over the
entire ﬂake body. In the folded area the content of iron is higher, as
it is for carbon and oxygen.
To investigate the possibilities of the potential grow of the metal
nanoparticles on GO surface, we increased the reaction time from
1 h to 24 h. The mixing ratios were the same as for the 1 h reaction
time experiments. Also, only one washing cycle was done after the
reaction. To differentiate these samples from those made by 1 h
reaction time, they will be referred to as M-GO-24. These samples
were used only for the TEM analysis. Despite identical reaction
conditions for the three metals, only in one of them we registered
formation of the nano-clusters.
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study, for the ﬁrst time, we recorded the process of the seeding of
these nanoparticles. Our ﬁndings allow one to potentially control
the size of the as-grown nanoparticles beginning from the sub10 nm level. This might be the subject of our future research.
4. Conclusions

Fig. 10. The EDAX mapping of the high-Fe-GO ﬂake. (a) the TEM image of the GO ﬂake.
(b), (c) and (d) are the mapping for carbon, oxygen and iron, respectively. The content
of iron is 1.31 at%. (A colour version of this ﬁgure can be viewed online.)

The TEM images of Mn-GO-24 and Gd-GO-24 did not reveal any
visible structures on GO surface (Fig. 11a). Only Gd-GO-24 is shown
on Fig. 11. For Fe-GO-24 (Fig. 11b), the TEM image taken at the same
magniﬁcation as that for Gd-GO-24 (Fig. 11a) clearly shows presence of nanostructures. The lower magniﬁcation image (Fig. 11c)
demonstrates that these nanostructures are uniformly distributed
over the entire GO ﬂake. The higher magniﬁcation image (Fig. 11d)
reveals that these clusters have round shape and the size from 2 to
4 nm without any visible crystalline structure. The XRD analysis of
Fe-GO-24 also did not reveal any diffraction patterns other than for
GO itself. The round shape suggests the radial grow from one
center. The formation of these clusters only for iron is due to the
speciﬁc chemistry of the Fe3þ ions, i.e. their ability to undergo hydrolysis even in the slightly acidic conditions; this is not the case for
Mn2þ and Gd3þ. The non-crystalline character of these clusters
suggests that they are not yet the fully developed nanopartcicles,
but rather the seeds for future nanoparticles grow. Several groups
have reported formation of the Fe2O3 nanoparticles with the size
from 50 nm through 200 nm in similar conditions [33,34]. In this

The interaction between GO and transition metal cations in
aqueous solutions is chemical in its nature, but not simply electrostatic. GO functional groups serve as ligands entering the ﬁrst
coordination sphere of the metal cations. The interacting M/GO
ratios, while in solution phase are based on the coordination
numbers of particular metal ions, but not on the ionic charges.
Formation of the Mn-GO composite is reversible while in solution
phase; formation of Gd-GO and Fe-GO is irreversible. In highly
acidic solutions, only sulfate esters and carboxyl groups take part in
binding with metal cations. In neutral and basic solutions, the
rearrangement of the metal ion coordination sphere takes place,
where other functional groups such as alcohols must be involved in
complexation in order to attain the experimentally obtained M/GO
ratios. The lowest and highest M/GO ratio thresholds have been
determined. The functional groups on GO platform have mobile
character. The proximity of the metal cation induces rearrangement
of the functional groups resulting in the geometry with two and
three ionizable groups in close proximity to each other. At least part
of these groups are alcohols that have acidic character due to the
conjugation with ketones and/or graphitic domains. The Fe3þ ions
form polynuclear clusters with hydroxide bridges; this additionally
increases the M/GO ratios in the as-formed M-GO composites.
These clusters give birth to the round-shaped seeds for the future
grow of the iron oxide nanoparticles.
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