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Engineering Solid-State Fluorescent Carbon Dots with
Aggregation-Induced Emission by Fatty Amine
Chains-Regulated Charge Transfer and 𝝅-𝝅 Stacking

Canpu Yang, Jiusheng Hu, Wenjiang Tan,* Jinhai Si, and Xun Hou

Carbon dots (CDs) are an encouraging green luminescent material; however,
the aggregation-caused quenching (ACQ) effect poses a significant limitation
for their use in solid-state devices. By adjusting precursor fatty amine chains,
this paper synthesized four solid-state emissive CDs with
aggregation-induced emission (AIE) properties (Lx-CDs). When water is
introduced, the generation of Lx-CDs aggregates creates the switching off of
the carbon-core emission (blue) in acetic acid solution and the switching on of
the surface-state emission (orange). Results demonstrate that the disulfide
bond and fatty amine chain structures allow considerable inhibition in the
distance of aromatic skeletons, causing the aggregation-state emission, and
the multiple interactions in aggregates can reduce the non-radiative processes
benefiting the AIE. Besides, the fast and slow fluorescence species can be
confirmed to correspond to the emission paths of carbon-core and
surface-state, respectively. The solid-state emission wavelength,
photoluminescence quantum yield (PLQY), and AIE strength can be
engineered by the fatty amine chain regulated charge transfer and 𝝅-𝝅
stacking. This study not only reveals the intrinsic mechanism of carbon-core
and surface-state luminescence dynamics in AIE CDs but also provides a
method for controlling fluorescence wavelength and enhancing the emission
of aggregated particles using precursor fatty amine chain length.

1. Introduction

Electroluminescent light-emitting diodes (LEDs) carry a signifi-
cant function in the display field because of the large color span,
excellent operation performance, and superior display contrast.
However, the most popular perovskite-based and quantum dots-
based LEDs have obvious shortcomings because of the poor en-
vironmental effect (heavy metal pollution), which caused unre-
alistic applications in the commercialization process. Thus, it is
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necessary to explore environmentally
friendly luminescent materials with min-
imal toxicity and stable permanence
immediately. Carbon dots (CDs) with
simple preparation and purification, out-
standing biocompatibility, and flexible
optical characteristics have come to the
attention of researchers.[1–10] Currently,
researchers have achieved superior pho-
toluminescence quantum yield (PLQY)
and variable emission wavelength from
ultraviolet to near-infrared.[11–18] In addi-
tion, the luminescence mechanism of CDs
can be mainly divided into carbon-core
state luminescence,[19–21] surface-state
luminescence,[22–27] and crosslinking
enhancement effect luminescence,[28,29]

which have been proven by experiments
and theoretical calculations.
Although significant progress in the re-
search of CDs has been gained persistently,
the current situation is still unsatisfactory
since the stated device performance suf-
fers from the critical aggregation-caused
quenching (ACQ) phenomenon, especially
in the solid state. The ACQ effect is com-
monly cited in CDs due to the existence

of some non-radiative processes, including energy transfer
and 𝜋-𝜋 interaction between particles.[30–32] To overcome this
dilemma, some researchers doped CDs as macromolecules and
frequently constructed a host-guest system to inhibit the ACQ
phenomenon.[33,34] Nonetheless, concentration quenching in
CDs can still occur even under this condition. Furthermore, a
prevalent issue with many reported CDs is their limited solubility
in non-polar organic solvents, posing solubility and compatibility
challenges when incorporated into host-guest systems. Addi-
tionally, the emission originating from host materials frequently
results from an uneven distribution of energy transfer and car-
rier injection, consequently broadening the electroluminescence
spectral bandwidth and compromising the color purity of the
fabricated devices. Another viable approach involves introducing
steric between CD particles by attaching long-chain structures
to their outer surfaces. This strategic modification maintains
a suitable distance between the particles, thereby minimizing
their interactions and facilitating the achievement of solid-state
emission.[35–37] Incorporating such structural modifications,
while beneficial, inevitably escalates the synthesis costs and can
alter specific inherent properties of the CDs. More critically, it
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imposes constraints on the doping concentration of CDs, and
attempts at higher loading fractions are met with a substantial
reduction in the PLQY, further highlighting the challenge. Conse-
quently, to fabricate high-performance, monochromatic devices
based on CDs, it is paramount to produce CDs with exceptional
solid-state emissive properties and utilize them effectively as
singular emissive layer components in the LED design.

Since the breakthrough of the aggregation-induced emission
(AIE) property by Luo and Tang et al.,[38] AIE materials have
proven invaluable in solid-state emission applications, with this
research group demonstrating that the strategic design of molec-
ular structures can ingeniously yield fluorescent materials ex-
hibiting AIE characteristics, effectively surmounting the chal-
lenge posed by the ACQ effect. In addition, AIE materials have
found applications in a wide range of fields thanks to their
distinctive luminescence, including organic chemical and bio-
logical sensing, biological imaging probes, LEDs, lasing, and
others.[39–41] It contains small organic molecules and was fre-
quently utilized in metal complexes and semiconductor quantum
dots for building solid-state emission samples with exceptional
properties.[42,43] The AIE method’s advantages can be found in
its specific constructional properties, strong link of arrangement
performance, and remarkable and tunable solid-state emission
characteristics that can be achieved through material construc-
tion regulation.[44,45] Iwai et al.[46] reported a series of AIE emit-
ters based on the theoretical prediction of non-radiative decay.
They exhibit different quantum yields depending on the alkyl
chain length, and the BPST has been reported to have excellent
AIE behavior. Yu et al.[47] found that the TPE molecule was more
restricted when the carbon chain length increased, resulting
in more significant motion restriction, contributing to stronger
emissions. The maximum PLQY of complex S4 was 81.37%. Ap-
plying the AIE mechanism to the field of CDs and guiding the
synthesis of solid-state luminescent CDs was highly promising.
Yang et al.[48] found that the formation of H-CD clusters leads to
the closure of blue emission as the carbon-core undergoes 𝜋-𝜋
stacking interactions, and red fluorescence was turned on due to
the restriction of intramolecular rotation around disulfide bonds
on the surface-state, consistent with the AIE phenomenon. Fur-
ther, researchers were attempting to introduce the chain length
regulation strategies for AIE molecules into the field of CDs,
which can achieve effective luminescence in solid-state CD con-
figurations. Xu et al.[49] reported that increased C═N content
leads to push-pull electron interactions between the dual fluo-
rescent groups on the CD surface, determining the charge trans-
fer between the dual emissions. As the C═N content increased
from 35.6% to 58.4%, the charge transfer efficiency increased
from 8.71% to 45.94%, and the fluorescence of CD changed from
green to red. An et al.[50] increased the PLQY of CDs from 19%
to 22% by increasing the alkyl chain length of the reaction sol-
vent (amine solvent). However, the basic mechanism of aggre-
gated luminescence is still poorly understood, and achieving ef-
fective control over the emission of aggregated particles remains
a major challenge, limiting the progress of CDs in more complex
applications.[51]

This paper prepared the four solid-state emissive CDs by ad-
justing precursor fatty amine chains. One confirmed that the flu-
orescence behavior of the synthesis CDs was dominated by the
surface chromophores in the solid state and the intrinsic state in

the solution state by varying the excitation wavelength photolu-
minescence (PL). The time-resolved photoluminescence (TRPL)
of Lx-CDs was explored by time-correlated single photon count-
ing (TCSPC) technology and attributing the two components of
fluorescence lifetime to the radiative transition of carbon-core
and the surface chromophore, respectively. Besides, the fluores-
cence of CDs changes from blue to orange with the increase of
poor solvents, proving the existence of the AIE. More importantly,
the quantum calculation and molecular dynamics simulation
were employed to study the solid-state luminescence mechanism
with AIE property, i.e., the geometric structures, frontier molec-
ular orbitals, energy levels, excited state properties, fluorescence
spectra, electrostatic potential (ESP), the interaction in aggre-
gates, charge transfer processes and the 𝜋-𝜋 stacking in Lx-CDs.
This work elucidates in depth the mechanism of carbon-core
and surface-state luminescence in AIE CDs, revealing the chain
length-regulated charge transfer and 𝜋-𝜋 stacking can engineer
the solid-state emission wavelength, PLQY, and AIE strength in
CDs. It will expedite the progress of seeking efficient CDs mate-
rial to elevate the efficiency of LEDs.

2. Results and Discussion

2.1. Preparation and Characterization of the Lx-CDs

To prepare high-quality CDs, under the principle of a single
variable, one focuses on L5-CDs as the research object to study
the various process parameters for preparing Lx-CDs, including
molecular molar ratio, heating temperature, and heating time.
The molecular molar ratio between reactants (DTSA and 1,5-
diaminopentane) was first studied. The other experimental con-
ditions remained consistent (hydrothermal kettle with a specifi-
cation of 50 mL, heated in a blast drying oven at a temperature of
180 °C, heated for 10 h). As shown in Figure S1 (Supporting In-
formation), when the molar ratio of DTSA to 1,5-diaminopentane
was 1:1, the steady-state fluorescence intensity of L5-CDs powder
reached its maximum value. Heating temperature often has a sig-
nificant impact on hydrothermal reactions. Therefore, to deter-
mine the optimal heating temperature, corresponding powders
were prepared under heating temperatures of 160 °C, 180 °C,
and 200 °C, respectively, and the other experimental conditions
remained consistent (see Figure S2 (Supporting Information)).
When the heating temperature was 180 °C, the steady-state flu-
orescence intensity of the powder reached its maximum value.
To further determine the optimal heating time, corresponding
powders were prepared for 8 h, 10 h, and 12 h, respectively. They
maintained consistency in other experimental conditions during
the research process. When the heating time was 10 hours, the
steady-state fluorescence intensity of the powder reached its max-
imum value (see Figure S3 (Supporting Information)).

In this paper, DTSA-based solid-state emissive Lx-CDs were
prepared through a solvothermal reaction at optimal conditions
of molar ratio 1:1, 10 h, 180 °C, as schematically displayed in
Figure 1. Following the purification steps, an orange appear-
ance color was gained in solid powders (see Figure 1). Notably,
when these powders are exposed to ultraviolet light at 365 nm,
they display vivid orange PL, suggesting their solid-state emis-
sive property. The as-prepared Lx-CDs have been characterized
with TEM, XRD, XPS, and FT-IR to confirm the nature of the
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Figure 1. Synthesis and AIE characterization of solid-state emission Lx-CDs; photographs of Lx-CDs under daylight (left) and 365 nm UV light (right);
the simulated molecular models for L2-CDs.

carbon nanoparticles. Figure 2a–d presents TEM images illus-
trating the excellent dispersion of the samples, showcasing a con-
sistent average particle diameter (further emphasized in the in-
set image). The particle size distribution for Lx-CDs was mainly
concentrated within the ranges of 2.0-6.0 nm, culminating in a
mean particle size measurement of 4–5 nm. The high-resolution
TEM (HRTEM) imagery within the inset highlights the presence
of unmistakable, sharply defined lattice fringes across all Lx-CDs,
measuring 0.21 nm in interval. This spacing corresponds pre-
cisely to the (100) crystallographic plane of graphene, testifying
to the uniform structural integrity of the CDs.[52–54]

As depicted in Figure S4 (Supporting Information), the XRD
patterns of the Lx-CDs show a prominent, broad peak centered
≈25 degrees, accompanied by less intense peaks at roughly
40 degrees. This broad peak signifies the presence of amor-
phous carbon, characteristic of an interlayer distance of 0.34 nm.
Meanwhile, the faint peak at 40 degrees indicates the (100)
crystal plane featuring an interlayer spacing of 0.21 nm.[55–57]

The FT-IR spectra for the Lx-CDs were depicted in Figure 2e,
demonstrating that due to the similarity in their precursor ar-
chitectures, these CDs share comparable varieties and inten-
sities of functional groups. One confirmed the presence of
methylene (2876 cm−1),[58] amide carbonyl (1676 cm−1), C-N
(1413 cm−1),[59] aromatic C-NH (1260 cm−1),[60] C-C (1451 cm−1),
C-O (1123 cm−1), S-S (550 cm−1), and C-S (736 cm−1) functional
groups or chemical bonds on the surface-state of Lx-CDs. FT-
IR spectroscopy also showed that after acylation and carboniza-
tion, hydrophilic groups such as hydroxyl (3001 cm−1) and amino
(3452 cm−1) were significantly reduced in Lx-CDs, which con-
tributed to the hydrophobicity of Lx-CDs. Previous research has
demonstrated that the S-S linkage exhibits a non-rigid struc-
ture, allowing the CDs’ surface to rotate around it.[48,61] It has
been observed that surface molecules on CDs that undergo con-

straints imposed by intramolecular rotation exhibit the AIE phe-
nomenon. In addition, S-S may prevent the quenched fluores-
cence in the solid state, so the distance between aggregated
molecules is crucial. Figure 2f provides a comprehensive XPS
survey, confirming the presence of four elemental constituents:
carbon (C), nitrogen (N), oxygen (O), and sulfur (S) within the
Lx-CD powders. It can be seen that the C element content in
the Lx-CDs series samples was as follows: L2-CDs (71.68%), L5-
CDs (73.09%), L8-CDs (79.98%), and L10-CDs (81.40%). As the
precursor fatty amine increases, the C element in Lx-CDs sam-
ples also gradually increases. Specifically, the high-resolution C1s
XPS spectrum was further deconvoluted into three distinct Gaus-
sian peaks, as illustrated in Figure S5 (Supporting Information),
which were attributed to (C-C/C═C, 56.27% for L2-CDs, 56.77%
for L5-CDs, 60.39% for L8-CDs, 61.56% for L10-CDs), (C-N/C-
O/C-S, 32.41% for L2-CDs, 34.55% for L5-CDs, 29.44% for L8-
CDs, 33.47% for L10-CDs), (C═O, 8.25% for L2-CDs, 8.68% for
L5-CDs, 7.57% for L8-CDs, 3.65% for L10-CDs), respectively. The
S 2p band (Figure S6 (Supporting Information)) could be split
into S-C (56.46% for L2-CDs, 65.28% for L5-CDs, 58.59% for
L8-CDs, and 63.53% for L10-CDs), and S-S (19.6% for L2-CDs,
11.85% for L5-CDs, 20.61% for L8-CDs, 9.94% for L10-CDs),
which is the essential chemical bond for the solid-state emission
with AIE phenomenon in Lx-CDs series samples.

2.2. Optical Properties of the Lx-CDs

The UV-Visible (UV-Vis) absorption, PL excitation, and emission
properties of the freshly prepared Lx-CDs in solution and their
powdered form were investigated to assess their optical charac-
teristics. As illustrated in Figure S7 (Supporting Information),
the UV-Vis absorption spectra of the Lx-CDs dissolved in acetic
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Figure 2. a-d) Inserts present the corresponding high-resolution TEMs and size distribution diagrams of Lx-CDs. e) FTIR spectra; f) XPS spectra.

acid consistently exhibit dual peaks occurring at 𝜆max1 ≈ 260 nm
and 𝜆max2 ≈ 320 nm. These peaks were attributed to the 𝜋-𝜋* elec-
tronic transitions within the C═C bonds of the carbon-core. The
PL emission of Lx-CDs behaves at peaks ≈460 nm, attributed to
the emission of carbon-core state. The Lx-CDs powders exhib-
ited broad PL excitation spectra and different emission peak po-

sitions from the dispersed state (see Figure 3). An excitation sig-
nal of ≈460 nm corresponds to a fluorescence emission peak of
≈ 490 nm, and an excitation signal of ≈ 550 nm corresponds
to a fluorescence emission peak of ≈ 600 nm. For L2-CDs, the
𝜆max1 was located at 478 nm, and the 𝜆max2 was located at 580 nm;
for L5-CDs, the 𝜆max1 was located at 492 nm, and the 𝜆max2 was
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Figure 3. PL excitation (grey line) and PL emission (multicolor line) of Lx-CDs. Insets: the charge transfer distance (Dct) of hole centroids (green) and
electron centroids (red) on excitation of Lx-CDs.

located at 592 nm; for L8-CDs, the 𝜆max1 was located at 490 nm,
and the 𝜆max2 was located at 590 nm; for L10-CDs, the 𝜆max1 was
located at 500 nm, and the 𝜆max2 was located at 600 nm. When
focused on the 𝜆max2, a red-shifted peak from 580 nm (L2-CDs)
to 592 nm (L5-CDs), a similar peak at 592 nm for L5-CDs and
590 nm for L8-CDs, and follows a red-shifted peak from 590 nm
(L8-CDs) to 600 nm (L10-CDs), which may relate to the charge
transfer state.

Further, the variable excitation spectra of Lx-CDs in solution
and powder have been studied to demonstrate the attribution of
emission peaks in Figure S8 (Supporting Information). When
Lx-CDs are dispersed in an acetic acid solution, their fluores-
cence emission spectra exhibit excitation wavelength-dependent
characteristics, and the intrinsic emission from the carbon-core
is primarily determined by size effects. Consequently, it can be

reasonably inferred that the fluorescence signal of Lx-CDs in
the dispersed state at ≈460 nm should come from the intrin-
sic emission of the carbon-core. In addition, the fluorescence
emission peak of Lx-CDs powders hardly changes with the ex-
citation wavelength, which means the fluorescence signal of Lx-
CDs in the powder state mainly comes from the surface chro-
mophores. In addition, PLQY is an essential indicator for mea-
suring optical materials. As shown in Figure S9 (Supporting In-
formation), one conducted absolute fluorescence quantum effi-
ciency tests on Lx-CDs with the value of L10-CDs (5.90%) > L5-
CDs (4.28%) > L8-CDs (3.91%) > L2-CDs (3.04%). As the pre-
cursor fatty amine chain length increases, the PLQY of Lx-CDs
powder also increases. Still, there is an abnormal phenomenon
between L5-CDs and L8-CDs; specific analysis will be discussed
later.
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Figure 4. a) Time-resolved photoluminescence (TRPL) of Lx-CDs. b) The trend of fluorescence lifetime of Lx-CDs with precursor fatty amine chain length.
c) The trend of the proportion of fast and slow species. d) non-radiative coefficient Knr and radiative coefficient Kr during the fluorescence lifetime decay
process of Lx-CDs.

2.3. Fluorescence Lifetime Decay Curves of Lx-CDs

The characteristics of the fluorescence lifetime decay curves of
Lx-CDs powder samples are shown in Figure 4a. Further, one per-
formed double exponential fitting on the fluorescence lifetime
decay curves of Lx-CDs by the following equations, and the spe-
cific fitting data were shown in Table S1 (Supporting Informa-
tion).

I (t) = A1 exp
(
− t
𝜏1

)
+ A2 exp

(
− t
𝜏2

)
(1)

𝜏avg =
A1𝜏

2
1 + A2𝜏

2
2

A1𝜏1 + A2𝜏2

(2)

In this scenario, 𝜏1 and 𝜏2 signify the decay time constants,
while A1 and A2 denote the pre-exponential factors associated
with the respective decay lifetimes of 𝜏1 and 𝜏2. The lifetime-
weighted fractional intensities P1 (%) and P2 (%) are derived
through a weighted calculation based on A1 and A2, reflecting the
relative intensity contributions of each component in the dou-
ble exponential fitting process. The average lifetimes (𝜏avg) in
Figure 4b behaved in the order as follows: L10-CDs (4.04 ns) >
L5-CDs (3.66 ns) > L8-CDs (3.62 ns) > L2-CDs (2.97 ns), which
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was consistent with the order of PLQY values. The fluorescence
lifetime of Lx-CDs powder can be resolved into two fluorescence
radiation processes: (1) Fast process (𝜏1): carrier transition from
carbon-core undergo radiative recombination transitions directly
to the ground state and emitting photons; (2) Slow process (𝜏2):
Carriers first transfer from carbon-core to the surface-state and
the surface-state undergoes radiative recombination transition to
the ground state and emitting photons. Interestingly, it can be
seen that during the fluorescence delay process of Lx-CDs, the
proportion of fast processes monotonically decreases (from 31%
of L2-CDs to 23% of L10-CDs). In comparison, the proportion of
slow processes in the opposite direction monotonically increases
(from 69% of L2-CDs to 77% of L10-CDs) (see Figure 4c). This
phenomenon indicated that the ratio of slow to fast processes
monotonously increases as the precursor fatty amine chains rise,
indicating that the surface molecules can more effectively radi-
ate photons. When it comes to the value of 𝜏2, it has the order
of L10-CDs (5.009 ns) > L5-CDs (4.764 ns) > L8-CDs (4.575 ns)
> L2-CDs (3.923 ns), which shows although L8-CDs has a higher
proportion of surface-state emission than L5-CDs, the lower 𝜏2 in
L8-CDs suggests an undesirable process of non-radiative recom-
bination in surface-state.

To gain a deeper understanding of the physical mechanisms in
Lx-CDs, the Kr (radiation decay rate) and Knr (non-radiation decay
rate) of Lx-CDs in the solid state were calculated according to the
following equations:[62]

Kr =
PLQY

𝜏
(3)

Knr =
1 − PLQY

𝜏
(4)

The calculated Kr and Knr values are shown in Table S1 (Sup-
porting Information) and Figure 4d. The Kr behave the order
of L10-CDs (0.0146 ns−1) > L5-CDs (0.0117 ns−1) > L8-CDs
(0.0108 ns−1) > L2-CDs (0.0103 ns−1), and the Knr have the or-
der of L10-CDs (0.233 ns−1) < L5-CDs (0.261 ns−1) < L8-CDs
(0.268 ns−1) < L2-CDs (0.326 ns−1). The above results were con-
sistent with the order of PLQY, indicating that the precursor
fatty amine chains simultaneously affect the radiative and non-
radiative processes of Lx-CDs. The non-radiative changes were
more pronounced, suggesting the generation of the AIE effect,
as the long-chain surface-state may effectively limit the non-
radiative processes, such as rotation and vibration of surface
chromophores.

2.4. AIE Characteristics of Lx-CDs

The sample was dispersed in a series of mixed solutions of poor
solvent/good solvent during the preparation of nano sediments.
As shown in Figure S10 (Supporting Information), the clear so-
lution on the left side of each plot indicates that Lx-CDs powder
can be well dispersed in the acetic acid solvent. In contrast, the
turbid solution on the right side of the corresponding plot indi-
cates that Lx-CDs powder cannot be well dispersed in a deionized
water solvent. Therefore, acetic acid and deionized water were se-
lected as good and poor solvents for Lx-CDs, respectively. As the
proportion of deionized water in the mixed solution increases,

the concentration of Lx-CDs in the acetic acid part of the mixed
solution will inevitably increase, forcing Lx-CDs to form nano
aggregates. As shown in Figure S11 (Supporting Information),
when the proportion of deionized water in the mixed solvent
was small (≤70%), the fluorescence of Lx-CDs was mainly domi-
nated by intrinsic emission from the carbon-core, displaying blue
fluorescence emission. When the proportion of deionized water
exceeds 80%, Lx-CDs form nano aggregates in the mixed solu-
tion, and the fluorescence emission of Lx-CDs dominates from
surface chromophores, displaying orange fluorescence emission.
Further, one investigated the effect of precursor fatty amine chain
length on the AIE characteristics of Lx-CDs.

As shown in Figure 5, the grey dashed box represents the flu-
orescence emission spectrum of Lx-CDs in their dispersed state
at their optimal excitation wavelength of 380 nm. In comparison,
the red dashed box represents the fluorescence emission spec-
trum of Lx-CDs at their optimal excitation wavelength of 470 nm
when forming nano aggregates. The ratio of the strongest sig-
nal value of the fluorescence emission spectrum ≈600 nm in the
aggregated state of Lx-CDs to the strongest signal value in the
dispersed state of Lx-CDs was defined as the AIE coefficient, with
chain length as the reference variable. (see Figure S12, Supporting
Information). The AIE coefficient had the order of L10-CDs (1.18
a.u.) > L5-CDs (1.04 a.u.) > L8-CDs (0.82 a.u.) > L2-CDs (0.34
a.u.), which was consistent with the PLQY values. The weaken-
ing of dispersed PL may be due to the fact that in the dispersed
state, the surface-state of the long chain may undergo more non-
radiative motion. The enhancement of the aggregated-state PL
may be attributed to the multiple interactions between surface
molecules, which can significantly reduce the non-radiative coef-
ficient.

2.5. Theoretical Calculation

A comprehensive comparison of numerous properties of the four
Lx-CDs was conducted, including the effect of precursor fatty
amine chain length on optical properties, fluorescence lifetime,
PLQY, radiative and non-radiative processes, and AIE character-
istics (see Table S2, Supporting Information). One carried out the
DFT method to explore the sophisticated fluorescence emission
in carbon-core and surface molecules, as shown in Figure 1. The
excited state data and simulated fluorescence spectra were shown
in Table S3 and Figure S13 (Supporting Information). For the
simulated fluorescence spectra of Lx-CDs, it can be observed that
there were two fluorescence peaks, one located in the blue light
range and the other located ≈600 nm, which is consistent with
the experimental spectra. The dihedral angles between the vari-
ous parts of monomer surface molecules were studied, as shown
in Figure S14 (Supporting Information). The 𝜃1 and 𝜃6 were ≈65–
70 degrees, and the 𝜃2 and 𝜃5 were also nonplanar for Lx-CDs sur-
face molecules (SLx-CDs), which means the fatty amine chains
may increase the steric hindrance of molecules and the solid-
state PL occur. The 𝜃3 and 𝜃4 were the dihedral angles between
the disulfide bond and the anthracene group; they can be found
to exceed 80 degrees, and the nearly vertical configuration was
proof that the disulfide bond serves as a solid-state luminescent
core group. Molecular ESP explains and predicts active sites.[63–66]

As shown in Figure S15 (Supporting Information), it can be seen
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Figure 5. Fluorescence emission spectra (fb: fraction of bad solvent) of Lx-CDs powder dispersed in a mixed solution of 0%–90% water/acetic acid.
Insert: Plots of the RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue and gradient isosurfaces of RGD for the
aggregates.

that the end of the fatty amine chain in SLx-CDs was the position
with the lowest ESP value, and the change in ESP values indi-
cates that the chain length leads to a difference in electrophilic
reactions. In addition, the alternating distribution of positive and
negative ESP values ensures the formation of aggregates.

The energy level and frontier molecular orbitals (HOMO,
LUMO) distribution as intrinsic electronic structures of the
molecules can affect the excitation and fluorescence process to
a significant extent.[67–69] The HOMO and LUMO energy levels
of SLx-CDs behave at similar values at ≈ -6.6 eV and -1.2 eV,
respectively (see Table S4, Supporting Information). The LUMO
energy level of the carbon-core holds the value of – 0.33 eV,
and the lower LUMO energy levels of surface molecules than
the carbon-core make the charge transfer from the carbon-core
to surface molecules. Electron spatial distributions of HOMO-

1 to LUMO+1 molecular orbitals of carbon-core and surface
molecules were illustrated in Figure S16 (Supporting Informa-
tion), and the principal contribution of each part was shown
in Table S5 (Supporting Information). For the carbon-core, the
HOMO and LUMO were provided by the whole aromatic rings.
For the surface molecules, the HOMOs represented 𝜋-type or-
bitals, and LUMOs represented 𝜋*-type orbitals. Apparently, the
HOMOs were mainly contributed by two sides groups (98%), and
the LUMOs were distributed not only at the two sides moieties
(< 80%) but also at the disulfide bond part (> 20%). Besides, the
contribution of the two sides groups to the HOMOs was different,
and the SL10-CDs behaved the most average distribution (22%,
76%) compared to the others; For the LUMOs, it was evident that
the left group contributed more to LUMOs than the right group.
Compared with other CDs, the contribution of the disulfide bond
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to LUMO in SL10-CDs (26%) was the largest, and the difference
in contribution between the two sides groups to LUMO (53%,
21%) was the smallest. In addition, the different distribution and
partial overlap of HOMOs and LUMOs are beneficial for the oc-
currence of charge transfer.

The charge transfer process is related to the larger distorted
structure of the molecule itself and the electron-donating abil-
ity of the donor group or the electron-withdrawing ability of the
acceptor group.[70,71] With the increase of the electron-donating
or electron-withdrawing abilities in the molecular functional
groups, the components of the charge transfer state in the mixed
excited state increase correspondingly, the transition dipole mo-
ment of the excited state increases significantly, and the maxi-
mum peak of the absorption and fluorescence emission shows
red-shift. The CDD diagrams in the excited state of Lx-CDs sur-
face molecules were shown in Figure S17 (Supporting Informa-
tion), and the charge transfer distances (Dct) were presented in
Figure 3 (Inserts). It can be seen that the electron and hole den-
sity were mainly distributed at the disulfide bond and anthracene
moiety, and the different chain lengths of fatty amines affect
charge configuration. The charge transfer was measured by the
distance between the hole density center and the electron density
center, and there was a trend as follows: SL10-CDs (0.827 Å) >
SL5-CDs (0.538 Å)> SL8-CDs (0.534 Å)> SL2-CDs (0.468 Å). The
order of the charge transfer distances is consistent with the or-
der of spectral red-shift, which proves that the maximum fluores-
cence wavelength of surface-state luminescence is closely related
to the performance of charge transfer processes. In addition, the
excited state transition dipole moments of SLx-CDs were calcu-
lated, as shown in Figure S18 (Supporting Information). SL10-
CDs have the maximum excited state transition dipole moment
of 2.72 D, attributed to the longest fatty amine chain, suggesting
the highest radiative recombination rate. The spontaneous emis-
sion rate can be obtained by the reciprocal of the fluorescence
lifetime (𝜏), and the following formula can obtain the simulated
fluorescence lifetime:[72]

𝜏 = ac3u2

2f e2
(5)

where f and e represent the oscillator strength and excitation en-
ergy, parameters (a, u) are constants, and c is the light speed. The
results calculated by the relationship between Kr and Knr were
shown in Figure S19 (Supporting Information), with Kr in the
following order: SL10-CDs (0.047 ns−1) > SL5-CDs (0.042 ns−1);
the Knr follow the trend of SL10-CDs (0.754 ns−1) < SL5-CDs
(0.934 ns−1) < SL8-CDs (1.015 ns−1) < SL2-CDs (1.307 ns−1). It
can be seen that SL10-CDs have the highest radiative recombina-
tion rate and the lowest non-radiative recombination rate, indi-
cating the enhanced recombination and weakened non-radiative
recombination, leading to the highest PLQY value.

Further, it is a crucial aspect of investigating the charge trans-
fer in the carbon-core/surface-state, and the morphologies calcu-
lated by molecular dynamics simulations are shown in Figure
S20 (Supporting Information). Then, Figure S21 (Supporting
Information) displayed the optimized structures of the ground
state and frontier molecular orbitals of the carbon-core/SLx-CDs
complexes. For the HOMOs of carbon-core/SLx-CDs complexes,
charge delocalization occurs on the carbon-core and SLx-CDs,

and it is nearly all concentrated on the SLx-CDs for the LUMOs.
In addition, to quantify the specific contributions of carbon-core
and SLx-CDs to frontier molecular orbitals, the PDOS were cal-
culated in Table S6 (Supporting Information). The contribution
rates of carbon-core to the HOMOs in the four complexes were
43% for carbon-core/SL2-CDs, 37% for carbon-core/SL5-CDs,
45% for carbon-core/SL8-CDs and 43% for carbon-core/SL10-
CDs. In contrast, the contribution rates of carbon-core to the LU-
MOs in the investigated complexes were 2%, 2%, 1%, and 2%.
It implies that the charge transfer direction during excitation is
from the carbon-core to the surface-state. Additionally, the CDD
of the excited states for the four compounds revealed the func-
tion of each group for the charge transfer process (see Figures
S22 and S23, Supporting Information), and the excited state data
were shown in Table S7 (Supporting Information). By observing
and analyzing each of the CDD from S1 to S6, it becomes evident
that they fall under three specific classifications as follows: (1)
Most electrons and holes were situated on the carbon-core; for in-
stance, S5 for carbon-core/SLx-CDs, S6 for carbon-core/SL2-CDs
and carbon-core/SL10-CDs, revealing the localized excitation and
charge transfer take place mainly at the carbon-core. (2) The holes
and electrons were situated on the carbon-core and SLx-CDs in
the S4 excited states, indicating the near-complete charge trans-
fer. (3) For S1, S2, and S3 excited states of carbon-core/SLx-CDs
and S6 of carbon-core/SL5-CDs series, most holes and electrons
were distributed on the surface molecules, suggesting that charge
transfer occurs merely at the SLx-CDs.

Considering the fragments charge transfer in the carbon-
core/surface-state complexes, 0.858 e−, 0.870 e−, 0.914 e−, and
0.926 e− charge quantity was transferred from carbon-core to
the SL2-CDs, SL5-CDs, SL8-CDs, and SL10-CDs, respectively
(see Figure S24, Supporting Information). Besides, the donor-
acceptor charge transfer rates are usually estimated using the
Marcus theory.[73–75] All parameters related to charge transfer in-
tegral (VDA),[76,77] the reorganization energy (𝜆) values, and the
variations in free energy occurring specifically during the charge
transfer processes (ΔGCS) of the carbon-core/SLx-CDs complexes
can be calculated in Table S8 (Supporting Information).[78–80]

The estimated charge transfer rates (KCS) for carbon-core/SL2-
CDs, carbon-core/SL5-CDs, carbon-core/SL8-CDs, and carbon-
core/SL10-CDs were 1.0 × 1015 s−1, 1.2 × 1015 s−1, 4.2 × 1015

s−1, and 4.3× 1015 s−1, respectively. The monotonically increasing
charge transfer rate and charge transfer quantity suggested that
the increase in fatty amine chains was beneficial for improving
surface-state emission.

Further, the 𝜋-𝜋 stacking in aggregates has a significant im-
pact on surface-state emission. To explain the lower PLQY of L8-
CDs compared to L5-CDs in the experiment, one uses molecular
dynamics to construct a reasonable stacking configuration (see
Figure 6a), and the crystal structures with the lowest energies
were optimized for Lx-CDs. Conjugated systems can form a mis-
aligned parallel arrangement[81] with a configuration, as shown
in Figure S25 (Supporting Information). First, the HOMOs and
LUMOs, together with the CDD of the excited states, were illus-
trated in Figure S26 (Supporting Information).[82] The HOMOs
and LUMOs were both distributed by two monomer molecules.
This means that the charge transfer process may occur in the ag-
gregates after photoexcitation, improving PL performance. One
drew localized orbital locator (LOL) diagrams of carbon-core and
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Figure 6. a) The surface-state stacking morphologies extracted from molecular dynamics simulations of Lx-CDs. b) The optimized carbon-core and the
surface-state distance (D in Å) reflected the 𝜋-𝜋 stacking in Lx-CDs aggregates.

surface molecules and calculated the LOLIPOP index[83] to mea-
sure the ability of 𝜋-𝜋 stacking of the molecules (Figure S27 (Sup-
porting Information)). It can be seen that 𝜋 electrons were mainly
distributed on the benzene ring, and the values of benzene rings
at both ends of the carbon-core were 7.82 and 7.7, which indi-
cates that the carbon-core is easier to produce 𝜋-𝜋 stacking than
the surface molecules (LOLIPOP index < 7.2), leading to flu-
orescence quenching. For the surface molecules, the order of
LOLIPOP index was as follows: SL10-CDs (6.95, 6.54, 6.47) <

SL5-CDs (6.97, 6.54, 6.50) < SL8-CDs (7.02, 6.61, 6.51) < SL2-
CDs (7.11, 6.62, 6.54). The results showed that the 𝜋-𝜋 stacking
of SL8-CDs would increase compared with SL5-CDs, which was
not conducive to improving fluorescence lifetime and PLQY.[84]

Further, the visualization of 𝜋-𝜋 stacking of aggregates (the in-
teraction region indicator images) was shown in Figure S28 (Sup-
porting Information),[85] and the measured distances between

carbon-core aggregates and the distances between surface-state
aggregates were shown in Figure 6b. The distance between ag-
gregates can directly reflect the strength of 𝜋-𝜋 stacking. It can
be seen that the aggregation distance of carbon-core was ≈3.3 Å,
which leads to the abundant quenching of solid-state carbon-core
luminescence. The distances between surface aggregates were
all above 4.4 Å, which were attributed to the vertical conforma-
tion of disulfide bonds and related to fatty amine chains, lead-
ing to solid-state luminescence. The distances of surface-state ag-
gregates were as follows: L10-CDs (5.655 Å, 5.197 Å) > L5-CDs
(5.278 Å, 5.158 Å)> L8-CDs (4.997 Å, 4.951 Å)> L2-CDs (4.494 Å,
4.482 Å). The distance of surface-state aggregates further proved
the more serious 𝜋-𝜋 stacking of L8-CDs than L5-CDs, consis-
tent with the predicted results of the LOLIPOP index. Interest-
ingly, although the long-lived fluorescence proportion increased
monotonically with the increase of the fatty amine chain of the
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precursor, this result revealed that the decrease of fluorescence
lifetime and PLQY in L8-CDs was related to the enhancement of
𝜋-𝜋 stacking inhibiting the improvement of solid-state lumines-
cence efficiency.

Finally, the AIE performance is related to the non-radiative pro-
cesses of vibration and rotation of surface-state molecules. One
investigates the AIE characteristics of Lx-CDs by studying inter-
actions in aggregates. The x-axis depicts the sign of the second
largest eigenvalue of the Hessian matrix of the electron density
(𝜆2) multiplied by the electron density (𝜌(r)), which is sign(𝜆2) 𝜌,
was drawn in RDG (see Figure 5 Insert). The weak interactions,
including dispersion, occurred in the low-density regions; how-
ever, the stronger interactions, such as either stabilizing attrac-
tive (𝜆2 < 0) or destabilizing repulsive (𝜆2 > 0) interactions, were
related to the higher density scales.[86] Thus, the strength of in-
teractions can be obtained by analyzing electron density. In con-
trast, the value of 𝜆2 was divided into bonded interaction with the
negative value and nonbonded interaction with the positive value.
The blue area with a negative value of sign(𝜆2) 𝜌 showed attractive
weak interaction, and the most common one in line with this fea-
ture was the hydrogen bond. The red area had the positive value
of sign(𝜆2) 𝜌, corresponding to the strong steric effect region in
the ring and cage (nonbonded overlap). To determine the situa-
tion, a structural representation of the aggregates was created to
illustrate the noncovalent interactions present visually. This de-
piction utilized values of sign(𝜆2) 𝜌 ranging from -0.035 to 0.02
au, with the surfaces color-coded on a blue-green-red scale, as
shown in Figure 5 (Inserts). It can be seen that the abundance
of green and brown isosurfaces corresponds to strong van der
Waals interactions and spatial hindrance. In the RDG picture,
the number of high-density and low-gradient spikes lying at pos-
itive parts verifying the steric energy, and the placement of the
low-density and low-gradient region occurred at the positive por-
tions, ensuring the stabilization through an attractive force de-
rived from the dispersion interaction energy. The total interaction
energies in Lx-CDs aggregates all had a negative value (absolute
value greater than 35 kcal mol−1), demonstrating solid interac-
tions when forming aggregates. Due to multiple interactions at
disulfide bonds and fatty amine chains, strong interaction forces
resulted in limited vibration of surface-state molecules, reducing
non-radiative recombination. Therefore, as the amount of poor
solvents increases, the surface-state luminescence is enhanced
along with the AIE coefficients.

3. Conclusion

Using molecular amines with different carbon numbers and
DTSA as precursors, solid-state emission Lx-CDs with dual emis-
sion centers for blue and orange lights were initially synthesized.
TRPL technology, quantum calculation, and molecular dynamics
simulations were employed to reveal the fluorescence dynamics
of CDs. The main results are as follows: (1) The disulfide bonds
and fatty amine chain structures allow inhibition in the distance
of aromatic skeletons, causing the solid-state emission. (2) The
AIE characteristics are attributed to generating various interac-
tions in aggregates, which weakens the non-radiative recombina-
tion process. (3) The red-shift of the surface-state emission peak
by regulating fatty amine chains is closely related to the charge
transfer state, and a stronger charge transfer state also leads to

an increase in the dipole moment of the excited state transition,
which is beneficial for the improvement of fluorescence lifetime.
(4) Adjusting the fatty amine chain altered the charge transfer
process and 𝜋-𝜋 stacking, thereby affecting the solid-state lu-
minescence. The unsatisfactory distance between surface-state
monomers in aggregates will augment the non-radiative recom-
bination, resulting in the PLQY varies non-monotonically with
the length of the fatty amine chain. This work elucidates in depth
the mechanism of carbon-core and surface-state luminescence
in AIE CDs, revealing the chain length-regulated charge trans-
fer and 𝜋-𝜋 stacking can engineer the solid-state emission wave-
length, PLQY and AIE strength in CDs. It will provide guidance
for achieving tunable wavelength emission and enhanced solid-
state fluorescence.

4. Experimental Section
Material: Dithiosalicylic acid (DTSA), 1,5-diaminopentane, and 1,8-

octanediamine were obtained from Energy Chemical Co. Ethylenediamine
and 1,10-diaminodecane were purchased from Aladdin Shanghai, China.
All the chemicals were used without further purification. Deionized (DI)
water was used throughout the research.

Synthesis of Lx-CDs and Preparation of Nano-Aggregates: 245 mg of
DTSA and 53 μL of ethylenediamine were sequentially added to a 50 mL
beaker. Then, add acetic acid to the beaker and mix the raw materials evenly
into a milky white cloudy liquid. Carefully transfer the white turbid liquid
from the beaker to the hydrothermal kettle with the inner liner of polyte-
trafluoroethylene. Set the temperature of the blast drying oven to 180 °C,
transfer the hydrothermal kettle to it after the temperature stabilizes, and
react at this temperature for 10 h. Take a clear solution from the inner liner
of polytetrafluoroethylene (hydrothermal kettle), add it to boiling water, stir
to form a turbid solution, and then obtain purified CDs products through
vacuum filtration, naming them L2-CDs. Ethylenediamine was replaced
with 1,5-diaminopentane, 1,8-octenediamine, and 1,10-diaminodecane to
prepare samples such as L5-CDs, L8-CDs, and L10-CDs.

Lx-CDs can be dispersed well in an acetic acid solution but not in water.
Therefore, one chooses acetic acid as a good solvent for Lx-CDs and water
as a poor solvent for Lx-CDs. First, prepare a 5 mg mL−1 solution of Lx-
CDs with acetic acid. Then, take 200 μL of Lx-CDs acetic acid solution and
add an appropriate amount of water and acetic acid to prepare a 2 mL fixed
volume test sample with a water ratio of 0%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, and 90%, respectively.

Characterization: Transmission Electron Microscopy (TEM) was con-
ducted using Talos F200X equipment to attain high-resolution imagery,
which was set to function at an acceleration voltage of 200 kilovolts.
Fourier Transform Infrared (FT-IR) Spectroscopy analyses were conducted
utilizing a Bruker VERTEX70 device. Meanwhile, X-ray Photoelectron Spec-
troscopy (XPS) spectra were recorded via an ESCALAB Xi+ spectrometer.
The equilibrium absorption and PL spectral characteristics of the spec-
imens were measured employing a UV-2600 spectrophotometer for ab-
sorption and an FLS920 spectrophotometer (manufactured by Edinburgh
Instruments) for PL. The PLQYs measurements were conducted using an
FLS980 spectrometer from Edinburgh Instruments, which was equipped
with an integrating sphere internally coated with polytetrafluoroethylene,
and the samples were excited at a wavelength of 410 nm. The TCSPC tech-
nology was used to explore the TRPL of Lx-CDs.

Quantum Calculation and Molecular Dynamics Simulation: The quan-
tum calculations were based on the Gaussian 09 program under the
DFT and time-dependent (TD)-DFT.[87–89] Concretely, the ground state
for the optimization and excited properties involving charge-transfer
excitation was carried out using CAM-B3LYP functional.[90] The C, H, O,
N, and S atoms were calculated using the 6–31G (d) basis set.[91] The
M06-2X method was implemented to optimize aggregates, including the
multiple interactions.[92] Gaussian Sum program[93] was implemented to
calculate the projected density of state (PDOS) of the molecular-specific
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contribution tendency to the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the Lx-CDs.
Finally, charge difference density (CDD) and charge transfer images were
employed by the Multiwfn 3.6 program.[94]

Molecular dynamics simulations constructed initial models for all stud-
ied aggregates.[45,95,96] Initially, crystal unit cells for the isolated molecules
were generated using their optimized geometries. Subsequently, the stack-
ing configurations were predicted employing the Dreiding force field, with
the polymorph prediction calculations limited to ten space groups. The
Particle Mesh Ewald method was utilized to compute the electrostatic in-
teractions in aggregates. Following this, the initial energy minimization
under 3D periodic boundary conditions allows for the prediction of the
morphology of the research systems. The systems were then equilibrated
using the canonical ensemble, followed by the isothermal-isobaric ensem-
ble at a constant pressure of 1 bar and temperature of 300 K. Eventually,
the geometric structures were optimized using quantum calculation.
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Supporting Information is available from the Wiley Online Library or from
the author.
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