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The covalent surface functionalization of carbon nanodots (CNDs) can facilitate the design and
development of nanocarbon hybrids with photoswitching properties, which can be applied in a wide
range of applications, including sensing, optoelectronics, and even bio-applications. This study
underscores the potential utilization of these hybrids as photoresponsive materials, for potential
application in optostimulation. In this study, we examine the characteristics of covalent azobenzene-
functionalized CNDs, with a particular emphasis on the impact of meta and para connectivity and the
additional introduction of a glycine spacer. The CND synthesis process comprises a bottom-up
microwave condensation of ethylenediamine and citric acid. Amide coupling to azobenzenes is
confirmed through NMR diffusion-ordered spectroscopy and diffusion decay analysis. A comprehensive
investigation is conducted into the size and optical properties of the resulting hybrids. Moreover, time-
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dependent density functional theory computations are employed to understand absorption spectra and
charge transfer events. Furthermore, advanced optical characterisation is utilised to examine energy/
DOI: 10.1039/d5tc00116a charge transfer between the constituents. Finally, the switching properties, fatigue resistance, and half-
life of the hybrids are studied to evaluate their performance for prospective applications like in

rsc.li/materials-c optostimulation.
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The field of optostimulation is receiving increased attention
due to its potential to enable remote monitoring of cellular
signaling with high precision." Furthermore, the utilization of
nanoparticles for biomedical applications is an expanding area
of research, with the primary objectives of enhancing imaging
techniques and improving drug delivery systems.> Both
approaches serve as valuable tools for advancing our under-
standing of bacterial cell physiology in both fundamental and
applied research contexts. In 2023, the group of Paterno
demonstrated that an amphiphilic azobenzene (azo) unit can
non-covalently attach to the plasma membrane of Bacillus
subtilis bacteria.® Upon irradiation and azo isomerization, the
membrane structure relaxes and expands. It has been demon-
strated that carbon nanodots (CNDs) are capable of localizing
within biomembranes. Consequently, covalent functionaliza-
tion of CNDs with azos could enable the development of a
hybrid material capable of entering biomembranes, being
sensed, and undergoing structural changes in response to light
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irradiation.*® Ultimately, this research aims to provide new
tools for effective optostimulation and imaging applications in
biomedical research.

Combining different materials not only improves functionality,
but also results in a wide range of properties that can be tailored
for specific applications in microbial systems and beyond. Over
the past decade, the field of carbon nanomaterials has witnessed a
growing body of research. Fullerenes, CNDs, carbon nanotubes,
and graphene are prominent examples of these carbon
nanomaterials.®'® Notably, CNDs have attracted attention due
to their facile synthesis, low cost, excellent biocompatibility, easy
functionalization, water solubility, and bright luminescence.'"
Bottom-up CNDs are synthesized using small molecules as start-
ing materials.”> Commonly utilized molecules for synthesis
include citric acid (CA), urea, amino acids, and ethylene diamine
(EDA). The resulting nanoparticles exhibit a quasi-spherical shape
and are typically smaller than 10 nm in size."® These nanoparticles
consist of carbon, hydrogen, oxygen, and often nitrogen."* CNDs
are composed of a carbon core surrounded by functional
groups.” The type and quantity of functional groups on the
surface of CNDs are influenced by the selected starting materials
and their ratios."® Alcohols, amines, and carboxylic acids are
common functional groups that allow covalent functionalization
of a wide range of materials."”'® Among the innumerable possi-
bilities, functionalization with photochromic molecules enables
the production of carbon nanomaterials with the ability to
respond to light irradiation.”® Photoswitchable molecules have
the capability to undergo a light-induced reversible transforma-
tion from one species to another. Depending on the molecule,
there are at least two states which are stable or metastable.”

One of the widely used photochromic motifs is the trans/cis
isomerization of azos,>'** stilbenes,> hydrazones,>*>® and
Schiff bases.”””® Azos undergo a significant change in length
and geometry through isomerization, making them useful in
energy or information storage,”** photobiology,>**® host-
guest systems,*” as molecular wind-up meters,*® and molecular
machines.***° The trans to cis isomer switch is usually induced
by irradiation in the n-n* band, typically between 300 nm and
360 nm. Reversion to the thermodynamically favored trans
isomer can be induced thermally or by n-n* excitation around
440 nm,*>*! or by various catalytic processes.*>** The linkage
of two azo units, either via the para or the meta position, has
demonstrated that the resulting combinations exhibit distinct
properties. Compared to the mn-conjugation in the para-
connected azo, the meta-connection resulted in a more inde-
pendent behavior of the two entities.***® Even if the systems
are separated through space and are not in conjugation with
each other, they influence one another.*”"*® For a better under-
standing of the connectivity and through-space interaction
between azos and nanocarbons such as CNDs, we report in
this work three different systems with either meta- or para-
connectivity, and considering a sp® spacer between the two
moieties in one of the systems. The impact of functionalization
type and inter-unit distance on physicochemical characteris-
tics—specifically absorbance, photoluminescence (PL), quan-
tum yield (QY), half-life, and fatigue resistance—has been
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comprehensively investigated. Moreover, time-correlated single
photon counting (TCSPC) is utilized to investigate the energy/
charge transfer occurring between these components. Addition-
ally, theoretical analysis of absorbance properties was con-
ducted wusing time-dependent density functional theory
(TDDFT) computations to provide deeper insights.

These different CND-azo hybrids could serve as valuable plat-
form for functional species in several light-triggered applications.

Results and discussion

CNDs were synthesized via a microwave (MW)-assisted reaction
between CA and EDA in a 1:1 ratio, followed by purification
through filtration and dialysis. The synthesized CNDs were
thoroughly characterized using atomic force microscopy
(AFM), UV-vis absorbance, PL, and NMR spectroscopy to con-
firm their presence and gain insight into their properties. In a
previous study, we reported the presence of CNDs featuring
surface-exposed primary amine groups, which are available for
further functionalization via an amide coupling reaction.'®
Three distinct azo derivatives were synthesized utilizing the
Baeyer-Mills reaction, each containing a carboxylic acid func-
tional group. The first derivative has meta (m) connectivity, the
second has para (p) connectivity, and the third has a glycine
spacer in the meta position (m-Gly-Azo). Subsequently, the azo
compounds were covalently bonded to the CNDs via an amide
coupling, as illustrated in Fig. 1. To provide comprehensive
evidence of the successful functionalization of the CND with
the respective azo diffusion-ordered spectroscopy (DOSY) NMR
was used. A similar approach was employed in 2018 by Prato
and co-workers to demonstrate covalent functionalization of
CNDs.*’ Bare m-Azo, pristine CND, a physical mixture of CND
and m-Azo, and the three hybrids were subjected to 2D DOSY
NMR (see Fig. S1 to S6, ESIt) as well as an analysis of the
diffusion decays (see Fig. 2). In the DOSY spectra m-Azo, CND,
and the hybrids exhibit a single monomodal distribution,
indicating that the constituents of these samples are present
in a monodispersed state. In contrast, the physical mixture of
CND and azo shows two separate diffusion distributions, which
proves that the two moieties move separately in the mixture.
For a more precise quantification, the diffusion coefficients
were derived from the diffusion echo decays (see Fig. 2A) by
applying the Stejskal-Tanner equation,®® and assuming a log-
normal distribution of the diffusion coefficients (see ESL
eqn (S2) and (S3)).

Since no separate m-Azo resonances could be identified in
the hybrid samples (see Fig. S1-S6, ESIT), the integral over the
chemical shift region from 8.5 to 7.3 ppm was evaluated in all
cases. m-Azo was used as a representative Azo moiety to compare
the molecular diffusion coefficients to those of CND and the
hybrids. The diffusion coefficient of m-Azo in solution is
depicted as a dotted red line at 2.93 x 10" ' m?® s, as it does
not possess a size distribution, in contrast to the CND or the
hybrids (Fig. 2B). The diffusion coefficient distribution for

pristine CND exhibits a maximum at D = 1.05 x 10 '® m* s %,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic representation of the microwave-assisted bottom-up synthesis of the CND from CA and EDA (1:1) in aqueous solution, followed by
the covalent functionalization via amide coupling (EDC, NHS in DMF) with three different azos (m-Azo, p-Azo, and m-Gly-Azo) forming three distinct
CND-azo hybrids, namely: CND-m-Azo, CND-p-Azo, and CND-m-Gly-Azo.

Measurements of the hybrids revealed a 20% reduction in the
diffusion coefficient, with values of 0.84 x 10~ m* s~* observed
for both the CND-m-Azo and the CND-m-Gly-Azo hybrids. The
CND-p-Azo hybrid exhibited a diffusion coefficient of 0.93 x
107! m® s7', which corresponds to a decrease of 11% in
comparison to pristine CND. A decrease of the diffusion coeffi-
cients accompanies an increase in particle size, which is con-
sistent with successful functionalization of the CNDs. In
contrast, the physical mixture of CNDs with m-Azo shows two
independent peaks in the diffusion domain of the 2D spectrum
(Fig. S3, ESIT), which can be viewed as separate peaks in the
distribution of diffusion coefficients in Fig. 2B. Notably, the fast-
diffusing component, attributed to m-Azo, exhibits a slightly
slower diffusion in the presence of CNDs as compared to bare
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m-Azo solution, but generally agrees with the diffusion coeffi-
cient of bare m-Azo. Furthermore, the diffusion coefficient of the
CNDs in the mixture, represented by the shoulder with the lower
diffusion coefficient, agrees very well to that of bare CND. This
indicates that the physical mixture consists of m-Azo and CND as
distinct species. In contrast, the hybrid samples do not exhibit
any component with a fast diffusion coefficient, suggesting the
absence of individual m-Azo molecules. Additionally, the
reduced diffusion of the hybrid CND particles reflects an
increased radius, consistent with functionalization. In consid-
eration of the Stokes-Einstein equation (see ESI,T eqn (S4)), the
hydrodynamic diameter can be determined from the diffusion
coefficient at the maximum. The size of the CND is at around
1.9 nm and the CND-m-Azo at around 2.4 nm, which is in good

1.5
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Fig. 2 (A) 'H diffusion decay signal, integrated from 8.5 ppm to 7.3 ppm for the m-Azo, CND, a physical mixture of m-Azo and CND (1:10), CND-m-
Azo, CND—p-Azo, and CND-m-Gly-Azo hybrids. (B) Distribution of diffusion coefficients according to the method of Lenoch et al.?’ (see description in
ESIt) for m-Azo, CND, a physical mixture of m-Azo and CND (1:10), CND—m-Azo, CND-p-Azo, and the CND-m-Gly-Azo. The diffusion coefficient of

m-Azo is depicted as straight dotted line due to lack of a size distribution.

This journal is © The Royal Society of Chemistry 2025
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Table 1 The maximum of the diffusion coefficient distribution, derived
from fitting of echo decays. Moreover, the hydrodynamic diameter,
calculated using the Stokes—Einstein equation

View Article Online
Journal of Materials Chemistry C
Table 2 UV-vis absorption maxima (/aps), PL maxima (1gn), Stokes shift,

and PLQY of the three CND-azo hybrids compared to pristine CNDs,
pristine azos, and physical mixtures of the azos and the CNDs

Hydrodynamic

Sample Dim”>s™! diameter/nm
m-Azo 2.93 x 107 0.68
CND 1.05 x 107 1.90
m-Azo + CND (physical mix)* 2.32 x 107 0.86

1.03 x 107*° 1.90
CND-m-Azo 0.84 x 107 2.40
CND-p-Azo 0.93 x 107 2.10
CND-m-Gly-Azo 0.84 x 107 % 2.40

“ The physical mixture corresponds to a weight ratio of 1:10 of m-Azo
to CND.

agreement with the measured AFM size (see Fig. S7, S8, and S11A
and B, ESIt). Accordingly, the size of the remaining hybrids can
be given by the hydrodynamic diameter as well. CND-p-Azo
possess a size of 2.1 nm, while the CND-m-Gly-Azo measures
2.4 nm (Table 1). Whereas AFM measurements indicate a size of
4.9 nm for the CND-p-Azo and 4.8 nm for the CND-m-Gly-Azo,
which can be attributed to potential agglomerates on the mica
surface (see Fig. S9, S10, and S11C and D, ESIf).>"
Thermogravimetric analysis (TGA) suggests the occurrence
of functionalization; however, the CND morphology precludes
the possibility of making a precise statement regarding the
degree of functionalization based on TGA results (Fig. S12,
ESIT). As illustrated in Fig. 3, the absorption and emission
spectra of the three hybrids are displayed in comparison to the
pristine CND and the absorption of the corresponding azo
compound (which are non-emissive). Table 2 presents the
individual maxima of the absorption A,ps and emission Agp,
the Stokes shift, as well as the PLQY (Fig. S13 and S14, ESIY).
A comparative analysis of the absorption spectra of the three
hybrids revealed that CND-m-Azo exhibited the smallest blue
shift compared to the CND, with an absorption maximum at
350 nm versus 357 nm for CND. In contrast, CND-m-Gly-Azo
displayed the largest blue shift (maximum at 329 nm), while
CND-p-Azo (maximum at 349 nm) showed a shift similar to
that of CND-m-Azo. Qualitative analysis of the "H NMR spectra

Sample Aaps/NM  Apm/nm - Stokes shift/nm  PLQY/%
m-Azo 326

Pp-Azo 335

m-Gly-Azo 323

CND 357 443 86 37
CND-m-Azo 350 440 90 18
CND-p-Azo 349 443 94 11
CND-m-Gly-Azo 329 441 112 1
CND + m-Azo (mix) 349 443 94 31
CND + p-Azo (mix) 343 443 100 18
CND + m-Gly-Azo (mix) 338 443 105 23

indicates that CND-m-Gly-Azo has a greater quantity of m-Gly-
Azo on its surface, as evidenced by more pronounced azo group
peaks compared to CND-m-Azo and CND-p-Azo (Fig. S57-559,
ESIT). This finding suggests that the extent of functionalization
significantly influences the observed shifts of the absorption
maxima. Although CND-p-Azo and CND-m-Azo exhibit compar-
able blue shifts relative to pure CND, p-Azo shows a larger red
shift (335 nm) than m-Azo (323 nm), contributing to the minor
blue shift in CND-p-Azo. To quantify surface functionalization,
UV-vis spectra were deconvoluted using two Lorentzian func-
tions, allowing for calculation of azo concentrations via Beer—
Lambert law.”> The absorbance coefficients of the azo groups
were considered (Fig. S15, ESIt), along with the maximum
absorbance values derived from the deconvolution, which
represent the respective azo species (Fig. S16, ESIt). This
methodology has already been applied in a similar way to
functionalized CNDs in one of our previous studies.>® The azo
content was found to be 3.4% by mass for CND-m-Azo and
4.5% for CND-p-Azo, while CND-m-Gly-Azo exhibited a signifi-
cantly higher value of 24%. Corresponding primary amine
amounts were calculated as 150 umol g * for CND-m-Azo,
200 umol g~ ! for CND-p-Azo, and 850 umol g~ ' for CND-m-
Gly-Azo, consistent with previous findings on amine functiona-
lization on these CNDs. In a previous study, the maximum
amount of primary amines measured on the surface of the CND
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Fig. 3 Normalized absorbance (red solid lines) of (A) m-Azo, (B) p-Azo, (C) m-Gly-Azo, normalized absorbance (blue solid lines) and PL (blue dotted
lines) of (A) CND—m-Azo, (B) CND-p-Azo, (C) CND-m-Gly-Azo compared to pristine CNDs.
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was measured to be 1670 pmol g .'°
phenomenon that complete functionalization of primary
amines on the CND’s surface is rarely achieved. However, to
increase the degree of functionalization, it is possible to change
the starting materials of the CND to more nitrogen-rich pre-
cursors, such as arginine, or to increase the EDA content to
obtain a larger amount of primary amines on the surface of the
CND.>*

The degree of azo functionality on the surface of the CNDs
may be influenced by the nature of the established connectivity.
Preliminary observations suggest that m-Azo may exhibit
greater steric demand compared to p-Azo; however, this asser-
tion requires further investigation. In contrast, the introduction
of a glycine spacer appears to reduce this steric demand,
thereby facilitating a higher degree of functionalization within
the meta-connected hybrids. This indicates that the connectiv-
ity and spacer design can modulate the optical properties.
Meta-Functionalization is expected to lead to a more indepen-
dent behavior of the CND and azo, while para connectivity may
allow conjugation between the two systems.'>** As a matter of
fact, the hybrids exhibited frontier molecular orbitals localized
on either the CND or azo fragments, but the conjugation is not
extended on both (Fig. 4). Although para-functionalization
should enable conjugation and thus strong intramolecular
interaction, this is not evident in the absorption spectra. This
implies that the azo moiety remains spatially separated from
the fluorophores of the CND and only engages through space.

Computational investigations were further employed to
understand the UV-vis spectra presented in Fig. 3. First, mole-
cular dynamics (MD) simulations were performed to develop a
thermally stable model representing the molecular structure of
the CND (Fig. S17 and S20, ESIt). Under high-temperature
conditions, precursor molecules undergo polymerization and
dehydration, forming complex polymer/carbon hybrid structure
of CDs, where molecular fluorophores may be covalently
attached to CDs.'® Unfortunately, the structural complexity of
CDs makes it difficult to build exact model structures, thus

It is a well-known

forcing researchers to reach for ad hoc models.>*™° Our ad hoc
model represents the polymeric CND model synthesized in the
conditions before reaching full-carbonization, where small

//E§b1rAzo CqunJEB\\
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Fig. 4 Structures of the CND—azo hybrids used in the computation.
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fluorophores may still dominate the optical properties of
CNDs.>”**®1 The MD simulations revealed that the system
self-assembled into the CND shaped particle within the simula-
tion time (Fig. S17 Sections b—f, ESIT), with the average radius
of gyration 1.0 nm (Fig. S18a, ESI}), thus the estimated hydro-
dynamic radius of this model shall be around 2.5 nm®? (see the
note in the ESI{). This CND model was observed to be stabilized
not only by hydrogen-bond formation (Fig. S18b, ESIt), but
especially through the stacking of the 12 IPCA molecules (5-oxo-
1,2,3,5-tetrahydroimidazo-[1,2-o]-pyridine-7-carboxylic  acid),
which are covalently embedded within the CND (Fig. S19, ESI¥).
Subsequently, a quantum mechanics/molecular mechanics
(QM/MM) approach based on tight-binding DFT®*** and TD-
®wB97XD/6-31G(d) methods were benchmarked to calculate UV-
vis spectra in DMSO (Table S1 and Fig. S21 and S22, ESIt). The
absorption spectra for CND shows that the most intense and
lowest-energy transition S; (357 nm, f = 0.27, Fig. 5) is in
excellent agreement with the experimental A,ps = 357 nm value
reported in Table 2. Motivated by these results, the CND model
was chemically functionalized with one azo derivative at differ-
ent sites at the surface of the CND (Table S2, ESIt). The most
thermodynamically stable constitutional isomer of CND-azo
was selected for TDDFT computations (Fig. S24, ESIT).
Specifically, CND-p-Azo was selected as a representative
example for the analysis of the TDDFT results, while calculated
spectra and electron transition schemes for both para and meta
conformers of cis/trans azo compounds, and the respective
CND-azo hybrids, are presented in Fig. $25-S30 (ESIf). To
confirm that the wB97xD/6-31G(d) functional and basis set
combination used is a good choice to reproduce the experi-
mental spectra, we performed benchmark experiments (see
ESIt for details). The lowest-energy electronic transitions in
CND-p-Azo incorporating the ¢rans isomer of the azo fragment
are illustrated in Fig. 5. The first strong peak obtained is
attributed to the S; n-m* transition at 513 nm, localized on
the azo fragment, CND-p-Azo* (where the * indicates the
moiety that is excited). The second peak/shoulder relates to
the S, m-m* transition at 397 nm, exhibiting a strong CT
character, from the CND to the Azo moiety (CNDs+-p-Azo ).
Furthermore, the calculated maximum of absorption intensity
at 336 nm (f = 1.08) is in very good agreement with the
experimental value of 349 nm. This peak is assigned to the n-
n* transition S; localized on the azo moiety, CND-p-Azo*,
which is analogous to S,, although they differ in their orbital
contributions. The m-rn* transitions S, and Ss are localized
excitations on the nanodot fragment, CND*-p-Azo, which are
blue shifted by at least 26 nm compared with the peak of
357 nm in pristine CND. Furthermore, the system is prone to
CT events, since either S, or Ss may undergo internal conver-
sion to CT S, state. The corresponding CT reactions CND*—p-
Azo — CND'-p-Azo~ are associated with favorable driving
forces (0.6 eV for S, — S, and 0.8 eV for S5 — S,, see Fig. 5),
assuming neglecting entropic effects, which is valid under the
Franck-Condon approximation. In summary, considering
CND-azo incorporating the azo fragment in para/meta and
cis/trans configurations, electronic transitions in the UV region
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The azo moiety is in the trans configuration. Only the fragment simulated at the TDFFT levelis illustrated for the sake of clarity. The calculated spectrum is

also illustrated.

occur in both fragments (CND-azo* and CND*-Azo) for both
para and meta conformers (see Fig. 5 and Fig. S30, respectively,
ESIT) in the trans azo isomer. Conversely, for the cis isomer,
excitations are primarily characterized by CND*-Azo in the UV
region (Fig. S26 and S27, ESIt). We observed that the spectra of
the hybrids incorporating the trans configuration of the azo
moiety exhibit closer alignment with the experimental evidence
(Fig. S28, ESIT). These findings suggest that the trans isomer of
azo in the CND-azo hybrid is predominant in the electron
transitions. In this regard, experiments determined that a

Table 3 Charge transfer excitation energies (w), Hirshfeld charges (g) in
azo and CND along with the distance (d)? between these fragments

Hybrid o [nm (eV)]  qao(e) gCND(e) d (A)
trans CND-p-Azo 397 (3.12) -0.72 +0.72 3.34
trans CND-m-Azo 375 (3.30) -0.64 +0.64 3.44
trans CND-m-Gly-Azo 374 (3.31) -0.76 +0.76 3.41
trans CND-m-Gly-Azo  Inhibited 7.95
cis CND-p-Azo 325 (3.81) -0.74 +0.74 3.24
cis CND-m-Azo 310 (4.00) -0.85 +0.85 3.90
cis CND-m-Gly-Azo 351 (3.53) -0.85 +0.85 2.86
cis CND-m-Gly-Azo Inhibited 17.02

“ d stands for the distance between the phenyl centroid in ¢rans- or the
N=N group in cis-azo and the closest centroid of IPCA in the CND.
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wavelength of 340 nm induces the conversion to the cis isomer
in the hybrids (Fig. 7). We additionally examined CT excitation
energies (w) in the hybrids, which shifted by 72 nm and 65 nm
for trans CND-p-Azo and CND-m-Azo compared with the cis
conformer, respectively (see Table 3). Nonetheless, CT excited
states can be also accessed in the hybrids containing the cis
isomer, albeit with smaller values. In this context, this cis/trans
CT activity may be envisioned for use in photoswitching (on/off),
data storage (0, 1), or molecular transistors (gate open/close).

Similar trends are observed for the incorporation of a
molecular spacer, CND-m-Gly-Azo (Fig. S31-S35, ESIt). None-
theless, the flexibility provided by the molecular spacer either
induces (when d < 4 A) or inhibits (when d > 6 A) the
formation of CT states (presented in Table 3). However, the
flexibility of the molecular spacer allows access to various
structural configurations, indicating that CT states are not
strictly inhibited.

Further, functionalization of the CND did not significantly
change the emission maximum, as observed in the excitation—
emission maps and excitation spectra of the CND and the
hybrids (Fig. S37 and S38, ESIt). This aligns with the computa-
tional assumption put forth in this study and in our previous
investigation, where an aggregated molecular fluorophore,
IPCA, was identified as the primary PL source of the CNDs.'*'®

This journal is © The Royal Society of Chemistry 2025
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It is notable that the molecular fluorophores present in the
CND are not directly covalently linked with the azos; rather,
they interact through space. Moreover, a through-bond mecha-
nism appears to be unlikely for the lowest excited states, as the
excitation energies are localized on the individual units, as
illustrated in Fig. 5.

Accordingly, a through-space mechanism, such as Forster
resonance energy transfer (FRET) or electron transfer, is a
viable option, given the close proximity of the units (see
Table 3).°> °® FRET relies on a dipole-dipole interaction, where
the resonance between the donor’s emission and the acceptor’s
absorbance and the relative orientation of their transition
dipole moments plays a crucial role.®” In contrast, electron
transfer requires a substantial overlap between the donor and
acceptor orbitals, a prerequisite that is plausible based on our
computed model.”””* The potential of our synthesized hybrids
to undergo both charge transfer and FRET suggests that
quenching efficiency may be influenced by both mechanisms.
As shown in Fig. 3, the CND emission strongly overlaps with the
n-n* absorbance of the azo moieties, making a FRET from CND
to the azo moieties possible. This was further confirmed by
overlap integral calculations, which were used to determine the
critical Forster radius (R,) (see ESIf for details). The R, values
vary slightly among the hybrids, averaging around 2.1 nm.
Using these values and the distances listed in Table 3, FRET
efficiencies were calculated, revealing a near-complete (99.9%)
transfer efficiency for all three hybrids. This high efficiency
results from the short CND-to-azo distance, which at 0.33 nm is
well below the Forster radius.

However, the PLQY measurements indicate that this high
efficiency is valid only for CND-m-Gly-Azo, as the other hybrids
still exhibit a significant amount of CND fluorescence. To
account for these differences, the quenching efficiency was
determined using PLQY, since both FRET and electron transfer
typically reduce the fluorescence quantum yield and lifetime of
the donor. The resulting quenching efficiencies were 51% for
CND-m-Azo, 70% for CND-p-Azo, and 97% for CND-m-Gly-Azo.
Notably, quenching efficiency depends on the acceptor concen-
tration within the system. Due to the undefined structural
configuration of the hybrids and the unknown number of azo
moieties per CND, accurately quantifying the relative contribu-
tions of different quenching processes is not possible.®”

The elevated quenching efficiencies should also correspond
to reduced fluorescence lifetimes of the CND moiety. To verify
this, the fluorescence lifetimes of the pure CND and the hybrids
were measured using TCSPC. All four systems exhibited three
distinct fluorescence lifetimes, reflecting the complex surface
structure of the CNDs. For the simplicity, these lifetimes were
combined into an amplitude-weighted average lifetime. As
expected, the pure CND holds with 5.70 ns the longest average
fluorescence lifetime, followed by 3.60 ns and 3.45 ns for CND-
p-Azo and CND-m-Azo, respectively. In contrast, with only
2.24 ns, the linker in CND-m-Gly-Azo clearly leads to the
shortest fluorescence lifetime (Fig. 6 and Table S3, ESIt). While
these lifetimes can also be used to estimate the quenching
efficiencies of the hybrids, the obtained values are less reliable

This journal is © The Royal Society of Chemistry 2025
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(see ESIT discussion for more details). The superior quenching
efficiency of CND-m-Gly-Azo, in comparison to the hybrids that
lack a linker, can be attributed to its higher density of functio-
nalization. A greater density of azo moieties on the CND surface
increases the probability of quenching. Additionally, our com-
putational study demonstrated that the larger spacer in CND-
m-Gly-Azo enhances flexibility and brings the azo units into
closer proximity to the CND, further facilitating charge transfer
processes.

To confirm the retained photoswitching properties of the
azos after covalent bonding to CNDs, the hybrids and bare azos
were irradiated with a 325 nm LED for two minutes, followed by
a 448 nm LED irradiation for 30 seconds, followed by measure-
ment of the absorption spectra before and after each illumina-
tion (Fig. S39, ESIT). Among the hybrids, CND-m-Azo exhibited
the smallest absorbance change upon trans-cis isomerization,
whereas CND-m-Gly-Azo showed the largest, consistent with
their respective degrees of functionalization. Among the pris-
tine azos, the p-Azo displayed the smallest decrease in absor-
bance when irradiated with the 325 nm LED (Fig. S39, ESIf).
However, the CND-p-Azo, demonstrated a greater change in
absorbance than the CND-m-Azo, indicating that its 1.1% higher
degree of functionalization outweighs the smaller change in
absorbance observed in pure p-Azo. Additionally, pure azos
exhibited greater changes in absorbance compared to hybrids,
likely due to the significant contribution of the CND component
to overall absorbance. The PL response to photoswitching indi-
cated no significant reversible change in PLQY from the trans to
the cis-isomers of the covalently linked azos. However, a slight
decrease in PL intensity post-illumination prompted an investi-
gation into fatigue resistance across multiple photoswitching
cycles and associated PL properties (Fig. 7A-C). The selection of
wavelengths was based on the absorption maxima of the
hybrids, specifically 340 nm and 448 nm. The 340 nm wave-
length was chosen to balance sufficient excitation energy while

J. Mater. Chem. C, 2025, 13, 11879-11889 | 11885
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Fig. 7 Top panel: Schematic illustration of the azo-functionalized CNDs (black spheres), showing the photoinduced trans-to-cis conversion under
340 nm irradiation and subsequent reversion to the trans-isomer via 448 nm exposure or thermal isomerization at 40 °C. Middle panel: Fatigue
resistance of CND—azo hybrids over multiple photoisomerization cycles using alternating 340 nm and 448 nm irradiation. (A) CND—m-Azo retains 50% of
its initial absorbance at 350 nm for 13 trans—cis—trans cycles. (B) CND—p-Azo shows stability for 18 cycles at 349 nm. (C) CND-—m-Gly-Azo maintains
more than 50% absorbance at 329 nm for more than 15 cycles. Bottom panel: Thermal cis-to-trans isomerization kinetics of the hybrids at 40 °C over
50 h. Pristine azo half-lives are included for comparison (see ESIf for details). (D—F) Evolution of the absorbance at 352 nm (CND-m-Azo), 350 nm
(CND-p-Azo), and 330 nm (CND-m-Gly-Azo) during thermal reversion. Single-exponential fits were used to determine half-lives. Note: Graphs D and E
are normalized to their respective isosbestic points at 363 nm and 397 nm respectively, as agglomeration accurse over the time scale of the kinetic
experiment. Due to the higher loading of azo in the CND-m-Gly-Azo hybrid, no spectra processing was necessary (see ESIt for details).

minimizing photodegradation. Each hybrid was irradiated for
five minutes at these wavelengths to achieve the photostationary
state (PSS) of the respective isomer (see Fig. S40, ESI{). CND-m-
Azo underwent 13 trans-cis-trans cycles before reaching 50% of
its original absorbance (Zs).

In contrast, CND-p-Azo maintained 50% of its original
absorbance over 18 cycles, demonstrating greater stability than
CND-m-Azo. CND-m-Gly-Azo exhibited an 18% decrease in
absorbance after 15 cycles, indicating it is the most durable
hybrid produced. Fig. S41 (ESIt) shows the PL spectra following
fatigue resistance tests, showing a similar decline in PL inten-
sity corresponding to absorbance degradation. This suggests
that the switching properties of the azos on the CND surface
remain unaltered, while contributions from absorption and
emission of the CNDs diminish. This hypothesis is supported
by fatigue resistance measurements conducted under identical
conditions with the pure Azos (Fig. S42, ESIt). After 120
minutes of light exposure, no significant drop in absorbance
can be observed. Azos exhibit high fatigue resistance due to
minimal occurrence of side reactions during photoisomeriza-
tion. The increased fatigue resistance of the CND-m-Gly-Azo
hybrid may be due to a higher azo coverage of the CND surface
by the introduction of a glycine spacer. In classical organic

11886 | J. Mater. Chem. C, 2025, 13, 11879-11889

chemistry, undesired reactions involving a reactive intermedi-
ate often lead to the generation of side-products. By offering an
inert environment for these intermediates, confinement can
serve as a method to reduce side-product formation and
enhance the fatigue resistance.”” Additionally, we assessed
the thermal half-life of the cis-isomer of the hybrids at 40 °C
in DMSO (Fig. 7D-F). A schematic representation of the azos on
the CND surface, which is switched between trans- and cis-
isomers via light or heat, is shown in the top panel of Fig. 7.
Fig. S43-S48 (ESIY) display UV-vis spectra illustrating thermal
conversion from cis- to trans-isomer alongside single exponen-
tial fits against time to determine the thermal half-lives
(Table S6, ESIt). The hybrids tend to agglomerate during the
50-hour thermal cis-to-trans isomerization, which is potentially
distorting the data. In order to compensate that, we normalized
the absorption spectra of the CND-m-Azo and CND-p-Azo to
the isosbestic points (see ESIt for details).

The CND-m-Azo variant exhibits minimal variation in half-
life compared to pure m-Azo, while the CND-m-Gly-Azo hybrid
displays a reduced half-life relative to m-Gly-Azo. For the meta-
linked hybrids, it is assumed that they behave electronically
independently from the CNDs. The observed differences can be
attributed to steric effects and the degree of functionalization,

This journal is © The Royal Society of Chemistry 2025
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resulting in comparable or shorter half-lives than pure azos.
Further systematic studies are required to quantify these con-
tributions. In contrast, the CND-p-Azo demonstrates an
increased half-life compared to p-Azo, suggesting that the
electronic properties of the hybrid - modulated by the exchange
of the carboxylic acid for an amide - can also play a role in
altering the half-life. Furthermore, the precise chemical back-
ground of the functionalization employed, namely the amine
on the CND side, has the potential to exert different electronic
influences, given the lack of knowledge regarding the CND
structure.

A comparison of the obtained results with other carbon
allotropes functionalized with azos in the literature reveals that
the influence of CNDs on the switching properties of the azos is
relatively weak. In the case of fullerene, a publication by Shirai
et al.”® in 2008 demonstrated that direct conjugation of full-
erene with an azo led to reduced photoisomerization yields,
suggesting an efficient electronic energy transfer between the
azo and fullerene. However, when fullerene and azo were
electronically separated via a spacer, this effect was not
observed. In our case, this further supports the hypothesis that
the chemical nature of CNDs leads to electronic separation of
the molecular fluorophores on CNDs and azo in all three of our
investigated hybrids. Indeed, TDDFT results for CND-m-Gly-
Azo revealed that the formation of CT states depends upon the
distance between CND and azo, as previously concluded. In
2013, Feng et al.”* introduced a reduced graphene oxide (RGO)-
azo hybrid for long-term solar thermal storage. By achieving
high packing densities and incorporating additional ortho and
para functionalization of the azos with moieties that facilitate
the formation of H-bonds, they successfully attained extended
half-lives of the cis-isomer. The quasi-spherical and amorphous
character of CNDs prevents the establishment of a repeating
structure, allowing the azo units to orient in various directions
without forming ordered configurations as seen on a RGO
surface. Furthermore, the limited amount of azo present on
the surface likely suppresses interactions between different azo
units on a single CND.

Conclusions

In this study, three distinct CND-azo hybrids were synthesized,
featuring either meta- or para-linkages as well as an additional
glycine spacer. These hybrids exhibit both photoswitching
capability and emissive properties, allowing them to be sensed
and optically stimulated in the same system. The incorporation
of the glycine spacer resulted in an increase in fatigue resis-
tance, likely due to the formation of an inert environment
around the CND. Furthermore, a reduction in the half-life of
the cis isomer was observed in the case of the hybrid with the
glycine spacer. In contrast, the two hybrids without the spacer
exhibited similar half-lives compared to their pristine azo
counterparts. This shorter half-life renders the system useful
in optical switches due to their fast response to external
stimuli. Furthermore, investigations using TDDFT methods

This journal is © The Royal Society of Chemistry 2025
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were performed to gain deeper insights into the experimental
UV-vis absorption spectra and CT properties of the CND-azo
hybrids. This approach enhanced our understanding of the
influence of isomer configuration on electronic transitions, and
it provided valuable guidance for the development of potential
applications. The results demonstrate that ¢rans-azo in CND-
azo hybrids significantly stabilizes the LUMO energy, leading to
enhanced CT activity compared to the cis counterpart. Specifi-
cally, trans isomers exhibit a lower CT excitation energy and
more favorable driving forces for CT reactions, making them
more effective for applications requiring efficient electron
transfer. In contrast, cis isomers undergo CT processes but
with reduced driving forces. This difference underscores the
potential of functionalized CND-azo hybrids for use in photo-
switches, data storage, and molecular transistors where CT is
critical. The addition of molecular spacers, such as in CND-m-
Gly-Azo, further illustrates that spacer flexibility influences the
formation of CT states. Specifically, spacer distances greater
than 6 A inhibit CT states, while shorter distances can promote
them, emphasizing the need for careful spacer design to
optimize electronic properties. Lastly, the total emission
quenching efficiencies for the hybrids were calculated from
fluorescence lifetimes obtained with TCSPC measurements.
The fluorescence lifetimes of the hybrids were observed to be
shorter than those of the pristine CND, with the shortest
lifetime noted for the CND-m-Gly-Azo hybrid. This is attributed
to the higher concentration of azo groups present on the
surface, as well as the higher flexibility of the spacer, which
promotes CT processes. Overall, these findings highlight the
potential of azo-functionalized CND hybrids in developing
advanced light-responsive systems. This represents an intri-
guing point of departure for the design of novel scaffolds that
can be integrated into devices, sensors/actuators, or living cells
that are remotely controlled through light irradiation.
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