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1. Introduction

Leveraging self-passivation of quantum dots via
hitrogen-doping for multifunctional biopolymer
nanocompositest

Anthony V. Tuccitto, & 2 Rafaela Aguiar, ©2 Nello D. Sansone, 2
Yalda Chehrehsaz, @22 Boran Kumral, (2 Peter Serles, ©° Tobin Filleter, ©°
Chul B. Park @ P° and Patrick C. Lee @ *2

The plant-based and industrially compostable polymer, poly(L-lactide) (PLLA) is an indispensable substitute
for petroleum-based polymers but has limited functionality owing to material and processing-related
challenges. To address this, we design graphene oxide-based quantum dots (GO-QDs) with varying
degrees of nitrogen-doping from thermal treatment of citric acid and urea, yielding strong and tough
nanocomposites with exceptional visible-light transmittance (>70%), selective UV-visible light blocking
ability, and fluorescence. For the first time, we clarify that this behaviour arises from the inclusion of
carbonyl, pyrrolic, pyridinic, and graphitic-nitrogen in QDs with an increasing degree of nitrogen-doping,
each offering distinct light absorption tendencies. The inclusion of just 0.25 wt% of synthesized QDs
achieves a 43.4% improvement in toughness with a concomitant increase in stiffness and strength of
13.7% and 13.3%, respectively. This behaviour is attributed to increased craze density confirmed by
fractography analysis. Furthermore, GO-QD inclusion can improve the processability of PLLA, increasing
its crystallization temperature by over 10 °C, while reducing melt viscosity by up to an order of
magnitude owing to size and composition effects, which are valuable in downstream manufacturing
processes. This uniqgue combination of properties cannot be achieved with existing micro/nanoparticle
UV-absorbers (e.g., zinc oxide, titanium dioxide), reinforcing additives (e.g., cellulose derivatives, polymer
nanofibrils), and processing aids (e.g., nucleating agents, plasticizers). This study not only sets a new
benchmark for the optical, mechanical and processing-behaviour of PLLA, but also demonstrates the
transformative potential of nitrogen-doping in expanding the functional capabilities of green polymer
nanocomposites.

sourced from finite petroleum resources and present a variety of
disposal and recycling challenges that ultimately result in the

Plastics are ubiquitous materials in modern society; however,
the use of most commercially available plastics has been linked
to severe environmental consequences at all stages of their life

cycles. Specifically, most consumer-destined plastics are
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accumulation of plastic in landfills and ecosystems worldwide."
Over recent decades, poly(i-lactide) (PLLA) has been revered as
a critical component in efforts to alleviate these concerns, being
a bio-based and industrially compostable alternative to
petroleum-based polymers. Specifically, PLLA offers increas-
ingly competitive material costs, moderate stiffness (2.5-4 GPa)
and strength (60-80 MPa), and melt-processing temperature
comparable to petroleum-based polymers like polypropylene.
However, its adoption in industrial processes is limited owing
to intrinsically slow crystallization kinetics, which limits solid-
ification in molding processes, as well as tuning of mechanical
properties for target applications.> Moreover, from a consumer
perspective, PLLA is undesirable owing to its inherently brittle
behavior and low glass transition temperature (T,) compared to
other polyesters like polyethylene terephthalate and poly-
butylene terephthalate. This brittleness gives rise to poor
toughness, minimizing energy absorption while under stress.>*
These limitations severely restrict the applicability of PLA.
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Beyond its limited mechanical performance and process-
ability, PLLA readily transmits visible-light wavelengths (400-
700 nm), making it desirable in applications necessitating good
transparency (~90% visible-light transmittance).” However,
PLLA also readily transmits ultraviolet radiation (UVA: 320-
400 nm, UVB: 290-320 nm, UVC: 200-290 nm, respectively), as
well as blue-light (~400-500 nm).*” This limits its protective
ability for UV- and blue-light sensitive foodstuff, cosmetic
products, agricultural products, and personal protective
equipment (PPE), thereby rendering it unsuitable for these
applications. UV-blocking in polymers typically necessitates the
incorporation of organic (typically phenolic derivatives),® or
inorganic UV-blocking additives (e.g., zinc oxide, titanium
dioxide).” While organic UV-blockers are low-cost and permit
better absorption wavelength selectivity® which is necessary in
food-related applications (e.g., industrial sterilization
processes),’® and agricultural/horticultural crop growth,'* their
short working lifespan,® environmental persistence, as well as
toxicity make them unfavorable for use in consumer products.*
In contrast, inorganic UV-blockers generally exhibit UVB/UVC
(<350 nm) blocking,** and often necessitate complex
compounds of organic and inorganic UV-blockers to achieve
absorption targets.® Beyond this, blue-light blocking is critical
for suppressing degradation of food nutrients (e.g., anthocya-
nins)," cosmetic products (e.g:, L-ascorbic acid)," as well as in
PPE.'* With these considerations in mind, there are limited
methods that address each challenge without severely
compromising PLLA's sustainable nature. Specifically, inclu-
sion of a secondary component in concentrations greater than
5 wt% can harm PLLA's biodegradation, further limiting
composite design alternatives;'” broad range UV- and blue-light
blocking may be challenging to achieve with lower filler
loadings."**°

The incorporation of microparticle or nanoparticle fillers is
among the most common method of overcoming PLLA's
numerous deficiencies. Common micro-fillers include talc,?***
and micro-fibrillated cellulose.”” Unfortunately, their low
specific surface area relative to nanoparticles limits matrix-filler
interactions, necessitating beyond 5 wt% for functionality
improvements, but at the detriment of transparency, thereby
limiting applicability. On the contrary, more pronounced
matrix-filler interactions are offered by finer nano-scale parti-
cles, which can circumvent this challenge. Common
nanoparticle fillers include cellulose nanofibrils and their
derivatives,” synthetic polymer nanofibrils,*** and graphene
derivatives.” While cellulose nanofibrils and their derivatives
are green additives that can strengthen/toughen PLA, their
tendency to undergo self-aggregation owing to strong hydrogen
bond interactions can embrittle PLLA and detriment its trans-
parency***” unless costly and time-consuming surface treat-
ments or compatibilization strategies are applied. Synthetic
polymer nanofibrils have also recently been applied via in situ
fibrillation, for toughening PLLA with minimal sacrifice in
blend stiffness and strength.* However, fibrillation approaches
are challenging to implement practically owing to material
selection constraints (e.g., matrix-dispersed phase viscosity
matching, melting temperature difference). Beyond particle and
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fiber-based fillers, compounding with plasticizers and/or
rubbery materials can be an effective method of toughening
PLLA, but often at the expense of critical material properties
including strength, modulus, and transparency.>*® Although
the use of these additives can target specific deficiencies in
PLLA, it is highly desirable to develop a single additive that can
be incorporated into PLLA to meet bulk property requirements
and provide multi-functionality.

Over the past decade, graphene-oxide based quantum dots
(GO-QDs), zero-dimensional graphene derivatives with diame-
ters on the scale of 1-20 nm, have been developed, and offer
profuse benefits including strong UV-absorption and photo-
luminescence arising from quantum confinement effects,*
tunable bandgap, antioxidant effects in biological systems,*
and low cytotoxicity.**** These desirable properties make these
QDs ideal for applications ranging from anti-counterfeiting to
bio-medical imaging.***¢ Additionally, their small size permits
retention of transparency in nanocomposites, compared to
those containing larger graphene derivatives that typically
render nanocomposites black, owing to broad-range light
absorption mechanisms.?” It should be noted that while heavy
metal-based quantum dots (e.g., cadmium selenide) have found
extensive use in literature,®®*® toxicity concerns make them
unsuitable for many consumer-destined polymer
composites. On the contrary, bottom-up approaches assem-
bling small biomolecules (e.g., citric acid, glucose, sucrose) into
GO-QDs via simple thermal treatments is a greener alternative
for fabricating more consumer-friendly QDs, from low-cost and
accessible precursors.**™*

The past several years have yielded rich literature on custom
design of QDs for target applications based on their size and
surface functionalities as typical design criteria. While the size
can be challenging to control owing to most synthetic
approaches yielding broad particle size distributions, much
research has focused on compositional changes in QDs as the
primary design input. Typical synthetic and post-synthetic
strategies for changing QD composition include passivation
control, oxidation, reduction, and heteroatom (e.g., sulfur,
boron) doping/functionalization,** with passivation control and
heteroatom doping being the simplest modification to apply in
bottom-up synthetic approaches.*> It has been hypothesized
that the presence of heteroatoms in QDs can greatly alter UV-
and visible-light absorption properties, which can be used to
engineer colorful and brighter nanocomposites with good
transparency.*>*” Beyond visible and UV-absorption properties,
QDs are claimed to offer simultaneous stiffening, strengthening
and toughening effects to nanocomposites at relatively low
concentrations (e.g., <1 wt%).*” However, despite these synthetic
design considerations, the role of green QD chemical compo-
sition on the multi-tier properties of biodegradable nano-
composites have yet to be explored.

With these considerations in mind, we design a series of GO-
QD derivatives possessing varying compositions, to achieve
a unique combination of properties that cannot be achieved
with existing micro/nanoparticle UV-absorbers (e.g., zinc oxide,
titanium dioxide), reinforcing additives (e.g., cellulose deriva-
tives and polymer nanofibrils), and processing aids (e.g,

nano-
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nucleating agents/plasticizers). Here, three GO-QD derivatives
are synthesized via thermal treatment of low-cost organic
molecules, namely, citric acid (CA) and urea. Treatment of
solely CA yields GO-QDs,* while nitrogen-doped GO-QDs (NGO-
QDs) can be synthesized identically, via substitution of CA with
urea as a nitrogen-dopant (N-dopant).*** While some N-
dopants like ammonia are known to result in larger particle
sizes, urea yields QDs with similar size distributions, but
different chemical composition.**** The prepared GO-QD
derivatives are then blended into a PLLA matrix to systemati-
cally isolate the role of QD composition on the optical trans-
parency, UV-blocking ability, fluorescence emission,
crystallization kinetics, mechanical, and rheological properties
of nanocomposites. By engineering QDs with specific propor-
tions of target functional groups, we develop PLLA nano-
composites possessing exceptional visible-light transmittance
(>70%), as well as selective UV- and blue-light blocking ability,
that open the door for PLLA's use in protective packaging for
UV- and blue-light sensitive foodstuff, cosmetic products, agri-
cultural products, and PPE. The nanofiller content used to
impart these characteristics is far below standard thresholds
that compromise compostability (i.e., 5 wt%),"” a powerful
benefit to this technology.

View Article Online
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2. Results and discussion

2.1 Chemical and physical characterization of GO-QD
derivatives

FTIR analysis of the QD precursors and QDs reveals significant
chemical transformations that occur during synthesis
(synthesis details found in Materials and methods), in function
of precursor composition, as is illustrated in Fig. 1. Specifically,
GO-QD is synthesized from CA alone while NGO-QD1 and NGO-
QD2 are derived from 3:1 or 1:3 precursor molar ratios (CA:
urea), respectively. First, the CA possesses bands ranging from
3500 to 3000 cm ™' corresponding to the stretching modes of its
four O-H groups. Additionally, the small shoulder-like peak
below 3000 cm ™" corresponds to C-H stretching attributed with
the methylene groups along the CA. As well, the bands at 1743
and 1692 cm ™' correspond to C=O stretching bands associated
with CA's three carboxylic acid functional groups.®* Further-
more, the series of bands in the range of 1425 to 1340 cm ™"
correspond to C-H bending of methylene groups.

In contrast, the urea precursor used for N-doping possesses
a high intensity N-H stretching band near 3429 cm™*,°? a band
near 1674 cm ™' corresponding to C=O stretching, a band near
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Fig. 1

(A) FTIR spectra of CA and urea QD precursors, as well as each GO-QD derivative. Spectra are shifted along the Y-axis by an arbitrary value

for the sake of clarity. Possible chemical structures of (B) GO-QD, (C) NGO-QD1, and (D) NGO-QD2, are provided based on spectroscopic
analysis. GO-QD, NGO-QD1, and NGO-QD2 were derived from CA, 3:1, and 1: 3 precursor molar ratios (CA: urea), respectively.
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1590 cm ™! corresponding to N-H bending, and two bands near
1462 and 1149 cm ™' corresponding to C-N bonds.*

Beyond this, the FTIR spectrum of the CA-derived GO-QDs
synthesized in this work is consistent with work presented by
Dong et al.*® For these GO-QDs, there is a broad peak centered
near 3378 cm ™' corresponding to O-H stretching implying the
presence of hydroxyl/carboxyl groups. At 2956 cm ™", there is
a small shoulder corresponding to C-H stretching in the GO-
QD. Beyond this, there is a small shoulder peak at 1700 cm ™"
corresponding to C=0 bond stretching, as well as a larger peak
near 1560 cm ' likely corresponding to C=O stretching in
carboxylate groups, as were formed during passivation with
aqueous NaOH. Others have also attributed this peak to the
presence of unoxidized graphitic domains formed during the
carbonization process.”® Moreover, the peak present near
1380 ecm ™' is characteristic of CA-derived GO-QDs,* and has
been attributed to the presence of C-OH groups,” resulting
from the incomplete carbonization of the CA.

The FTIR spectra of NGO-QDs, in comparison with GO-QDs
and CA/urea precursors are also shown in Fig. 1A. The NGO-
QD1 sample possesses bands near 3443, 3340, and 3185 cm ™+
corresponding to N-H stretching.** Moreover, these peaks are
convoluted with a broad band that is visible near 3585 cm™*,
which is not present in the urea precursor, but is present in all
QDs fabricated, corresponding to the O-H stretching of the
hydroxyl and carboxyl functional groups formed. Akin to GO-
QDs, there is a band near 2956 cm ™' corresponding to C-H
stretching. As well, the peak near 1700 cm ' corresponds to
either C=0 stretching, or C=N stretching.”® Moreover, the
small shoulder peak near 1771 cm™ "' likely corresponds to
carboxyl groups in the QDs. As well, there is a peak present near
1560 cm ',** possibly corresponding to unoxidized graphitic
domains. This peak may also be attributed to N-H bending (e.g.,
pyrrolic-N), similar to observations for the urea precursor.
Finally, the peak near 1190 cm™ " likely corresponds to C-N
bonds, with one dominant functional group type present.

NGO-QD2 also possesses bands near 3443, 3340, and
3185 cm ' corresponding to N-H stretching;** these peak
intensities increase compared to NGO-QD1 owing to the greater
urea precursor loading used during synthesis, imparting a more
abundant source of nitrogen. NGO-QD2 also exhibits a broad
O-H and C-H stretching band, like NGO-QD1. Additionally, the
peak corresponding to the C=0 and C=N stretching increases
in intensity. As such, the NGO-QD2 sample likely possesses
more pyridinic and graphitic-N substitution in its structure.
Beyond this, two bands arise near 1188 and 1148 cm ™' corre-
sponding to C-N stretching, in contrast to NGO-QD1. This
suggests the formation of two distinctly different N-based
chemical environments, perhaps pyrrolic and pyridinic-N. It
should be noted that an increase in the intensity of bands
corresponding to N-containing functional groups is observed
with increasing urea precursor loading, suggesting that N-
inclusions in the QDs become more abundant with increasing
urea precursor loading, as expected. However, this is accom-
panied by changes in the proportions of N-containing func-
tional groups present in the synthesized QDs. Based on the
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spectroscopic data provided, the possible chemical structure of
a single-layer of each GO-QD derivative is shown in Fig. 1B-D.
XPS was used to quantify the relative proportions of the
carbon (C), oxygen (O), and nitrogen (N) containing functional
groups present in each GO-QD derivative, as shown in Fig. 2.
The relative proportions of these distinct chemical functional
groups are of particular importance in engineering QD-
containing nanocomposites with tailored properties. For
example, certain functional group types may behave as chro-
mophores for selective light absorption. For the GO-QDs, the
C1s, sodium (Na) auger, and O1s signals are present at 284, 497,
and 530 eV, respectively, as is consistent with literature.>® As
well, there was an absence of peaks corresponding to N-
containing functional groups, as was expected due to the
absence of urea in the precursor. A high-resolution spectrum of
the C1s peak was fitted with Gaussian curves to identify the C-
based chemical environments present in the prepared QDs,
which yielded peaks centered at 284.8 (C-C/C=C), 286.3 (C-O),
288.3 (C=0), and 290.0 eV (C—(O)C), respectively. These results
are consistent with FTIR analysis revealing carboxyl/
carboxylate, and hydroxyl groups, along with graphitic carbon.
Peak integration reveals that C-C/C=C environments are
abundantly present (RP: 53.1%), with C=0 also abundantly
present (RP: 38.4%), as is illustrated in Table 1. Other carbon
environments are present in low abundance, C-O linkages, and
C-(0)C. Moreover, deconvolution of the O1s peak also reveals O-
based chemical environments present in the prepared dots,
which yielded peaks centered at 530.8 (O-C), 531.7 (O=C), and
533.3 eV (O=C-0), respectively. Peak integration reveals
abundant O-C and O=C environments (RP of 47.7 and 43.9%,
respectively), with a small fraction of O=C-O groups present
(RP ~8.4%). This confirms the presence of abundant O-
containing functional groups along the surface of the dots.
For NGO-QD1, the C1s, N1s, Na auger, and O1s peaks are
present at 284, 399, 497, and 530 €V, respectively. Interestingly,
the intensity of the C1s peak increases with the introduction of
urea in the precursor, with a concomitant decrease in the O and
Na content, owing to the substitution of CA with the urea N-
dopant/self-passivator. A high-resolution C1s spectrum is
shown in Fig. 2B, with the fitted peaks centered at 284.8 (C-C/
C=C), 285.6 (C-N), 286.3 (C-0), 288.3 (C=0), and 290.0 eV
(C-(0)C), respectively. These results are consistent with FTIR
analysis revealing carboxyl/carboxylate, and hydroxyl groups,
along with graphitic segments. Peak integration reveals that C-
C/C=C environments are abundantly present (RP: 54.4%), with
C=0 also abundantly present (RP: 29.6%). Other C environ-
ments are present in low abundance, including C-O linkages,
and C-(O)C. Furthermore, deconvolution of the O1s band
shows O-based chemical environments in the NGO-QD1,
yielding peaks centered at 530.8 (O-C), 531.7 (O=C), and
533.3 eV (0=C-0), respectively, akin to GO-QDs. Peak inte-
gration of the O1s peak also reveals abundant O-C and O=C
environments (RP of 34.0 and 60.6%, respectively), with a small
fraction of O=C-O groups present (RP ~5.4%). As well,
deconvolution of the high-resolution N1s peak reveals three
primary N-based chemical environments, namely 398.9 eV
(pyridinic-N), 399.8 eV (pyrrolic-N), and 401.7 eV (graphitic-N),

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) XPS full scan spectra of synthesized GO-QD derivatives, XPS high-resolution spectra illustrating: (B) the Cls peak with peak

deconvolutions, (C) the O1s peak with peak deconvolutions, (D) the N1s peak with peak deconvolutions. The arrow shown near 497 eV denotes

the Na auger.

Table 1 Summary of binding energy and relative fractions of each
functional group present in the prepared GO-QD derivatives as ob-
tained via peak deconvolution®

Relative percentage (%)

Binding energy

(ev) Functional group GO-QD NGO-QD1 NGO-QD2
C1s peak

284.8 C-C/C=C 53.1 54.4 50.0
285.6 C-N 0 6.7 13.1
286.3 C-0 7.0 8.1 9.8
288.3 C=0 38.4 29.6 26.1
290.0 c-(o)c 1.5 1.2 1.0
O1s peak

530.8 0-C 47.7 34.0 14.2
531.7 0=C 43.9 60.6 54.9
533.3 0=C-0 8.4 5.4 30.9
N1s peak

398.9 Pyridinic-N 0 6.7 13.8
399.8 Pyrrolic-N 0 86.6 75.9
401.7 Graphitic-N 0 6.7 10.3

4 For the GO-QD and NGO-QD1, we also have a Na auger peak at 497 eV.

which is characteristic of N-doped QDs.*>*” As well, peak inte-
gration reveals that pyrrolic-N is most abundant (RP of 86.6%),
with both pyridinic-N and graphitic-N present at 6.7% RP,
respectively. These findings are consistent with partial passiv-
ation of NGO-QD1 with urea.

Finally, the NGO-QD2 possesses Cls, N1s, and O1s peaks
akin to NGO-QD1, but with the elimination of the Na auger,

This journal is © The Royal Society of Chemistry 2025

owing to the complete self-passivation attributed to the
increased urea precursor content. The increased urea content
gives rise to a higher N content introduced into the GO-QDs, as
illustrated by the increased intensity of the N1s peak. For
a quantitative comparison, the degree of N-doping in the carbon
framework of NGO-QD1 and NGO-QD2 can be determined
using the intensity ratio of the N1s/C1s peaks (Ry,c), as has been
proposed by Zhu et al.*® The Ry;c of NGO-QD1 and NGO-QD?2 are
0.20, and 0.32, respectively, confirming the increased degree of
N-doping. This is corroborated via elemental analysis shown in
Table S1.1 Here, pyrrolic-N is most abundant (RP of 75.9%),
with pyridinic-N present at 13.8% RP, and graphitic-N present at
10.3% RP. We believe the increase in pyridinic-N and graphitic-
N at the expense of pyrrolic-N with increasing urea precursor
content yields higher-order N substitutions in the C framework,
as opposed to pyrrolic defects. Moreover, the C1s peak shows
a high C-C/C=C content (RP of 50.0%), with other C environ-
ments far less abundant. Finally, the O1s peak still shows the
presence of abundant C=0 groups (RP of 54.9%), confirming
the presence of both N- and O-containing functional groups on
the surface of this GO-QD derivative.

The zeta potential of the QDs reveals information regarding
the electrostatic interactions between nanoparticles, which may
affect the self-aggregation tendencies of QDs, thereby affecting
nanocomposite bulk properties. The zeta potential of GO-QD,
NGO-QD1, and NGO-QD2 are —37 mV, —45 mV, and —56 mV,
respectively. The increasing magnitude of zeta potential values
with increasing urea precursor loading is likely attributable to
the elimination of carboxylate groups with increasing urea
passivator content.

J. Mater. Chem. A, 2025, 13, 7973-7988 | 7977
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Fig. 3 Atomic force micrographs illustrating the prepared (A) GO-QD, (B) NGO-QD1, and (C) NGO-QD2 specimens.

Atomic force micrographs reveal the formation of QDs, as
shown in Fig. 3A-C. Specifically, all GO-QD derivatives synthe-
sized possessed heights of ~1-5 nm. These particle sizes are
consistent with literature claiming QDs with heights ranging
from 0.5-10 nm and diameters ranging from 2-15 nm from
similar precursor formulations.****>

Owing to the successive filtration process to particle sizes
<20 nm prior to AFM analysis, lateral dimensions measured
beyond this size threshold are a result of agglomeration during
drop-casting as has been observed for other QDs.*”® This is
attributed to the hydrophilic nature of these materials. Addi-
tionally, AFM analysis is prone to imaging artifacts and edge
effects that are known to overestimate the size of QDs because
of sample feature broadening due to tip-sample convolution.>**
In contrast to larger particle fillers, the nanometric size of
prepared QDs gives rise to distinct physical phenomena in
polymer matrices that are not otherwise achievable.

2.2 Nanocomposite characterization

2.2.1 UV-visible light interactions of nanocomposites:
optical transparency and nanocomposite color. The fine size of
QDs is on the scale of single nanometers, two orders of
magnitude lower than the wavelengths of visible-light. As such,
composites and structures containing QDs can exhibit
remarkable light transparency.*~** At the same time, QDs have
been largely utilized in chemical and biomedical sensing
applications owing to their selective light absorption capabil-
ities and high quantum yield (i.e., strong fluorescence).*** As
such, we compare the UV- (250-400 nm) and visible- (400-700
nm) light transmittance of the fabricated nanocomposites, in
comparison with neat PLLA, as shown in Fig. 4A. The visible-
light transmittance (VLT) and light blocking abilities of
prepared PLLA films are also illustrated in Fig. 4B, with films
illustrated in Fig. 4C. Neat PLLA displays a high VLT of 89.7 +
0.7%, which is consistent with literature.>*” In contrast, QD-
containing nanocomposites display stark differences in UV-
visible absorption, with minimal change in VLT. The
0.25 wt% GO-QD nanocomposite film exhibits nearly identical
VLT (87.9 £ 1.4%), with deviations that develop below 400 nm,
likely owing to absorption bands centered around 270 and
350 nm;> UV-absorption in this sample type is attributed to sp”

7978 | J. Mater. Chem. A, 2025, 13, 7973-7988

clusters undergoing ™ — 7* transitions,’®*® as is consistent
with our FTIR and XPS characterization. CA-derived dots are
known to exhibit this broad absorption behavior, particularly
below 500 nm without obvious peaks.®” The 0.25 wt% NGO-QD1
nanocomposite film shows slightly lower transmittance of
nearly 85% from 600-700 nm, with lesser transmittance
occurring below 600 nm. This translates to a VLT of 80.5 £
1.0%. Moreover, a moderate absorption band near 418 nm is
introduced, as is characteristic upon N-doping of CA-based
dots,*®* and is ascribed to the introduction of graphitic-N
substitutions. As well, N-doping introduces a well-defined
absorbance band near 340 nm, which is ascribed to the n —
7* transition of C=O0O, pyrrolic and pyridinic groups in the
QDs.?%35670 Additionally, the absorbance band below 300 nm
becomes more apparent likely owing to partial passivation with
NaOH increasing the C-content in the dots, making the w — w*
transitions of sp> clusters more obvious. For films containing
NGO-QD2, the baseline VLT is slightly reduced (VLT of 72.2 +
2.0%), likely owing to differences in particle aggregation
tendency with compositional changes; this may be responsible
for the slight reduction in the baseline light transmittance. As
well, the absorption bands previously ascribed to N-containing
functional groups increase in intensity, which is consistent with
the increasing fraction of N functional groups with increasing
degree of N-doping. Interestingly, the absorption band centered
at 340 nm attributed to carbonyl, pyrrolic and pyridinic groups
of the QDs does not increase dramatically. Rather, the band
near 418 nm associated with graphitic-N dramatically increases
in intensity, confirming that increasing urea precursor content
induces graphitic-N. Here, delocalization of electrons around
these graphitic-N substitutions is believed to reduce the energy
barrier for this electronic excitation, thereby inducing a red-
shift in the absorption relative to pyrrolic and pyridinic func-
tional groups. In fact, Sarkar et al. predicted using density
functional theory simulations that graphitic-N is the only N-
containing functional group that imparts such a considerable
red-shift, owing to a reduced energy gap between the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively). This reduction in energy gap facili-
tates the excitation of electrons into unoccupied 7 orbitals of
the graphitic network with low-energy wavelengths.” As such,

This journal is © The Royal Society of Chemistry 2025
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films averaged over 3 replicate measurements, (B) visible-light trans-

mittance and light blocking ability of PLLA and nanocomposite films, (C) images of PLLA and nanocomposite films illustrating their high degree of
transparency, (D) images of PLLA and nanocomposite films (150 um thickness) under exposure to 365 nm blacklight. The thickness of films used

in UV-visible spectroscopy measurements is fixed at 150 um. Blue-light,

UVA, UVB, and UVC correspond to wavelength regions of 400-500,

320-400, 290-320, and 260-290 nm, respectively. Statistical analysis was conducted for light blocking ability measurements of QD-containing
nanocomposites relative to the control, in each respective wavelength region.

our observations align well with theory. The increased intensity
of this absorption band not only improves UVA absorption but
imparts selective blue-light absorption with minimal detriment
to light transmittance in the remaining visible spectrum. This
selective blue-light shielding is highly sought in electronic,
optoelectronic, personal-protective equipment, and in food
packaging. In particular, blue-light shielding is critical in food
and cosmetic packaging. It should be noted that while N-
doping increases the UV-absorption (UVA: 56.3 + 1.4%, UVB:
62.1 + 1.4%, and UVC: 81.2 &+ 1.9% light blocking ability), the
VLT still remains >70%, even with blue-light absorption
becoming more predominant (55.3 £+ 1.2% blue-light blocking
ability). Unlike larger nanofillers (i.e., >50 nm) that primarily
block UVv-visible radiation via reflectance, QDs undergo a series
of absorptive energy transformations owing to their
heteroatom-based surface functional groups, that dissipate the
incident radiation.” This energy dissipation mechanism is
confirmed in Fig. 4D, as well as in Fig. S1A and B, illustrating
the fluorescence behavior of the nanocomposites. From these
images, the fluorescence emission is clearly intensified with an
increased degree of N-doping. It should be noted that this
intense fluorescence behavior is not just present with only
0.25 wt% of QDs in PLLA but is present in the absence of
external solvents. This is also aligned with Fig. S1Cf¥ illustrating
the reflectance wavelength of the neat PLLA and QD-containing
nanocomposite films between 400-700 nm. Here, the visible

This journal is © The Royal Society of Chemistry 2025

light reflectance decreases sharply in the presence of NGO-QD1
and NGO-QD2 between 400 and 500 nm, confirming that
changes in the selective light blocking ability of these films is
largely attributed to light absorption.

Beyond QD chemical composition, the QD concentration in
polymers is known to alter the light absorption properties of
QD-containing nanocomposites. As such, we highlight the role
of QD concentration on the VLT and light blocking ability in
Fig. S1D and E, with discussion in the ESL{

An important aspect to consider in the VLT of semi-
crystalline polymer nanocomposites is the nanocomposite
crystallinity. As such, DSC 1°* heating thermograms of the
fabricated film specimens used for UV-visible spectroscopy
analysis are illustrated in Fig. S2.T These reveal a low x. in
compression molded films (2.0, 6.3, 6.7, and 0.5% for neat
PLLA, and nanocomposite films containing GO-QD, NGO-QD1,
and NGO-QD2, respectively), owing to the rapid quenching
process used during film preparation.

It is known that solvent- or matrix-QD interactions can
greatly affect UV-visible absorption wavelength owing to the
sensitivity of electron-hole transitions to the QD surface state.”
Typically, the presence of hydrogen bonds (H-bonds) that
reduce the energy barrier to electronic excitation and/or stabi-
lize the excited electronic state may translate to an absorption
red-shift.”® As such, FTIR was conducted on neat PLLA and
nanocomposite films to probe the intensity of H-bonding
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interactions in prepared films, with FTIR spectra shown in
Fig. S3. No obvious changes in H-bonding or covalent bonding
interactions can be observed in the presence of the QDs, with all
spectra appearing like the neat PLLA control. This may be
attributed to the lack of mobility of the PLLA chains, being in
the glassy state at room temperature, unlike more mobile
solvents/matrices that can undergo larger-scale molecular
conformational changes under varying chemical environments,
that affect a change in the UV-visible spectra of nanocomposite
films.

2.2.2 Non-isothermal calorimetric = analysis. = Non-
isothermal differential scanning calorimetry was conducted to
understand the effects of GO-QD derivative composition on the
nucleating behaviour of reinforced blends. The cooling ther-
mograms and corresponding crystallization enthalpy values for
these nanocomposites are reported in Fig. 5A and B. Thermo-
dynamic data extracted from cooling and re-heating thermo-
grams are also listed in Tables S2 and S3,f respectively. The
incorporation of graphene derivatives is known to induce strong
heterogeneous nucleation effects on PLLA matrices.” Similarly,
the incorporation of the prepared GO-QD derivatives induces
a strong heterogeneous nucleation effect. For example, at
a cooling rate of 5 °C min~ ', neat PLLA shows a T, of 98.3 °C,
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while the GO-QD and NGO-QD1 nanocomposites have much
higher T. values of 108.0 and 110.4 °C, respectively. In contrast,
the T, in the presence of NGO-QD2 is the lowest, being 96.5 °C.
For GO-QD and NGO-QD1, promoting crystallization at the
lowest degree of supercooling suggests strong interfacial inter-
actions between these nanofillers and the PLLA matrix, or good
dispersion in the matrix. These interfacial interactions and
dispersion promote the absorption/adsorption of PLLA chains
along the filler surface, thereby acting as a seed for heteroge-
neous nucleation. Moreover, the size of the GO-QD derivatives is
on the order of single nanometers, which is around the radius
of gyration of the PLLA chains.” As such, hindrance of polymer
chain motion near to the filler surface, owing to the length
scale, may facilitate crystal nucleation. In contrast, the nucle-
ating effect difference present with NGO-QD2 compared to
other QDs suggests that an increasing N-doping degree yields
fewer heterogeneous nucleation sites, a consequence of more
pronounced QD-QD interactions in the PLLA matrix.
Interestingly, the second heating curves exhibit trends mir-
roring the cooling curves. The neat PLLA exhibits a broad and
prominent cold-crystallization exotherm during heating
following cooling at all cooling rates tested. The peak melting
temperatures following cooling at rates of 20, 10, 5, and 2 ©°
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Fig.5 Calorimetric (A) cooling thermograms, (B) crystallization enthalpies, and (C) heating thermograms obtained after each cooling treatment.
Cooling rates are provided in each respective graph. The presented calorimetric data is shifted by an arbitrary value for each respective specimen

for easy viewing.

7980 | J Mater. Chem. A, 2025, 13, 7973-7988

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07202b

Open Access Article. Published on 04 February 2025. Downloaded on 6/14/2026 10:25:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

C min~' were 167.3, 168.4, 168.9, and 169.4 °C, with all values
being rather similar. In contrast, the subsequent reheating
curves of the QD-nanocomposites exhibit noticeable cold crys-
tallization peaks after rapid cooling at rates of 20 and 10 ©
C min", with this cold crystallization behaviour eliminated
after cooling at rates of 2 and 5 °C min~". This confirms the
strong nucleating effect observed in the presence of the QDs.
However, the melting endotherms of the QD-nanocomposites
all exhibit consistently reduced melting temperature relative
to the neat PLLA, regardless of the previous cooling rate. This
suggests either a reduction in crystal perfection or crystal size.”
Moreover, the melting endotherms present in QD-
nanocomposites consistently exhibit a bimodal peak distribu-
tion, suggesting two distinct crystal populations. Typically, the
high-melting temperature endotherm region indicates the
melting of PLLA's a crystal polymorph (Tp,,) while the low-
melting temperature region indicates the melting of PLLA's
disordered o crystal polymorph (Ty,,.).””””° While the o crystal
polymorph exists with a pseudo-orthorhombic unit cell (lattice
parameters: @ = 1.07 nm, b = 0.595 nm, and ¢ = 2.78 nm with
a 10/3 helical conformation), the conformationally disordered
o crystal polymorph typically possesses a slightly looser unit
cell (lattice parameters: @ = 1.08 nm, b = 0.62 nm, and ¢ =
2.88 nm with a 10/3 helical conformation).’*®" Despite the
similar lattice parameters and thus cell volumes, a reduction in
the size of ordered domains along the c-axis lessens the thermal
stability of o crystals relative to o crystals.®®* Owing to the
nucleating effect of the QDs observed under these cooling
conditions, it is hypothesized that the presence of QDs can
nucleate PLLA crystals, imparting finer and more abundant
crystals possessing lower melting temperature.

In general, as the cooling rate decreases, the proportion of
the Th,,,» peak appears to increase, indicating an obstruction of
the packing of the o crystals, which yields conformationally
disordered o' crystals. Additionally, the T, appears to
decrease suggesting a concomitant decrease in size/order of the
a crystal polymorph. As such, the reduction in Ty, of both
modalities relative to the T, of neat PLLA suggests obstruction
of lamellar packing structure, while the increase in proportion
of the conformationally disordered o’ crystals suggest obstruc-
tion of the degree of order along the crystal's c-axis. Here, we
hypothesize that the reduction in Ty, of both crystal modalities
is attributed to QDs disrupting the lamellar spacing of the PLLA
crystals, which we refer to as inter-lamellar defects. In contrast,
we hypothesize that given the size-scale of the dots, which are
along the same length-scale of crystal nuclei, it is plausible that
some dots may distort the c-axis order of the PLLA crystals,
translating to the more dominant proportion of o' crystals
formed at slow cooling rates. Specifically, at slow cooling rates
(i.e., 2 °C min™") crystallization occurs at a lower degree of
supercooling (i.e., higher temperature), where nucleation
behaviour is dominated by heterogeneous nucleation effects,
giving rise to so-called intra-lamellar defects. In fact, the
observation of a bimodal melting endotherm in QD-
nanocomposites reinforced with our GO-QDs aligns well with
observations from Xu et al., who observed similar phenomena.
This was attributed to the heterogeneous nucleation effect of

This journal is © The Royal Society of Chemistry 2025
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their QDs, which induced a higher crystal nucleation density,
and thereby translated to more abundant, but less ordered
crystals.®

To better illustrate this phenomenon, polarized optical
microscopy (POM) was conducted in isothermal mode, with
neat PLLA and QD-nanocomposites isothermally crystallized at
130 °C for 30 min (see Fig. 6). It should be noted that non-
isothermal crystallization treatment yields crystal sizes that
are in fact too fine to clearly illustrate these effects visually.
Here, 130 °C was selected to promote the formation of
predominantly a crystals,”®*#® to prove the presence of inter-
lamellar defects. After 3 min, neat PLLA exhibits a low nucle-
ation density, in contrast to the GO-QD nanocomposite which
exhibits a distinctly higher nucleation density. Moreover, it
appears that the role of N-doping on crystal nucleation exhibits
a similar trend as is consistent with calorimetric analysis.
Interestingly, the QDs impart a birefringence transition from
well-ordered, radially oriented crystal lamella in the neat PLLA,
to more random birefringence, confirming that the presence of
the QDs imparts a greater degree of disorder to crystals. Addi-
tionally, the presence of the QDs shrouds the crystal grain
boundaries, further confirming that QD inclusion can induce
crystallographic disorder.

2.2.3 Quasi-static tensile testing. Quasi-static tensile
testing was conducted on PLLA and QD-nanocomposites, with
tensile strength, modulus and toughness shown in Fig. 7. The
neat PLLA exhibits a tensile strength of 69.8 £ 5.5 MPa, with
11.2 and 13.3% changes achieved for the NGO-QD1 and NGO-
QD2 nanocomposites, respectively. As well, the neat PLLA
exhibits a modulus of 3.21 + 0.19 GPa, with modest changes in
modulus of 14.3 and 13.7% achieved for NGO-QD1 and NGO-
QD2. In addition, the neat PLLA exhibits a tensile toughness
of 3.09 + 0.20 MPa, with more noticeable differences in
toughness of 36.6 and 43.4% observed for NGO-QD1, and NGO-
QD2. Interestingly, the inclusion of 0.25 wt% GO-QD in PLLA
yielded no statistically significant changes in tensile modulus,
strength, and toughness, relative to the neat PLLA control.

Nanofiller inclusion is known to alter blend mechanical
properties relative to non-filled polymer matrices through
changes in fracture mechanism, owing to factors like filler size
and geometry, concentration, as well as the effect of fillers on
matrix crystal size, degree of crystallinity, and interactions with
the matrix's amorphous phases. For the case of semi-crystalline
polymer matrices, improvements in mechanical properties are
generally due to nanofiller-induced crystallization.**** As such,
we aim to understand the origins of these fracture mechanism
changes, by decoupling the effects of crystallization and
intrinsic filler inclusion on the mechanical property improve-
ments achieved. Hence, a low mold temperature of 65 °C was
selected for injection molding to suppress crystallization.
Calorimetric analysis was conducted to confirm if the observed
improvements in mechanical properties are attributed to
changes in matrix crystallinity/crystal size. The calorimetric 1%
heating curves of tensile test specimens are shown in Fig. S4.t
There are minimal differences in the glass transition tempera-
ture, cold crystallization exotherm, and melting endotherm of
the neat PLLA and its nanocomposites with GO-QD derivatives,
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Fig. 6 Polarized optical microscopy images illustrating isothermal crystallization of (A) neat PLLA, (B) 0.25 wt% GO-QD, (C) 0.25 wt% NGO-QD1,

and (D) 0.25 wt% NGO-QD2, at 130 °C.

suggesting that the inclusion of the QDs plays a minimal role in
the thermal properties of these polymer nanocomposites under
the selected molding conditions. Moreover, the x. remains low,
being 4.6, 5.5, 6.4, and 4.8% for the neat PLLA and nano-
composites containing GO-QD, NGO-QD1, and NGO-QD2,
respectively. As such, the reinforcing effects induced by QD
inclusion are likely owing to other factors unrelated to crystal-
lization. Interestingly, the modulus, strength and toughness of
QD-nanocomposites appears sensitive to the degree of N-
doping in QDs. Given experimental evidence of increased
apparent particle size due to QD-QD interactions with an
increasing degree of N-doping, it is possible that increasing
apparent particle size may promote craze nucleation, as the
craze nucleation ability of reinforcing fillers are a function of
particle size.*” This is plausible given the progressive increase in

7982 | J Mater. Chem. A, 2025, 13, 7973-7988

toughness with increasing N-doping degree in QD-containing
nanocomposites shown in Fig. 7C.

Fracture surfaces of the neat PLLA and QD-reinforced
nanocomposites are shown in Fig. 8 and reveal increased
craze density with the presence of NGO-QDs. Crazing is
considered a mode of cohesive failure,® and is characteristic of
failure in unmodified, linear PLLA.** In detail, crazing is a mode
of energy absorption in brittle polymer matrices, with craze
nucleation, void opening, and local plastic deformation causing
the formation of fibrils that bridge micro-cracks, thereby sup-
porting the load applied to the polymer.”>*** As such, an
increase in craze density typically translates to improvements in
strength and toughness owing to local plastic deformation
inducing bulk plasticity, as can be observed in the stress-strain
behavior of our nanocomposites (see raw data in Fig. S57).
Although reinforcing mechanisms like crack bridging, crack

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) Average tensile strength, (B) average tensile modulus, and (C) average tensile toughness of neat PLLA and QD-nanocomposites.

deflection, crack pinning and filler pull-out are possible rein-
forcing mechanisms in polymer nanocomposites,”™ it is
challenging to discern the extent of these failure modes owing
to the fine zero-dimensional nature of the QDs.

While similar improvements in mechanical properties have
been reported in PLLA nanocomposites reinforced with coffee
ground-derived QDs, both amorphous and crystalline phases
were deemed responsible for improvements in mechanical
properties, with these dots playing a significant role in altering
blend crystal morphology and degree of crystallinity.*” Given the
negligible role of the crystalline fraction in our work's nano-
composite mechanical properties (see Table S47}), the rein-
forcement effect can be linked to the rise in crazing density
observed in NGO-QD-reinforced samples when compared to the
neat PLLA. This implies that the presence of NGO-QD deriva-
tives contributes to the initiation of crazing nucleation in PLLA.
It indicates that the apparent increased particle size of NGO-QD
derivatives may function as heterogeneities within the PLLA,
resulting in a tougher response by initiating modes of non-
uniform deformation in the shape of localized shear bands or
dilatation (crazing)."® In fact, Karimi et al. reported similar
phenomena with QDs imparting a stiffening, strengthening,
and toughening effect in an epoxy-based matrix.'** In this case,
improvements in mechanical properties were partially attrib-
uted to the interactions of the dots with the resin during curing,

This journal is © The Royal Society of Chemistry 2025

but also owing to the fine size of the dots (<5 nm) that fill
cavities in the matrix free volume.**

2.2.4 Melt rheological characterization. The shear oscilla-
tory rheological responses of neat PLLA and nanocomposite
melts are illustrated in Fig. 9. The neat PLLA exhibits visco-
elastic behavior characteristic of linear PLLA, and is consistent
with rheological responses observed in our previous studies.**
Specifically, a clear Newtonian plateau is observed in the low
frequency regime, with shear thinning behavior observed at
higher frequencies. In fact, a clear Newtonian plateau and shear
thinning behavior can also be observed for nanocomposite
melts. However, the complex viscosity decreases by nearly an
order of magnitude in the presence of GO-QD and NGO-QD1,
with a lesser decrease in complex viscosity observed in the
NGO-QD2 nanocomposite melt. Moreover, the shear thinning
onset frequency appears to increase, with lesser shear thinning.
This implies that the presence of the QD derivatives imparts
more Newtonian characteristic. In general, the inclusion of
a high-modulus filler introduces the so-called “filler effect”,
resulting in an increase in complex viscosity and solid-like
character in the melt."”> However, the contrary is observed in
this case. Rather, a lubricating effect is observed. The origin of
this lubricating effect in the presence of other graphene deriv-
atives has been attributed to hydrodynamic slip,'**'** and has
been observed under both steady state and oscillatory shear.'
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Fig. 8 Fracture surface of tensile dogbone specimens corresponding to (A) neat PLLA, (B) 0.25 wt% GO-QD, (C) 0.25 wt% NGO-QD1, and (D)

0.25 wt%s NGO-QD2.

Specifically, hydrodynamic slip refers to the tendency for fluid
molecules to ‘slip’ at the particle-fluid interface, as opposed to
exhibiting interfacial adhesion, thereby reducing stress applied
by the fluid on the particle.'® Lubrication effects are generally
most pronounced in the low-frequency regime; this region is
sensitive to inter-/intra-molecular friction and hydrodynamic
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Fig.9

interactions.'® For the case of QD inclusion, Karimi et al.***
previously observed that under non-isothermal dynamic
mechanical loading, despite a stiffening effect being observed
below a polymer's Ty, a reduction in storage modulus (E') was
observed above T, owing to increased slippage between chains.
These similar observations suggest that the observed stiffening

B) 10°
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(A) Complex viscosity of neat PLLA and nanocomposites containing the prepared GO-QD derivatives, measured at 180 °C at 5% strain. (B)

Storage (G') and loss moduli (G”) obtained from shear oscillatory rheological measurements. Solid symbols denote G’ values, while hollowed

symbols denote G” values.
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effect in both works is attributed to the lower free volume in the
glassy state in comparison to the so-called ‘liquid-state’ (i.e.,
above T,), which possess a greater free volume.

For the nanocomposite melts, the observed lubricating effect
appears dependent on QD composition. Here, it is hypothesized
that while self-passivation improves UV- and select visible-light
absorption behaviors, the lack of external passivation agent (i.e.,
NaOH) makes these dots more prone to self-interactions
between nucleophilic N-containing functional groups and
electrophilic carbonyl-groups. In contrast, the GO-QD and NGO-
QD1 have a lesser tendency to undergo these QD-QD interac-
tions, thereby increasing the interfacial area that contributes to
hydrodynamic slip effects. From our spectroscopic analyses,
NaOH passivation yields abundant carboxylate groups; these
may promote dispersion, minimize agglomeration tendencies,
and thus promote hydrodynamic slip. We believe this repulsive
behavior translates to further interfacial slip, thereby imparting
the most pronounced lubricating effects. Interestingly, this
trend is comparable to that observed for nanocomposite crys-
tallization kinetics, and VLT observations, suggesting that the
role of passivation is critical in engineering dots with tailored
properties.

Additionally, the storage and loss moduli of neat PLLA and
QD-containing nanocomposite melts show similar behavior,
with the storage (G') and loss moduli (G”) of QD-containing
nanocomposite melts decreasing analogously to their complex
viscosity. To better understand the rheological behavior
observed, we estimate the relaxation time (1) of the melt by the
well-accepted relation, A = 1/w., as has been defined previ-
ously,'” where w. is the crossover frequency of the G’ and G”, as
can be found in Fig. 9B. Neat PLLA and NGO-QD2 exhibit
relaxation times of 4.9 ms (w, = 204.5 rad s~ '), and 2.2 ms (v, =
445.8 rad s~ '), respectively. In contrast, melts containing GO-
QD and NGO-QD1 exhibit no crossover frequency, suggesting
that these nanocomposite melts possess predominantly viscous
characteristics over their entire frequency range. These findings
support the lubricating effect of the QDs that has been previ-
ously elucidated. Additionally, these findings suggest that the
passivation approach applied to QDs during synthesis has
implications on the QD-QD interaction tendency when incor-
porated into a polymer matrix, with passivation via N-doping
imparting a higher QD-QD interaction tendency than partial
or complete passivation with NaOH.

3. Conclusion

We designed GO-QD derivatives possessing N-doping degrees of
0, 0.20, and 0.32, to uncover the functional groups needed to
fabricate QD-nanocomposites achieving target bulk properties.
It was found that an increase in N-containing functional groups
increases nanocomposite UV- and blue-light absorption, with
both pyrrolic-N and pyridinic-N groups imparting strong UVB/
UVA absorption, and red-shifted graphitic-N imparting domi-
nant blue-light absorption, with a minimal reduction in VLT
(<20%). This red-shift is attributed to delocalization of the
excited electrons in the carbon framework of the QDs. In
contrast, the inclusion of solely O-containing functional groups

This journal is © The Royal Society of Chemistry 2025
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in fact provides only slight UV-absorption in the UVB/UVC
region, owing to a higher barrier to less favourable electronic
transitions. This selective UV-visible absorption behaviour
yields fluorescent nanocomposites that exhibit visible-light
emission (e.g., blue, green), with fluorescence emission inten-
sity increasing similarly to UV-visible absorption behaviour.
These findings open the door for PLLA's broader use in previ-
ously inaccessible applications and inform QD design decisions
for similar matrices. As well, we demonstrate the role of GO-QD
derivatives in modifying the crystallization behaviour of PLLA.
We found that these QDs act as heterogeneous nucleating
agents, regardless of their composition. Moreover, the nano-
metric dimensions of the fabricated GO-QD derivatives may act
as inter-lamellar defects in PLLA crystals, disrupting the
lamellar spacing as was marked by a reduction in T, observed
by DSC, as well as marked changes in birefringence observed by
POM. Additionally, QDs may act as intra-lamellar defects,
thereby preferentially promoting the formation of PLLA's con-
formationally disordered o crystals. Beyond this, we demon-
strate the role of GO-QD derivatives in modifying the
mechanical properties of PLLA, with QDs facilitating crazing in
PLLA, which leads to up to a 43% increase in tensile toughness
with concomitant increases in stiffness and strength. Finally,
we demonstrate that the complex viscosity of PLLA decreases by
an order of magnitude in the presence of QDs, a most probable
result of hydrodynamic slip related to the passivation applied to
each QD formulation. These findings lay the framework for the
future design of QDs for nanocomposites with tailored proc-
essability and bulk properties.

4. Materials and methods
4.1 Materials

A high viscosity grade of PLLA (M: 2.1 x 10° g mol ™", My: 1.2 x
10° g mol ™", 2% p-isomer content, MFR: 7 g/10 min at 210 °C
with 2.16 kg) was kindly supplied from Natureworks LLC, under
the trade name of PLLA 4032D.**'*> Anhydrous citric acid (CA,
Reagent grade, M,,: 192.13 ¢ mol ') was purchased from Bio-
Shop Canada Inc. As well, urea (BioUltraPure Molecular Biology
Grade, purity 99.5%) was obtained from BioShop Canada Inc.
Additionally, sodium hydroxide (NaOH) pellets were purchased
from Caledon Laboratory Chemicals. Dichloromethane (Certi-
fied ACS Stabilized, purity >99.5%) and acetone (Certified ACS,
purity >99.5%) were obtained from Fisher Chemical. Anhydrous
ethanol was obtained from Commercial Alcohols (Greenfield
Global). All materials were used as received without further
purification.

4.2 Synthesis of graphene oxide-quantum dots

The synthetic procedure used for fabricating the GO-QDs in this
work was adapted from Dong et al., using CA as a precursor.*
First, 2 g of CA was added to a 250 mL round bottom flask,
which was placed in a silicon oil bath maintained at 200 °C for
30 min, under vigorous stirring. As was reported by Dong et al.,*
the CA melted within 5 min. After this, the liquid turned pale
yellow, and then orange. An aqueous solution of NaOH (10 mg

J. Mater. Chem. A, 2025, 13, 7973-7988 | 7985
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mL ") was then added slowly under vigorous stirring, to
passivate and disperse the heat-treated material. Once
neutralized to a pH of 7, the solution was transferred to
centrifuge tubes and subjected to centrifugation for 10 min at
4000 rpm to allow large sediment particles to settle. The
supernatant was recovered and filtered through a 0.22 pm
syringe filter, followed by filtration through a 0.02 um syringe
filter to ensure that only particles below 0.02 pm were
collected.’® The doubly filtered solution was then stored in
a freezer for 24 h, and subject to lyophilization (FreeZone 2.5
Plus from LABCONCO) to isolate the GO-QDs. The isolate
powder was dried at 60 °C for 24 h to remove residual moisture
and was ground by mortar and pestle to promote dispersion in
solution.

4.3 Synthesis of N-doped graphene oxide-quantum dots

NGO-QDs were fabricated by slight modification of the GO-QD
synthetic approach, substituting CA with urea, a well-reported
nitrogen source that can effectively dope CA-based GO-
QDs.***® Here, molar ratios of 3:1 (CA:urea), and 1:3 (CA:
urea) were used to illustrate how differences in composition
affect matrix-filler interactions. In short, CA and urea were
charged to a round-bottom flask in their desired molar ratios
and were subject to incomplete carbonization at 200 °C for
30 min, under vigorous stirring. Within the first minute, the
materials were melted, followed by a rapid colour change from
clear, to a very dark green. After 30 min, each solution was
diluted to passivate and disperse the QDs. Specifically, the QDs
prepared from the 3:1 (CA:urea) precursor mixture were
passivated by slowly adding an aqueous solution of NaOH
(10 mg mL ") under vigorous stirring to achieve a pH of 7. In
contrast, the QDs prepared from the 1 : 3 molar ratio of CA: urea
were self-passivated, with no need for passivation using NaOH;
this mixture was diluted with DI water. The QD-containing
solutions were then separately transferred to centrifuge tubes
and subject to centrifugation for 10 min at 4000 rpm to allow
large sediment particles to settle. The supernatant was recov-
ered and subject to identical isolation procedures to the CA-
derived dots. QDs prepared with 1:0, 3:1, and 1:3 precursor
molar ratios (CA: urea) are denoted as GO-QD, NGO-QD1, and
NGO-QD2, respectively. It should be noted that all QDs fabri-
cated likely possess trace amounts of unbound molecular
species (e.g., molecular fluorophores) that improve QD optical
properties, as discussed elsewhere.”” A detailed rationale for the
selection of the QD precursor compositions is provided in the
ESL T

4.4 Solution blending

The synthesized GO-QD derivatives were solution-blended into
the PLLA matrix at a concentration of 0.25 wt%. Neat PLLA was
prepared analogously, as a control. The detailed solution
blending approach can be found in the ESI file.f Nano-
composites containing GO-QD, NGO-QD1, and NGO-QD2 are
denoted as 0.25 wt% GO-QD, NGO-QD1, and NGO-QD2,
respectively. Details regarding material characterization
methods can also be found in the ESL ¥
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