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N
anosized diamond powder is a re-
latively inexpensive carbon nano-
material produced by detonation

synthesis in large volumes. It has a broad
range of potential applications including
selective adsorbents, lubricants and pol-
ishing compositions, additives to electro-
lytic and electroless deposition baths, as
well as others.1�3 Recent years have wit-
nessed a rapid growth of interest in appli-
cations of nanodiamond (ND) in biomed-
icine and polymer matrix composites.4�15

In this report, we focus on the latter
application.
As-produced detonation soot contains

25�30 wt % of nanodiamond particles that
are surrounded by graphene shells and
amorphous carbon. Commercial-acid-pur-
ified ND is composed of particles of∼5 nm
in diameter combining an inert diamond
core with a large number of covalently
bonded surface groups such as CdO,
COOH, OH, CH2, CH3, (poly)aromatic frag-
ments, etc.1�3,16,17 The variety of surface
groups is an inherent property of ND, offer-
ing numerous options to adjust surface
chemistry yet posing potential problems.
Particularly, the noncovalent interactions
between these surface functional groups
are thought to play a role in formation of
strong ND aggregates, which make dis-
persion of ND into single particles a
challenge.18 In the context of composite
applications, the failure to use consistent
ND material with precise control of its car-
bon structure/hybridization and surface
chemistry could be one of the reasons for
contradicting reports regarding the proper-
ties of ND�polymer matrix composites. There
are reports of improvements in mechanical
strength,4,6�8,11,12,15 wear resistance,19 adhe-
sion to metal,5 electromagnetic shielding13

and thermal conductivity15,20 of polymers, as

well as reports of no improvement or an
unexpecteddegradation inproperties. These
discrepancies can be attributed to different
and not necessarily favorable interactions of
nanoparticles with the matrix. Because of its
tailorable surface chemistry, ND offers many
options to adjust these interactions aswell as
improve the dispersion in thematrix without
compromising the properties of the dia-
mond core. This is in contrast to small dia-
meter nanotubes where chemical functiona-
lization often alters core structure and
reduces their mechanical properties.21

Interfacial failures, along with disper-
sion issues, constitute the major cause
for poor performance of nanocomposites
in general22,23 and diamond�epoxy com-
posites in particular.24,25 To improve the
interface and increase the strength of the
nanocomposites, researchers attempted
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ABSTRACT Outstanding mechanical and optical properties of diamond nanoparticles in

combination with their biocompatibility have recently attracted much attention. Modification of

the surface chemistry and incorporation into a polymer is required in many applications of the

nanodiamond. Nanodiamond powder with reactive amino groups (∼20% of the number of surface

carbon atoms in each 5 nm particle) was produced in this work by covalent linking of

ethylenediamine to the surface carboxyl groups via amide bonds. The synthesized material was

reacted with epoxy resin, yielding a composite, in which nanodiamond particles are covalently

incorporated into the polymer matrix. The effect of amino groups grafted on the nanodiamond on

the curing chemistry of the epoxy resin was analyzed and taken into consideration. Covalently

bonded nanodiamond�epoxy composites showed a three times higher hardness, 50% higher

Young's modulus, and two times lower creep compared to the composites in which the nanodiamond

was not chemically linked to the matrix. Aminated nanodiamond produced and characterized in the

present study may also find applications beyond the composites, for example, as a drug, protein, and

gene delivery platform in biology and medicine, as a solid support in chromatography and separation

science, and in solid state peptide synthesis.

KEYWORDS: nanodiamond . surface chemistry . nanocomposites . epoxy .
amination . hardness . Young's modulus
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to form covalent bonds between different fillers and
polymers. Some examples where covalent inter-
faces in nanocomposites were formed include
single-walled or multiwalled carbon nanotubes
and epoxies,26�28 single-walled carbon nanotubes
and nylon,29 silica nanoparticles and vinyl polymers
formed by reactions with different monomers such
as methyl methacrylate, styrene, and glycidyl
methacrylate.30 Polymer grafting aimed at achiev-
ing better dispersion and forming covalent inter-
faces has been studied with ND and poly(ether
ketone),9 polyimides,11,12 poly(tert-butyl) and poly-
(iso-butyl) methacrylates,31 polystyrene, and poly-
(tert-butyl methacrylate).32 However, there are no
studies on covalent incorporation of ND in epoxy
systems, which represent a large and important
class of thermosetting engineering polymers used
as adhesives, structural materials, coatings, and
encapsulants.33 Curing chemistry of epoxies is based
on the reaction of the epoxy groups of a resin with
curing agents (usually amines) at ambient or elevated
temperatures. Therefore, one way to incorporate ND
into the epoxy network is through covalent bond
formation between amino groups attached to ND
and epoxy groups of the resin (Figure 1a), resulting in
the epoxy network being covalently bound to the ND
particles (Figure 1b). A similar approach has been used
in ref 28, where the amino-functionalized carbon
nanotubes, produced by attachment of a commercial
curing agent via diazonium chemistry, reacted with
epoxy resin.
In this study, we report on the synthesis of ami-

nated ND by linking ethylenediamine to the surface of
purified carboxylated ND and its use as a reactive

nanofiller to produce covalently bonded ND�epoxy
composites.

RESULTS AND DISCUSSION

The wet chemistry procedure we used in this work
to produce aminated ND is a modified version of the
procedure that was used for linking octadecylamine
to ND via amide bond.35 In this work we attached
ethylenediamine (EDA) (Scheme1). Toproducecovalently
bondedND�epoxy composites, it is necessary tohave the
amino groups covalently attached to the ND surface, not
simply adsorbed onto it. Therefore, special attention was
paid to establishing the fact of chemical bondingbetween
the EDA and ND. To distinguish between the adsorbed
and chemically bonded EDA, we were looking for evi-
dence of an amide bond inND�NH2, which could only be
formed in the reaction between carboxylic groups of
ND�COOH and amino groups of EDA (Scheme 1). This
evidence is provided by a comparison of FTIR spectra of
ND�COOH and ND�NH2 in Figure 2.
An intense peak at 1665 cm�1 observed in ND�NH2

and absent in ND�COOH corresponds to a somewhat
blue-shifted amide I band of secondary amides.36

Amide I is a strong band characteristic of all amides
that originates from CdO stretch vibrations blue-
shifted by electronegative N atom and red-shifted by
resonance with a lone electron pair of the N atom and
by hydrogen bonding. A distinctive peak at 1535 cm�1,
which is observed in the IR spectrum of ND�NH2 and
absent in the spectrum of ND�COOH (Figure 2b),
corresponds to the amide II band in a secondary amide.
Amide II, a mixture of the C�N stretch and the N�H
bend vibrations, is positioned at 1550 ( 20 cm�1 in
secondary amides.36 There are also hints of the amide
III band in the spectrum of ND�NH2 as evidenced by

Figure 1. Schematics of covalent incorporation of aminated ND into a structure of epoxy polymer (a) and a simplified
molecularmodel of the resulting covalently bonded composite (b), where carbon is shown in gray, oxygen in red, nitrogen in
blue, and hydrogen in white. For clarity, only a few surface groups that are involved in interface formation are shown.
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the peaks in the range of 1217�1317 cm�1 absent in
ND�COOH. However, these peaks are of low intensity,
thusunambiguous assignment is difficult. The1630cm�1

peak observed in both ND�COOH and ND�NH2 can be
assigned to the bending mode of O�H or N�H bonds.
Comparison of the ND�NH2 and ND�COOH FTIR

spectra in the higher frequency range also reveals
differences suggesting the presence of N�H and
C�H stretch vibrations in ND�NH2. In general, the
maximum of intensity in the 2800�3500 cm�1 range
is red-shifted in ND�NH2 (Figure 2a). This shift is due to
the overlapping bands of the N�H stretch (which in
secondary amides should be at 3160 or 3300 cm�1,
depending on cis or trans position of N�H relative to
CdO36) and C�H stretch vibrations in the two CH2

groups of ND�NH2 (see Scheme 1). Small peaks at
2872 and 2945 cm�1 absent in ND�COOH and barely
distinguishable atop a strong N�H and O�H stretch
background broadened due to hydrogen bonding in
ND�NH2 correspond to the C�H stretch vibrations.
Finally, there is a strong peak of CdO stretch
(1762 cm�1) in both materials, suggesting the pre-
sence of non-amide carbonyl species (carboxylic acids,
ketones, esters, etc.) in ND�NH2, that is, incomplete
coverage of the ND�NH2 surface with the amides,
which is not surprising, but needs to be noted for
interpretation of further results.
Thus, IR data provide crucial evidence of covalent

attachment of EDA to ND according to Scheme 1. The
resulting ND�NH2 is expected to possess more basic
properties due to the presence of free amino groups in
contrast toND�COOH,which has acidic properties due
to the surface carboxylic groups. Indeed, a comparison
of ζ-potential and particle size versus pH of ND�NH2

and ND�COOH in aqueous dispersions (Figure 3)
reveals a dramatic difference in the acid�base char-
acteristics of these two materials.
In neutral environment (pH = 7), ζ-potential of

ND�COOH is about �30 mV, right at the verge of the
potential required to maintain dispersion stability. The
negative sign is due to the surface�COO� formed as a
result of dissociation of carboxylic groups. At pH > 7,
where the equilibrium ND�COOH H ND-COO� þ Hþ

shifts to the right, ζ-potential of ND�COOH becomes
slightly more negative, and the particle size is further
reduced, resulting in a more stable ND colloidal solu-
tion, and vice versa, when pH is reduced and the
equilibrium shifted toward the left, ζ-potential be-
comes less negative, the ND�COOH aggregates, and
the dispersion eventually collapses (Figure 3a).
ND�NH2 behavior is rather opposite. In neutral aqu-
eous environment, it has a positive and small (,30mV)
value of ζ-potential, thus dispersions of ND�NH2 at pH
∼7 are not stable (Figure 3b). The small positive values
of ζ-potential of ND�NH2 are in agreement with an
incomplete conversion of COOH surface groups into
amides, as evidenced by IR spectra (Figure 2). Because
of the presence of both carboxylic and amino groups
on the surface, ND�NH2 is an amphoteric material and
demonstrates basic properties in acidic environment
due to the protonation of amino groups (ND�NH2 þ
Hþ H ND�NH3

þ). The protonation results in more
positive ζ-potential at lower pH reaching 25�27 mV
at a pH between 2 and 3 (Figure 3b) and in a corre-
sponding reduction in particle size and increase in
stability of the colloidal solution.
Thermogravimetric analysis (Figure 4) provides ad-

ditional evidence of amino group presence on the ND's

Figure 2. FTIR spectra of ND�COOH and ND�NH2 recorded at 4 cm�1 (a) and 0.5 cm�1 (b) resolution. Read text for peak
identification.

Scheme 1. Sequence of reactions used for synthesis of ND�NH2.
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surface. A large peak at 150�350 �C seen on the
differential thermogravimetric (DTG) curve of ND�NH2

and absent on the curve of ND�COOH can be decon-
voluted into five peaks with maxima at 145, 185, 235,
265, and 295 �C, which were shown in the literature to
be characteristic for amino groups.37,38 Carboxylic
groups, which normally decompose in the range of
250�400 �C,39�43 have little or no contribution to this
peak as evidenced by the curve of ND�COOH.
While it is unclear why ND�COOH shows no COOH

decomposition peak, it can be hypothesized that the
majority of COOHgroups on the ND surface are located
close to each other and form anhydrides, eliminating
H2O when ND�COOH is dried or heated.
The decomposition of ND�COOH shows two pro-

nounced peaks with maxima at 620 and 700 �C and a
minor mass loss above 900 �C. The second peak and
the mass loss above 900 �C correspond to anhydrides,
lactones, phenols, ethers, or carbonyls (in the order of
increasing decomposition temperature), while the first
peak at 530�620 �C present on the DTG curves of both
ND�COOH and ND�NH2 (Figure 4) corresponds to
anhydrides.
Thus, combined results of IR spectroscopy, DTG,

ζ-potential, and particle size versus pH measurements
confirm that ND�NH2 produced according to Scheme 1
has amino groups chemically bonded to its surface.
This material was used for covalent incorporation

into Epon828 epoxy resin. Assuming that ND�NH2

will react with epoxy in a way similar to other amine

curing agents, we expected the formation of cova-
lently bonded ND�epoxy composite as shown in
Figure 1.
In order to monitor this reaction and estimate the

numberofND�NH2aminogroups reactedwith Epon828,
we performed in situ DSC curing experiments. Represen-
tative DSC curves for neat Epon828 as well as Epon828
with different amounts of ND�COOH and ND�NH2 are
shown in Figure 5a. To determine the number of reactive
amino groups in ND�NH2, we first ran seven samples of
Epon828 mixed with 0�50 pph PACM. The measured
heat of curing was plotted against the number of amino
groups, derived from the compositions of these samples
(similar to the procedure described in ref 34). The esti-
mated heat of curing obtained by averaging the values
corresponding to the compositions at which all epoxy
groups in the system have reacted (>28 pph PACM) was
equal to 550 ( 50 J/g of Epon 828 or 104 ( 9 kJ/mol of
epoxy groups.
Then, the samples of Epon828 with ND were mea-

sured (no PACM added), the heat evolved was inte-
grated in the rangeof 60�163 �C, and theheat of curing
per 1 mol of epoxy groups was used to determine the
content of reactive amino groups on the ND. Assuming
that all ND particles are spherical having a 5 nm dia-
meter and the number of NH2 groups attached to ND is
equal to the number of reacted NH2 groups (though in
fact the formermight be higher), we conclude that∼1/5
of surface carbon atoms of ND�NH2 are terminated
with reactive amino groups (Table 1).
As discussed above, the incomplete NH2 coverage

was found in FTIR (Figure 2), demonstrated by
ζ-potential and particle size titration (Figure 3), and is
generally anticipated given the steric limitations of the
reactions in Scheme 1. In addition, not all available
amino groups of ND�NH2 are expected to react with
epoxy; therefore, ∼20% of the surface atoms are a
reasonable estimate of the amino group coverage in
our ND�NH2. To our knowledge, this is the first time
any kind of functional groups on the ND surface has
been quantitatively measured.
Glass transition temperatures (Tg) of the samples

measured after they were heated to 180 �C increased

Figure 3. Particle size (zeta-average diameter) and ζ-potential of ND�COOH (a) and ND�NH2 (b) in 0.1 wt % aqueous
dispersions as a function of pH.

Figure 4. DTG curves of ND�COOH and ND�NH2.
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with the addition of ND�COOH and ND�NH2

(Figure 5b). With no ND added, the Tg of Epon828 is
�15.21 �C; with addition of ND�COOH, it is slightly
higher (�10.68 �C) and is much higher (42.31 �C)
when ND�NH2 was added. The high Tg observed
when ND�NH2 was used in comparison to much
lower values obtained for Epon828 and Epon828
with ND�COOH clearly indicates that ND�NH2

cross-links the resin in these conditions, whereas
ND�COOH does not. These experiments show that
potentially ND�NH2 can be used to completely re-
place PACM for epoxy curing.
Our final goal was to demonstrate that the addition

of ND�NH2, which forms strong covalent C�N bonds
with epoxy, results in better mechanical properties as
compared to the addition of ND�COOH. However,
since ND�NH2 brings additional reactive groups into
the system, it will interfere with the epoxy resin/curing
agent stoichiometry, which must be taken into con-
sideration. This issue was recently pointed out for
carbon nanotubes33 and has also been observed in
traditional composites.44 The interference of nonfunc-
tionalized and functionalized carbon nanotubes with
epoxy curing chemistry has been attracting increasing
attention, but we are not aware of any prior studies of
ND interference with epoxy curing chemistry. Palmese
and McCullough have demonstrated that Tg and flexural

modulus of Epon828 cured with PACM are very sensi-
tive to the resin:curing agent ratio,34 with a flex mod-
ulus (measured at 30 �C) peaking at 18 pph of PACM
(3.2 GPa) and sharply declining when PACM content
deviates from 18 pph in either direction. Thus, at the
stoichiometric composition (28 pph PACM), the flex
modulus of the Epon828�PACM cured polymer is
lower (2.3 GPa) compared to nonstoichiometric com-
position with 18 pph PACM.34 To compensate for the
additional amino groups brought with ND�NH2, the
amount of PACM must be reduced compared to a
stoichiometric amount in the Epon828�PACM system.
The improvement provided by covalent incorporation
of NDwith accounting for the additional amino groups
of ND�NH2 was demonstrated by comparison of the
nanoindentation data for the composites in which
ND�NH2 was used against the composites prepared
with ND�COOH. Figure 6 shows representative na-
noindentation curves for Epon828�ND�COOH and
Epon828�ND�NH2 composites cured with 11 pph
PACM. At this composition, with no ND added, the
cured polymer had a low hardness and Young's mod-
ulus, which is not surprising given how far below the
optimal composition we were. Mechanical properties
quickly recover due to the addition of ND. At moderate
concentrations, both ND�NH2 and ND�COOH restore
the mechanical properties, however, the improvement

Figure 5. DSC curves for pure Epon828 and Epon828mixedwith different amounts of ND�COOH and ND�NH2. Heating rate
10 �C/min. (a) Heat evolved in reaction between the epoxy resin and nanodiamond; (b) glass transition temperatures for the
same samples after they were heated to 180 �C to complete reactions between nanodiamond and epoxy.

TABLE 1. Content of Surface Amino Groups of ND�NH2 Reacted with Epon828 As Measured by Integration of Heat

Evolved in DSC Experiments in the Range of 60�163 �C

sample composition (mg)

ND (type) Epon828

heat60�163 �C

(J/gEpon828)

amine equivalent weight of ND

(g/mol)a

NH2-terminated

surface atoms (%)b

surface density of reactive

NH2 groups (groups/nm
2)c

0 5.6 0.0 0.0 0.0 0.0
1.4 (ND�COOH) 6.6 0.0 0.0 0.0 0.0
2.9 (ND�NH2) 10 151.7 151.3 22.7 4.5
2 (ND�NH2) 8.5 119.5 155.8 22.0 4.4
2.8 (ND�NH2) 7.3 157.4 192.8 17.8 3.5

a The molecular weight of ND per amine hydrogen, calculated with the assumption that both hydrogen atoms in NH2 group react with epoxy.
b Calculated for a 5 nm diameter

ND particle composed of 11 686 C atoms, 1560 of which are exposed on the surface. c Calculated as the number of�NH2-terminated surface atoms divided by the surface area
of a single 5 nm diameter ND particle (78.5 nm2).
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is much more pronounced for ND�NH2, as evidenced
by a comparison of the curves for 7 wt % ND�COOH
and 7 wt%ND�NH2 in Figure 6. Since the contribution
of all nonspecific factors, that is, those not related
directly to surface chemistry of ND, such as superior
hardness and Young's modulus of the ND itself, an
increased viscosity and thermal conductivity of the
system upon addition of ND should be similar no
matter which ND was used, we assign the observed
180% higher hardness, 50% higher Young's modulus,
and 150% reduced creep of the composite with 7 wt %
of ND�NH2 as compared to 7 wt % ND�COOH (see
also Table 2) to the effect of covalent incorporation of
ND�NH2 into the resulting polymer network.
This significant improvement could only be

achieved with ND�NH2; even at two times higher
concentration, ND�COOH did not bring the mechan-
ical properties of the composite close to that made
with 7 wt % of ND�NH2 (Figure 6, Table 2). However, it
is possible that even better properties can be achieved
in the ND�NH2�Epon828�PACM system. Based on
data of ref 34, we expected the maximum in Young's
modulus of our ND�epoxy composites to be at PACM
concentration below 18 pph to compensate for the
introduction of the additional reactive amino groups of
ND�NH2. In fact, these amino groups of ND�NH2 add a
second composition variable (in addition to Epon828/
PACM ratio). Although the maximum in flexural mod-
ulus in the Epon828�PACM system was achieved at
18 pph of PACM,34 it is not known whether the same
total content of amino groups (PACM and ND�NH2)
will maximize the Young's modulus in the ND�
NH2�Epon828�PACM composite because the pre-
sence of ND particles themselves may change the
dependence ofmechanical properties on composition.
Therefore, more extensive studies are required to
maximize properties of ND�NH2�Epon828�PACM
composites, accounting for additionally introduced
amino groups.

Aminated ND produced in this work will find many
other applications. Free amino groups on its surface
can be used for conjugation of proteins, genetic ma-
terial, and drugs via well-developed bioconjugation
techniques.45,46 A very interesting application for ami-
nated NDwill be its use as a support inMerrifield's solid
state peptide synthesis, where polymer microbeads
are currently used.47 ND is studied as a solid phase in
chromatography48 and adsorption,49 where ND�NH2

can provide selectivity toward certain analytes. Due to
its positive ζ-potential in neutral aqueous environ-
ment, aminated nanodiamond can also be used along
with ND�COOH in layer-by-layer deposition of nano-
diamond-containing materials.

CONCLUSIONS

Nanodiamond particles with amino-group-termi-
nated surfaces have been synthesized by a wet chem-
istry technique through amide bond formation
between acyl chloride groups on the nanodiamond
and one of the amino groups of ethylenediamine.
Covalent attachment of the diamine has been con-
firmed by observation of amide bands in the IR spec-
trum. The aminatedmaterial demonstrates amphoteric
properties due to NH2 and COOH groups exposed
on its surface. As a base, it shows a high positive
ζ-potential and an improved colloidal stability at low
pH, in contrast to the initial ND�COOH, which has a
high negative ζ-potential and better dispersion stabi-
lity at high pH. On the basis of DSC studies of reactions
between the ND�NH2 and Epon828, we determined
that the content of amino groups in the aminated
nanodiamond is about 20% of the number of surface
carbon atoms on each 5 nm diamond particle.
Reaction of aminated ND with epoxy resin results in

covalent incorporation of the ND into a polymer net-
work. It was found to be important to reduce the
content of the curing agent added to account for
amino groups on the ND surface. At higher concentra-
tions, ND�NH2 can potentially provide enough NH2

groups to completely replace the curing agent.
The resulting ND�Epon828 composite with 11 pph

PACM and 7 wt % of ND�NH2 demonstrated ∼200
times higher hardness, ∼10 times higher Young's
modulus, and ∼10 times lower creep in comparison
to Epon828 curedwith 11 pph PACMandnoNDadded.

TABLE 2. Mechanical Properties of ND�Epon828

Composites with Different Concentrations of ND�COOH

and ND�NH2 Derived from Nanoindentation Curves

(Concentration of PACM in All Samples Was Kept

Constant at 11 pph)

ND content (wt %) and type Young's modulus (GPa) hardness (MPa) creep (nm)

0 ND 0.27( 0.02 0.4( 0.1 2649
7% ND�COOH 2.0( 0.4 30( 10 667
7% ND�NH2 3.0( 0.4 90( 30 266
14% ND�COOH 1.5( 0.2 16( 4 671

Figure 6. Load�displacement curves of neat epoxy and
ND�Epon828 composites with different concentrations of
ND�COOH and ND�NH2. The concentration of PACM in the
system was kept constant at 11 pph for all samples.

A
RTIC

LE



MOCHALIN ET AL. VOL. 5 ’ NO. 9 ’ 7494–7502 ’ 2011

www.acsnano.org

7500

By contrast, Epon828 with 11 pph PACM and 7 wt % of
ND�COOH showed ∼75 times higher hardness, ∼7
times higher Young's modulus, and ∼4 times lower
creep in same comparison. Thus, the improvements in
Young's moduli and hardness values of ND�COOH
containing composites are substantially less, taking
into consideration that even doubled amount of
ND�COOH (14 wt %) has not resulted in further

improvement of properties. This emphasizes the ad-
vantages of covalent incorporation of the nanofiller.
The technique of covalent incorporation devel-

oped in this study can be applied with proper mod-
ification to other polymer systems, producing
covalently bonded polymer�ND composites with
superior mechanical properties and enhanced ther-
mal conductivity.

MATERIALS AND METHODS
Materials. Nanodiamond powder UD90 produced by deto-

nation synthesis was supplied by NanoBlox, Inc., USA. The
powder was extensively characterized and purified from non-
diamond carbon by oxidation in air and reflux in 35 wt %
aqueous HCl to remove traces of metals and metal oxides.
Purification of UD90 and characterization of the purified NDwas
reported elsewhere.16 After the HCl reflux, the ND was allowed
to settle to the bottomof the flask. The excess HCl was removed;
ND powder was separated by centrifugation, rinsed with DI
water until neutral pH, and then dried in an oven at 110 �C
overnight. This purified ND with acidic groups on the surface
labeled as ND�COOH hereafter was a starting material for
subsequent functionalization. We used thionyl chloride
g99.0% purum (Fluka), methanol 99.8% anhydrous (Sigma-
Aldrich), tetrahydrofuran (THF) 99.85% ExtraDry (Acros
Organics), ethylenediamine (EDA) SigmaUltra (Sigma-Aldrich),
and N,N-dimethylformamide (DMF) 99.8% anhydrous (Sigma-
Aldrich). All reagents were used without additional purification.

Epoxy resin Epon828 (diglycidyl ether of bisphenol A) with
an average MW = 377 g/mol as specified by the manufacturer
and curing agent PACM (bis-p-aminocyclohexyl methane) were
supplied by Hexion and Air Products, Inc. The cure chemistry
and effects of composition on properties of this epoxy system
have been described elsewhere.34

Synthesis of Aminated ND. Two reaction steps in which
ND�COOH is converted into the NH2-terminated product
(ND�NH2) are presented in Scheme 1.

Synthesis of ND Acylchloride Derivative (ND�Cl). Approximately
1.5 g of ND�COOHwasmixedwith 50mLof SOCl2 and 0.5mLof
anhydrous DMF (catalyst) in a round-bottom 100 mL glass flask
with a Teflon-coated magnetic stirrer bar. The flask was closed
with a stopper and sonicated in an ultrasound bath until all
visible agglomerates of nanodiamond were destroyed. Then,
the flask was connected to a reflux condenser closed with a
desiccating tube (Drierite) and heated under reflux at 70 �C for
24 h. After cooling to room temperature, the excess SOCl2 was
removed by vacuum distillation at a temperature e50 �C to
prevent its thermal decomposition. The solid content that
remained in the flask after removing SOCl2 was rinsed five times
with 50 mL of anhydrous THF. After rinsing, the ND�Cl powder
(Scheme 1) was left to precipitate, the flask was open, and
excess THF removed by decantation. Then the flask was trans-
ferred into a desiccator with Drierite and left under vacuum at
room temperature overnight to dry the ND�Cl powder.

Synthesis of ND Amino Derivative (ND�NH2). Approximately 1.5 g
of ND�Cl was mixed with 50 mL of anhydrous EDA in a round-
bottom 100 mL flask with a Teflon-coated magnetic stirrer bar.
The flask was closed with a stopper and sonicated in an
ultrasound bath until no nanodiamond agglomerates could
be seen. Next, the flask was connected to a reflux condenser
closed with a desiccating tube (Drierite) and heated under
reflux at 60 �C for 24 h. After cooling to room temperature
and precipitation of the powder, excess EDA was removed with
a pipet and the powder was rinsed five times, every time with
50 mL of fresh anhydrous THF, in order to remove any traces of
adsorbed EDA. When the last rinse was completed, a few drops
from the THF layer were mixed with 10 mL of DI water and the
pH of this solutionwasmeasuredwith indicator paper to ensure

complete washing out of the adsorbed EDA. The resulting
ND�NH2 was split in two parts. One part was transferred onto
a watch glass and dried at room temperature for subsequent
characterization. Another part was stored in the form of THF
suspension to suppress agglomeration and was kept under
continuous vigorous stirring for the entire period of time
between synthesis and utilization of ND�NH2 for composite
manufacturing. This latter part was used to produce ND�epoxy
composites. The concentration of ND in the suspension was
measured by weight after THF evaporation.

Manufacturing of ND�Epoxy Composites. For each composite, 3 g
of Epon828 was dissolved in 4.5 g of THF. A predetermined
amount of ND�COOH or ND�NH2 dispersed in THF was added
to the solution. The resulting mixtures were sonicated and then
stirred on a hot plate for 24 h at 50 �C using a Teflon-coated
stirrer bar, followed by THF evaporation for 24 h. Then 11 pph of
the curing agent PACMwas added to the Epon828�NDmixture
(pph stands for parts per hundred of epoxy, i.e., 11 pph means
11 g of PACM added to 100 g of Epon828). All samples were
cured for 2 h at 80 �C followed by 2 h at 165 �C according to a
standard curing procedure for this epoxy system.34

Preparation of Samples for Differential Scanning Calorimetry
(DSC). Few drops of ND�COOH or ND�NH2 suspensions in
THF (or of pure PACM for reference samples) were placed in
an aluminum DSC pan. The weight of ND in the pan deter-
mined after evaporation of THF was in the range of 2�4 mg.
After that, 5�10 mg of Epon828 was added to a pan and
precisely measured by weighing the pan again before pla-
cing it into the DSC chamber, where it was heated at 10 �C/
min in N2 flow to monitor the curing process in situ. The heat
of reaction was calculated by integration of DSC peaks in the
range of 60�163 �C.

Characterization. IR spectra of NDwere recorded in KBr pellets
with the FTIR spectrometer Excalibur FTS-3000 (Varian, USA) at 4
and 0.5 cm�1 resolution. Particle size and ζ-potential of NDwere
measured at 20 �C in back scatter geometry using a Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equippedwith
a 10 mW He�Ne laser (633 nm) and an MPT-2 autotitrator.

TGA measurements were performed with ∼10 mg of ma-
terial in an alumina pan using aQ50 thermogravimetric analyzer
(TA Instruments, USA). All measurements were performed in N2

atmosphere (Airgas, USA, nitrogen, compressed, 2.2, UN1066)
after 2 h of flushing the setup with N2 at room temperature to
ensure complete removal of air. The weight loss was recorded
for a temperature ramp from ambient to 1000 �C (5 �C/min).
From ∼10 000 points, the temperature differential of the mass
was calculated as

dmi=m0

dT
¼ miþ 1 �mi � 1

Tiþ 1 � Ti � 1

1
m0

w=w

K

� �
(1)

where T = temperature [K],m =mass [kg],m0 = initial mass [kg],
i = data point index.

For plotting, the differential curves calculated by eq 1 were
smoothened with the Savitzky�Golay filter (50 data points,
second order polynomial) using OriginPro 8.5.

The amount of reactive amino groups on the surface of
ND�NH2 particles was estimated using a Q2000 differential
scanning calorimeter (DSC) (TA Instruments, USA). All
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measurements were performed in the temperature range of
40�200 �Cwith a heating rate of 10 �C/min. The amount of heat
evolved, measured in the temperature range of 60�163 �C, was
used to estimate the number of the reacted amino groups of
ND�NH2. To measure glass transition temperatures (Tg), the
DSC curves of the cured epoxy samples were recorded in the
temperature range of �30 to 180 �C.

Nanoindentation measurements were performed using a
NanoIndenter XP (MTS Corp., USA) equipped with a contin-
uous stiffness measurement (CSM) attachment. All measure-
ments were done with a 5 μm radius spherical indenter at a
constant strain rate of 0.03 s�1. The tests were stopped at a
maximum load of 20 mN followed by a 30 s hold segment to
measure creep.
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