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ABSTRACT: The covalent modification of carbon quantum dot
(CQD) with polyamidoamine (PAMAM) dendrimers was studied
using molecular dynamics simulations. Our main objective was to
determine how the grafting technique (grafting-from and grafting-to)
and the oxidation level of CQD affect the functionalization. We found a
series of significant differences in the structure of the CQD-PAMAM
nanohybrid depending on the grafting approach and oxidation level of
CQD. The “grafting-to” approach reveals a uniform extent of surface
coverage by dendrimers, regardless of the oxidation level of CQD.
Meanwhile, in the “grafting-from” case, the percentage of surface
coverage by dendrimers was strongly determined by the topology of
CQD. We also observed that, for a given grafting approach, the increase
in the oxidation level of CQD leads to a more compact structure of
grafted dendrimers and provides stronger interfacial energy between the
two main components of the nanocomposites. Among the interfacial interactions, it was found that the electrostatic force and
hydrogen bonding between the charged groups of dendrimers and CQD play a crucial role in controlling the architecture and
stability of the formed structures.

1. INTRODUCTION
Carbon quantum dots (CQDs) are a new type of fluorescent
carbon nanostructures with sizes below 10 nm.1−3 They
possess many unique properties, like high solubility, chemical
inertness, biocompatibility, low toxicity, excellent photo-
stability, and tunable emission.4−8 Therefore, in recent years,
CQDs have attracted more and more attention in biomedical
applications such as biomolecule sensing,9−15 drug deliv-
ery,16−19 and cell imaging.20−25 The surface of CQDs contains
various functional groups, especially oxygen-related functional
groups, such as carboxyl and hydroxyl. Through these reactive
groups, diverse kinds of inorganic, organic, polymeric, or
biological molecules can be introduced to the CQD surface. In
general, surface modification of CQDs with tailored functional
ligands can significantly improve their biocompatibility and
optical properties, expanding their applications in diagnosis
and therapy.26−33 In the last years, intensive research has been
focused on the synthesis of polymer-functionalized CQD-
based multifunctional systems.3,34−38 The functionalization of
CQD with different polymers can provide a high surface
density of reactive sites for facilitating of attachment of
functional molecules and improving solubility in water. In this
context, the modification of CQD with branched polymers, i.e.,
dendrimers, is a promising strategy.39−42 Dendrimers are
hyperbranched macromolecules characterized by a well-
ordered, three-dimensional structure and a large number of

surface functional groups, which can be easily functionalized,
thus modifying their physicochemical or biological proper-
ties.43,44 In particular, polyamidoamine (PAMAM) dendrimers
provide a regular structure that linearly increases in diameter
and adopts a more globular shape as the dendrimer generation
increases.45 They also contain a large number of available
amine sites for conjugation.46 The several experimental
investigations have been performed on nanohybrids of CQDs
and PAMAM dendrimers and their applications, most in the
biosensors and drug/gene delivery fields.47−54

There are two main strategies used for surface modification
of CQD: noncovalent and covalent functionalization.55

Noncovalent modification is based on the physical adsorption
of the functional molecules onto the CQD surface through
weak interactions, such as electrostatic, van der Waals, and
hydrophobic interactions. Noncovalent functionalization pro-
vides a simple and mild method for surface modification,
preserving the inherent properties of CQDs while improving

Received: July 11, 2023
Revised: July 31, 2023
Published: August 14, 2023

Articlepubs.acs.org/JPCC

© 2023 The Authors. Published by
American Chemical Society

16740
https://doi.org/10.1021/acs.jpcc.3c04661

J. Phys. Chem. C 2023, 127, 16740−16750

D
ow

nl
oa

de
d 

vi
a 

JE
R

Z
Y

 H
A

B
E

R
 I

N
ST

 O
F 

C
A

T
A

L
Y

SI
S 

on
 F

eb
ru

ar
y 

15
, 2

02
4 

at
 1

4:
27

:0
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawel+Wolski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomasz+Panczyk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agnieszka+Brzyska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c04661&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/33?ref=pdf
https://pubs.acs.org/toc/jpccck/127/33?ref=pdf
https://pubs.acs.org/toc/jpccck/127/33?ref=pdf
https://pubs.acs.org/toc/jpccck/127/33?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


their biocompatibility and optical properties. Covalent
modification involves chemical reactions between the func-
tional molecules and the CQD surface. Compared to the
simple physical adsorption, the covalent interactions create a
stable nanostructure and allow for better control over the
functionalization.56 The covalent grafting of polymers onto the
solid surface can be achieved in practice by “grafting-from” or
“grafting-to” approaches57 (parts A and B of Figure 1). In the
“grafting-from” method, polymer chains grow directly from the

surface, whereas in “grafting-to”, the end-functionalized
polymer is attached to the surface.

Despite the promising experimental results, there are still
several challenges in preparing decorated CQD surfaces with
PAMAM dendrimers. The control over the surface composi-
tion and its architecture is essential for the design and
development of more efficient CQD−dendrimer nanocompo-
sites with interesting potential in nanotechnology and
biomedicine applications. To address these, a thorough
atomic-level understanding of the interfacial properties of the

Figure 1. Schematic representation of the covalent functionalization of CQD with PAMAM dendrimer by (A) “grafting-from” and (B) “grafting-to”
approaches and parts of the CQD-PAMAM model for which RESP charge derivation was performed (C) grafting-from, (D) grafting-to, (E)
hydroxyl functional group of CQD, and (F) carboxyl functional group of CQD.
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dendrimer as well as the dendrimer arrangement near the
CQD surface becomes necessary. To the best of our
knowledge, there is no molecular dynamics simulation study
of PAMAM dendrimers grafted to CQDs. All-atom molecular
dynamics simulations are well-suited to gain a microscopic
picture of the equilibrium structure and interaction of the
PAMAM dendrimers with CQDs.

With this goal in mind, in this study, we used molecular
dynamics simulations to investigate the covalent functionaliza-
tion of CQD with the PAMAM dendrimer of generation 4 at
neutral pH. The study focuses on providing in-depth insights
into structural features and key aspects of the interfacial
interactions between the two main components of the CQD-
PAMAM nanohybrid. The effects of the oxidation level of the
CQD nanoparticle and two grafting approaches, i.e., “grafting-
from” and “grafting-to”, on the structure/property relationships
of the nanocomposite were examined. The molecular-level
information obtained by this study can enable further
optimization of the performance of CQD-PAMAM nano-
hybrids based on a rational design at the microscopic level.

2. METHODS AND MODELS
2.1. Construction of the CQD-G4 PAMAM Model. The

initial configurations of CQDs covalently conjugated with
poly(amidoamine) (PAMAM) dendrimers via the “grafting-
from” and “grafting-to” approaches were constructed according
to the following steps. First, the VMD Carbon Dot Builder58

was used to generate the CQD with ∼19.7 Å diameter of
gyration. The created CQD model consists of seven hexagonal
graphene-like sheets terminated by hydrogen atoms. Next, the
CQD edges were randomly decorated with hydroxyl (−OH)
and carboxylic acid (−COOH) functional groups using an in-
house script wrapped around the tLeap tool from the
AmberTools MD package.59 The carboxyl-to-hydroxyl group
ratio was kept approximately to 2:1. Afterward, another script,
which was also based on tLeap software, was used for the
covalent link of the dendrimer to the CQD edge. In the case of
the “grafting-to” method, the structure of the PAMAM
dendrimer of generation 4 (G4) was generated separately
and then connected with CQD through one of the polymer
end groups (Figure 1B). Thus, within this approach, we get a
CQD-full G4 PAMAM complex. Alternatively, in the “grafting-
from” approach, the dendrimer structure was sequentially
constructed directly from the ethylenediamine core, which was
previously anchored to the CQD edge, giving a CQD-half G4
PAMAM complex (Figure 1A). In both cases, the amine group
in the core or end moiety of the dendrimer was linked to the
CQD edge through the −COOH group (parts C and D of
Figure 1). The dendrimer structures were constructed
employing the protocol followed in Dendrimer Builder Toolkit
(DBT).60 The GAFF261 parameters were used for both the
CQDs and dendrimers.

To adjust the charge distribution and force field parameters
within the CQD-G4 PAMAM complex, the model was split
into several constitutive elements. The dendrimer was divided
into three fragments: ethylenediamine core, internal, and
surface monomers according to the DBT protocol. To take
into account changes in the chemical environment associated
with the covalent attachment of the dendrimer to CQD, two
additional molecular fragments for core and terminal residue
atoms were created. Both these building blocks were capped
with a benzene ring to mimic the nearest neighborhood of
carbon atoms in the CQD layer to which these groups are

linked (parts C and D of Figure 1). In the case of oxygen-
containing surface functional groups of CQD, the molecular
fragments were actually a phenol molecule, for the −OH
functional group (Figure 1E), and a benzoic acid molecule, for
the −COOH functional group (Figure 1F). All the fragments
were optimized individually using the HF/6-31G* level of
theory, and charge distribution was obtained from the
restrained electrostatic potential (RESP) method using the
R.E.D. server.62,63 Next, the AMBER GAFF2 force field
parameters61 were derived for all considered molecular
fragments using the ACPYPE script.64 ACPYPE has also
been used to port the topology of the final CQD-G4 PAMAM
complexes generated in tLeap software to a GROMACS65

force field format.
The surface of CQDs can be functionalized with a different

number of functional groups, which significantly modifies their
physicochemical properties. To take this into account in our
study, two CQD models were prepared with 10 and 60% edge
coverage with oxygen functional groups (carboxyl and
hydroxyl). Subsequently, each CQD model was grafted,
according to the “grafting-from” and “grafting-to” methods,
with two G4-PAMAM dendrimers attached to the opposite
side of the nanoparticle. So, in total, we constructed four
systems referred to as F-cqd10, F-cqd60, T-cqd10, and T-
cqd60, where the first letter of the abbreviation refers to the
grafting method and the number at the end to the level of
oxidation of CQD. To mimic neutral pH conditions, all the
terminal primary amines of dendrimers were considered as
protonated.66 In the case of CQD, all −COOH groups were
considered as deprotonated (i.e., −COO−), while the hydroxyl
groups were kept protonated.67

2.2. Simulations Details. All the simulations were carried
out using the GROMACS simulation package.65 The CQD-G4
PAMAM complex was solvated in an octahedral water box
using a TIP3P water model68 by choosing a 1 nm solvation
shell. To neutralize the charges of the CQD-G4 PAMAM
complex and to generate the 0.15 M NaCl concentration, an
appropriate number of Na+ and Cl− ions were added to the
system. The solvated complex was then subjected to energy
minimization using the steepest descent method. In the next
step, the system was gradually heated to 310 K using the V-
rescale69 coupling method in the NVT ensemble, keeping all
the heavy atoms on the CQD-G4 PAMAM complex restrained
to its starting positions. Subsequently, the equilibration
simulation was performed using an NPT ensemble with a
Berendsen barostat70 to maintain pressure isotropically at 1.0
bar. Finally, an unconstrained 200 ns long production run was
performed in the NPT ensemble. All simulations were carried
out under the periodic boundary conditions. The electrostatic
interactions were calculated employing the particle-mesh
Ewald71 method within a cutoff of 12 Å. The same cutoff
was used for the van der Waals (vdW) interactions. The
LINCS72 constraints were imposed on all covalent bonds
involving hydrogen atoms. Equations of motion were solved
using the Verlet leapfrog algorithm,73 with an integration step
of 2 fs.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of the CQD-G4

PAMAM Nanocomposite. To characterize the effect of the
oxidation level of CQD and the grafting approach on the
conformation properties of the nanocomposite, we have
examined four different CQD-PAMAM models. Overall, the
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conformation of the grafted dendrimers varies between the two
grafting methods. Moreover, large differences in the structure
of the CQD-G4 PAMAM complexes can also be observed
between the two oxidation levels of the CQD for both grafting
approaches.

Figure 2 shows the equilibrated structures of the CQD-G4
PAMAM composites. The increase in the number of
dendrimer monomers in the “grafting-to” approach makes
the height of adsorbed dendrimers greater than in the
“grafting-from” case. In comparison to the “grafting-from”
approach, the “grafting-to” dendrimers present a more
extended conformation. This in turn leads to a larger size of
the CQD-G4 PAMAM composite prepared through the
“grafting-to” approach. Nevertheless, the differences in the
conformations of the grafted dendrimers appear to be greater
between the two oxidation levels of CQD than between
grafting approaches. In the case of @-cqd10 systems, a large
number of dendrimer branches adsorb on the CQD surface,
and the remaining monomers rise above it, forming a second
layer. In contrast, in @-cqd60 systems, the monomers stay
close together and the dendrimers adopt a more compact
conformation. Another point to note is that for a given
oxidation level of CQD, dendrimers show relatively similar
wrapping behavior. For instance, in @-cqd10 systems, the
“grafting-from” and “grafting-to” dendrimers coat both the
edges and planes of CQDs, while when the oxidation level of
the CQD increases, the dendrimers cover mainly the edges of
the nanoparticles. Interestingly, for the “grafting-to” approach,
although the oxidation level of CQD changes the conformation
of grafted dendrimers, this does not seem to affect the surface
coverage of nanoparticles by the dendrimers. In both T-cqd@
systems, dendrimers cover a large part of the CQD surface. On

the other hand, for the “grafting-from” approach, wrapping
efficiency is strongly dependent on the oxidation level of CQD.
From parts A and B of Figure 2, one can clearly observe that
the dendrimers spread better on the CQD surface in the F-
cqd10 case as compared to the F-cqd60 case.

Thus, a visual inspection of Figure 2 suggests that the
wrapping nature and conformations of dendrimers adsorbed
onto CQD surfaces depend not only on the method used to
attach the polymer to the nanoparticle but also on the
oxidation level of the substrate. To further determine the
spread and conformational change of dendrimers, we
calculated the percentage of surface coverage and the radial
distribution function.

3.2. Behavior of the CQD in the Nanocomposite. The
changes in the CQD geometry, i.e., position of differently
composed domains or layer dipole orientation, caused by
surface modifications can affect their properties, such as
fluorescence. As the CQD has a non-perfect spherical shape
(having slightly less height than width), we computed the
ratios of the spheroid semiaxes to study the change in the
CQD shape. We denote the principal moments of inertia of the
gyration tensor of CQD as Ia, Ib, Ic, where Ia > Ib > Ic according
to the semiaxes a < b < c. This in turn gives

c a
I I I
I I I

/ a b c

b c a
=

+
+ (1)

b a
I I I
I I I

/ c a b

b c a
=

+
+ (2)

These ratios provide valuable information about the shape of
the CQD and its deviation from a perfect sphere. For a perfect

Figure 2. Snapshots of the equilibrated structures of the CQD-G4 PAMAM composites of all the cases studied: (A) F-cqd10, (B) F-cqd60, (C) T-
cqd10, and (D) T-cqd60. The CQD nanoparticle is shown in white (with red beads corresponding to oxygen atoms of hydroxyl and carboxyl
groups). Dendrimer molecules are shown in magenta and blue. The spheres represent the terminal amines.
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sphere, both ratios would be equal to 1. The respective aspect
ratios are summarized in Table 1. It may be observed from

Table 1 that the CQDs with a higher oxidation level are more
asymmetric as compared to those with a lower number of
surface groups, irrespective of the grafting approach. As the
content of functional groups increases, the CQDs become
more elongated. It can be observed from Figure 2 that, in the
case of @-cqd60 systems, the horizontal positions of individual
sheets fluctuated and shifted from the middle of the sphere.
The horizontal shifts of individual layers also increase the radii
of gyration (and actual radius) of CQDs. At the same time, for
a given oxidation level, it may be observed that the CQDs in
the “grafting-from” approach are less aspherical compared to
those in the “grafting-to” case, as evident from the values
shown in Table 1. This indicates that the “grafting-from”
approach is more effective in reducing the horizontal shift of
the individual layers in CQD, which may be crucial for particle
stability.

The individual layers of CQD can also rotate with respect to
each other.58 The last column of Table 1 shows the average
root-mean-square deviation (RMSD) of atomic positions in
CQD, which can be used as a measure of its internal motion of
the nanoparticle. As can be seen, as the number of oxygen
functional groups increases, the RMSD values decrease in both
grafting approaches. This alludes that the CQD structure in @
-cqd60 systems is less dynamic as compared to @-cqd10 cases.
In addition, in the more-oxidized CQD case, the “grafting-
from” approach further decreases the internal dynamics of the
nanoparticle, whereas in the @-cqd10 cases, the intramolecular
kinetics of CQD seems to be not affected by the grafting
method.

3.3. Contact Surface Area. Here, the solvent-accessible
surface area (SASA) was used to quantify the amount of the
CQD surface area covered by the dendrimer for all the studied
cases. First, we calculated the SASA of the CQD diminished by
the area covered by the grafted dendrimers using the VMD
measure sasa command with restrict options. Next, these
values were compared with the SASA of the free CQD to
obtain a percentage of the CQD area covered by both
dendrimers. The average percentage of surface coverage for all
systems is plotted in Figure 3.

As seen in Figure 3, the dendrimers in the F-cqd10 system
show the highest wrapping tendency of all considered systems.
In this case, both dendrimers cover more than 70% of the
CQD area. Moreover, values plotted in Figure 3 clearly show
that the oxidation level of nanoparticles significantly affects the
wrapping efficiency of “grafting-from” dendrimers. As can be
seen, in the F-cqd60 system, the increase in the density of
oxygen-bearing groups on the CQD surface reduces the area

covered by dendrimers to about 32%. From the snapshots in
Figure 2, it is clear that protonated primary amine groups tend
to interact with oxygenated groups of the CQD. In the F-
cqd10 case, the dendrimers spread over the side and graphene
sheet regions of the CQD. Such behavior improves the
dispersion interactions between the inner branches of
dendrimers and the graphene-like regions of the CQD as
well as the interactions of primary amine groups with the
oxygen-containing groups of the nanoparticles. For the F-
cqd60 case, the higher oxidation level of the CQD limits the
dispersion interaction between nanoparticles and dendrimers.
Moreover, since there are many oxygen functional groups
allocated on the CQD sides, dendrimers do not need to spread
much over the CQD to interact with them. As a result, we
observe a reduction in surface coverage.

In the case of the “grafting-to” approach, the whole
dendrimer is attached to the CQD. The increase in the
number of dendrimer monomers makes the deformation of the
polymer more difficult. As a result, in the “grafting-to” case, the
extent of surface coverage by dendrimers is similar between
both oxidation levels. In the T-cqd10 and T-cqd60 systems,
dendrimers cover 51 and 55% of the CQD surface,
respectively. This quantifies the observations from the
instantaneous snapshot (Figure 2) that, for the “grafting-to”
approach, the surface chemistry of CQDs has a minimal effect
on the wrapping efficiency of dendrimers.

Overall, the above results suggest that the “grafting-from”
approach is more sensitive to the surface chemistry of CQDs
compared to the “grafting-to” approach. Thus, the “grafting-to”
method can be more effective for achieving a uniform surface
coverage of the CQD, regardless of the number of oxygen
functional groups on the surface, than the “grafting-from”
technique. On the other hand, it seems that the “grafting-from”
technique allows for better control over surface coverage. The
maximum or minimum surface can be achieved by tuning the
oxidation level of the CQD. Therefore, the “grafting-from”
approach may be more suitable for the design of CQD-
PAMAM composites with tailored properties.

3.4. Conformations of Grafted Dendrimers. To gain a
deeper understanding of the structure and organization of
dendrimer layers on the nanoparticle surface, we calculated the
radial atomic distribution function (RDF) of dendrimers with
respect to the distance to the CQD center of mass. Note that
in all RDF plots shown in Figure 4, the origins are set at the
center of the mass of the CQD.

From Figure 4, it may be observed that for a given oxidation
level of the CQD, the dendrimers show qualitatively similar

Table 1. Comparison of the Ratios of the Spheroid
Semiaxes, Size (Radius of Gyration Rg and Actual Radius R),
and RMSD of CQD in All Considered Systems

system c/a b/c Rg (Ra) [Å] RMSD [Å]

F-cqd10 1.17 1.14 9.06 (11.7) 4.43
F-cqd60 1.36 1.29 9.32 (12.04) 2.33
T-cqd10 1.27 1.21 9.11 (11.76) 4.44
T-cqd60 1.92 1.65 9.91 (12.80) 3.22

aThe actual radius (R) of CQD is related to the radius of gyration of
nanoparticle (Rg) through the following relationship R = sqrt(5/3) ·
Rg.

Figure 3. Percentage of the surface coverage of the CQD by
dendrimers for the studied cases.
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shapes of RDF profiles regardless of the grafting approach. For
dendrimers in the @-cqd10 systems (black line in parts a and b
of Figure 4), the distributions show a sharp peak located at 14
Å from the center of mass of the nanoparticle, followed by a
decrease at an intermediate distance and a subsequent increase
in the atom numbers at the periphery. This indicates that there
is an adsorbed layer but also a region in which the atoms of the
non-adsorbed branches lie. As can be seen from Figure 4, the
height of the first peak in the distribution is higher for the F-
cqd10 system than for the T-cqd10 case. This implies that
more dendrimer branches coat the CQD surface in the former
case. This is consistent with the trends from the analysis of the
contact surface area that the dendrimers cover a larger surface
area of the CQD in the F-cqd10 case than in the T-cqd10
system (see Figure 3). Additionally, for the F-cqd10 case, the
narrow spread in the distances of RDF suggests that the
dendrimers are tightly packed on the surface, with only a few
dendrimer branches rising above the adsorbed layer. This is a
clear signature of flat conformation. On the other hand, in the
case of the T-cqd10 system, the broader range of the distances

in the distribution profile and a well-pronounced second peak
at 32 Å indicate that a large number of dendrimer monomers
stay away from the surface. As the number of monomers is
greater in the “grafting-to” case, the attraction interactions of
the CQD may not be strong enough to overcome the steric
repulsion between monomers, making the spreading of
dendrimers more difficult. Additionally, the primary amines
of dendrimers used in this study are protonated, so they may
try to minimize the electrostatic repulsion among themselves
by lifting some monomers above the adsorbed layer. Hence, in
the “grafting-to” approach, the coated dendrimers adopt an
expanded brush-like structure. In the “grafting-from” method, a
decrease in dendrimer branches leads to a flat configuration in
which almost all the monomers of the dendrimers lie on the
CQD surface.

In contrast, for the higher oxidation level (red lines in parts a
and b of Figure 4), regardless of the grafting approach, the
dendrimer distribution profiles show one broadened peak with
a “maximum” at about 20 Å, followed by a decrease with
increasing distance. A broad maximum, with fluctuations

Figure 4. RDF of (a) “grafted-from” and (b) “grafted-to” PAMAM dendrimers with respect to the center of the mass of the CQD.

Figure 5. RDF of inner branches and terminal groups of dendrimers with respect to the center of the mass of the CQD in (a) F-cqd10, (b) F-
cqd60, (c) T-cqd10, and (d) T-cqd60 systems.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c04661
J. Phys. Chem. C 2023, 127, 16740−16750

16745

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04661?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


around a constant value, implies that when the oxidation level
of the CQD increases, dendrimers adopt a more compact,
dense structure. To better understand the molecular origin of
these conformational changes, we calculated the distribution of
the branching units and terminal groups separately. Figure 5
depicts the radial distribution of the nitrogen atoms of the
tertiary amine branches and terminal primary amine groups as
a function of the distance from the center of mass of the
CQDs. It may be observed that, for both grafting approaches,
the location of the maximum distribution of branching units
shifts toward larger distances from the CQD with an increase
in the oxidation level of the nanoparticle. One can also see that
the radial number of terminal groups near the CQD surface in
the @-cqd60 systems is higher than in the @-cqd10 cases. As
mentioned earlier, the dendrimers have positively charged
terminal groups, while the carbonyl groups used to function-
alize the surface of the CQD are negatively charged. Thus, an
increase in the surface charge of the nanoparticle increases the
strength of electrostatic interactions between the protonated
amines and CQD. As a result, terminal units move closer to the
surface. At the same time, the higher oxidation level limits the
interactions with inner branches, which are charge neutral.
Therefore, they tend to stay away from the surface, which leads
to the dense packing of the coating dendrimers. Such behavior
implies that the structure of adsorbed dendrimers can be tuned
by modifying the amount of oxygen-bearing groups on the
CQD surface.

3.5. Contacts between CQDs and Dendrimers. To
further validate the redistribution of the atom positions within
the dendrimers, we calculated the fraction of the total number
of terminal groups in close contact with the CQD surface. We
consider the terminal group to be in contact with the CQD if
the distance of separation between the nitrogen atom of the
terminal primary amine group and any of the CQD atoms is
within 3 Å. This threshold was based on the position of the
first peaks in Figure 5 with respect to the actual radius of the
CQD (see Table 1). Figure 6 gives the fractional number of

contacts between the CQD and the terminal groups for all
systems under study. It can be noted that for both grafting
approaches, the fractional contacts increase as the oxidation
level of the CQD increases. This suggests that dendrimers may
have greater binding strength when they adsorb on the highly
oxidized CQD as compared to the reduced case. Further, for a
given oxidation level of the CQD, the “grafting-from”

dendrimers make more contacts with the nanoparticle when
compared to the “grafting-to” dendrimers. This also suggests
that interactions between the CQD and the dendrimer may be
greater in the “grafting-from” case as compared to those in the
“grafting-to” case.

The conclusions drawn from the fractional contacts are
supported by the pair-interaction energies between the CQD
and dendrimers. Figure 7 shows the mean pair-interaction

energies between a single dendrimer monomer and CQD.
From this figure, it is clear that the main contribution to the
interaction energy comes from the electrostatic component.
This demonstrates that the interaction between the dendrimer
and the CQD is mainly driven by electrostatic energy. As
expected, for a given grafting approach, electrostatic energy
and its contribution to the total energy increase as the
oxidation level of the CQD increases. Thus, the strongest
interaction is observed in the case of @-cqd60 systems.
Further, for these systems, a small difference in total energies is
observed between the two grafting approaches. On the other
hand, in the case of the @-cqd10 systems, the “grafting-from”
dendrimers have a higher interaction energy than the “grafting-
to” dendrimers. In addition, the F-cqd10 system shows the
largest contribution of the vdW interaction to the total energy.
This suggests that the F-cqd10 complex is more stable than the
T-cqd10 complex. Overall, the T-cqd10 system is the weakest
in terms of adsorption strengths when compared to all other
cases.

The above results show that electrostatic energy plays a key
role in affecting the interfacial interaction energy between the
CQD and dendrimers. However, the formation of hydrogen
bonds (H-bonds) between the oxygen functional groups
located on the CQD surface and dendrimers can also affect
the binding strength. Thus, to better understand the interfacial
interactions and the effects of the oxidation level of the CQD
and the grafting approach on the hydrogen bond interactions,
we analyzed the formation of hydrogen bonds between
PAMAM dendrimers and CQD. Here, we assume that an H-
bond exists when the distance between the acceptor and the
donor is smaller than 3 Å and the angle acceptor-donor-H is
less than 20 degrees. The calculated detailed information about
the hydrogen bonds between the CQD and dendrimers is
tabulated in Table 2.

One can expect that the degree of hydrogen bonding will
change with the content of functional groups on the CQD
surface. Indeed, it can be seen in part A of Table 2 that, for

Figure 6. Fractional contacts of the terminal group with the CQD
calculated as the ratio of the total number of terminal groups of the
dendrimer in contact with the CQD (Nc) to the total number of such
groups in the dendrimer.

Figure 7. Contribution of electrostatic energy and vdW energy to the
total mean pair-interaction energy for all cases.
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both grafting approaches, there is an increase in the average
number of hydrogen bonds as the oxidation level of the CQD
increases. In the @-cqd60 systems, the surface is almost
completely covered with oxygen functional groups as
compared to the @-cqd10 systems, and hence, the dendrimers
can form a larger number of H-bonds. On comparing two
grafting techniques, in the @-cqd10 systems, dendrimers form
a similar number of H-bonds. On the other hand, in the case of
@-cqd60 systems, the “grafting-to” dendrimers form more H-
bonds than the “grafting-from” dendrimers. This suggests that
for the lower degree of oxidation used in our simulation, the
“grafting-from” dendrimers pose enough monomers to achieve
a saturated state.

Dendrimers can form different types of hydrogen bonds with
the CQD. Panel B of Table 2 shows detailed information about
the five most persistent hydrogen bonds formed between the
CQD and dendrimers. Analysis of these bonds clearly shows
that dendrimers act as hydrogen donors in all cases. For the
higher oxidation level of the CQD, the H-bonds are mainly
formed with the nitrogen atom of the terminal primary amine
group (N4) as the H-bond donor and the oxygen atom of the
carboxyl group (O) as the H-bond acceptor. In the case of the
@-cqd10 system, we can also observe a second type of H-bond
involving the interaction between the secondary amine group
(N) and the carboxyl group. Nevertheless, this indicates that
H-bonds formed between CQD carboxyl groups and the end
groups of dendrimers play a major role in stabilizing the
conformation of the adsorbed polymers. In addition, by

comparing the interaction frequency of these bonds, it can be
concluded that the H-bonds in @cqd60 systems are much
stronger than in the case of @-cqd10 systems. Moreover, for a
given oxidation level, the H-bonds between the CQD and
“grafting-from” dendrimers are stronger than those between
“grafting-to” dendrimers. Overall, the above results show that
the “grafting-from” approach and high content of carboxyl
functional groups improve the interfacial binding energy
between the CQD and the dendrimer due to the strong
electrostatic and H-bond interactions. Hence, the CQD-
modified “grafting-from” approach can provide high structural
stability for the CQD-G4 PAMAM composite. The thermody-
namics of the binding of dendrimers to CQD will be
investigated separately in our future work.

3.6. Dendrimer−Water Interactions. The accessibility of
dendrimer functional groups can largely determine the
interaction behavior of the entire composite with other
molecules. Table 3 shows the average number of H-bonds

with water molecules for a single amine (primary, secondary,
and tertiary) and carbonyl oxygen. It may be observed that the
number of H-bonds formed by primary amines and carbonyl
groups is significantly larger than that of secondary and tertiary
amines in all cases. Also, for a given grafting approach, the
number of H-bonds formed by primary amines decreases with
increasing content of oxygen functional groups. As we saw
earlier, when the oxidation level of the CQD increases, the
protonated primary amine groups move closer to the surface
due to favorable interactions with the carboxyl groups. As a
result, fewer water molecules can interact with primary amine
groups via H-bonding. For the @-cqd10 case, more primary
amines stay away from the surface. Thus, it can interact more
easily with water molecules. Another point to note is that for a
given oxidation level of the CQD, the average number of H-
bonds formed between primary amines and water is almost the
same for both grafting approaches, showing that the interaction
of dendrimers with water molecules is much more affected by
the oxidation level of the CQD than by the grafting approach.
This suggests that the interaction behavior of the CQD-G4
PAMAM composite with other molecules can be controlled by
tuning the polymer−substrate interaction strength.

4. CONCLUSIONS
In this study, the microscopic picture of the CQDs grafted with
PAMAM dendrimer generation 4 was investigated using
molecular dynamics simulations. We considered two grafting
approaches, i.e., “grafting-from” and “grafting-to”, as well as
two oxidation levels of the CQD. The obtained results revealed
that the conformational behavior of the obtained CQD-G4
PAMAM composites depends on the grafting strategy and
degree of oxidation of the CQD surface.

Table 2. Result of the Analysis of the Formation of
Hydrogen Bonds between the CQD and PAMAM
Dendrimers

panel A: mean number of H-bonds formed between the CQD and dendrimers

System

F-cqd10 F-cqd60 T-cqd10 T-cqd60

mean number of H-bonds 7.09 20.48 6.50 29.56
panel B: detailed information about the hydrogen bondsa

system donor acceptor frequency of H-bonds (%)

F-cqd10 N4 O 55.22
N O 45.83
N4 O 34.83
N4 O 32.98
N O 31.43

F-cqd60 N4 O 58.67
N4 O 58.02
N4 O 57.12
N4 O 50.17
N4 O 49.03

T-cqd10 N4 O 38.28
N O 36.33
N O 25.99
N O 21.99
N4 O 20.59

T-cqd60 N O 56.72
N4 O 51.17
N4 O 49.43
N4 O 46.78
N4 O 45.93

aN4, nitrogen atom of the terminal primary amine group; N, nitrogen
atom of the secondary amine group; O, oxygen atom of the carboxyl
group of the CQD.

Table 3. Average Number of H-Bonds Formed between the
Different Kinds of Amine Groups of Dendrimer and Water
Molecules for All the Cases

system

F-cqd10 F-cqd60 T-cqd10 T-cqd60

primary amine 0.44 0.32 0.46 0.33
secondary amine 0.06 0.07 0.06 0.06
tertiary amine 0.03 0.07 0.06 0.05
carbonyl 0.33 0.38 0.33 0.34
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For the “grafting-from” approach, increasing the oxidation
level of the CQD resulted in a reduction in the surface area
covered by dendrimers. In contrast, in the “grafting-to” case,
the extent of surface coverage by the dendrimer did not
depend on the number of oxygen functional groups present on
the CQD. In the case of the CQD containing a lower number
of functionalized groups, the “grafting-from” dendrimers form
a flat, disk-like conformation in which almost all dendrimer
branches are adsorbed on the nanoparticle surface. As the
number of dendrimer monomers increases in the “grafting-to”
approach, dendrimers adopt more expanded conformations,
with a large number of monomers rising above the CQD
surface. The structure of adsorbed dendrimers becomes more
compact when the oxidation level of the CQD increases for
both grafting approaches. These characteristic structural
features can be attributed to the increasing electrostatic
interactions between the protonated primary amine groups
of dendrimers and the carboxyl groups of the CQD, which lead
to the dense packing of terminal groups close to the CQD
surface.

The calculated pair-interaction energies and the number of
H-bonds show that the higher oxidation level of the CQD
provides stronger interfacial interactions between dendrimers
and CQD, regardless of the grafting approach. In addition, the
“grafting-from” dendrimers show stronger interactions with
CQD as compared to the “grafting-to” cases. From these
results, one can conclude that the “grafting-from” coating
confers more stability to the final structure of CQD-PAMAM
than those obtained by the “grafting-to” approach.

However, most importantly, the redistribution in the
position of dendrimer terminal groups, driven by electrostatic
and H-bond interactions with the CQD, changes the binding
activity of dendrimers with other molecules (water here). This
suggests that the surface chemistry of CQDs can be employed
as one of the variables to control the interactions between
grafted dendrimers and other molecules (e.g., contaminants
and drugs) and play a crucial role in an attempt to manage the
structure/property relationships of such materials.

We believe that the results of this study on the effects of the
grafting approach and oxidation level of the CQD on the
surface architecture of dendrimers and their interface with the
CQD can have important implications for designing CQD-G4
PAMAM nanocomposites with desired properties for various
applications.
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