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Methods for sample preparation
TEM. Vacuum-dried GQD samples (1 mg) were dissolved in hexane (1 ml). The solution (10 μl) was dropped onto a CF300-Cu TEM grid (Electron Microscopy Sciences) and dried for 12 h at 80 ºC in vacuum.

Raman spectroscopy. Vacuum-dried GQD samples (10 mg) were dissolved in toluene (1 ml). An aliquot of the solution (100 μl) was spin-cast on gold-coated silicon substrates and dried for 12 h in air.
X-ray photoelectron spectroscopy. Vacuum-dried GQD samples (10 mg) were dissolved in toluene (1 ml). An aliquot of the solution (100 μl) was spin-cast on gold-coated silicon substrates and dried for 12 h in air. 
Nuclear magnetic resonance. Vacuum-dried GQD samples (100 mg) were dissolved in deuterated chloroform (1 ml). The solution was transferred into 600 MHz nuclear magnetic resonance sample tubes (Optima) and sealed by Teflon tapes. 
Infrared spectroscopy. Vacuum-dried GQD samples (100 mg) were dissolved in anhydrous toluene (1 ml). An aliquot of the solution (100 μl) was dropped onto a KBr window (Pike Technologies), dried for 12 h under high-purity nitrogen flow and sandwiched with another KBr window. This pair of KBr windows with GQD samples was mounted on a demountable cell.

Kelvin probe force microscopy. Vacuum-dried GQD samples (10 mg) were dissolved in toluene (1 ml). An aliquot of the solution (100 μl) was spin-cast on gold-coated silicon substrates and dried for 12 h in air. The probe was calibrated by using a gold substrate.

Ultraviolet photoelectron spectroscopy. Vacuum-dried GQD samples (10 mg) were dissolved in toluene (1 ml). An aliquot of the solution (100 μl) was spin-cast on gold-coated silicon substrates and dried for 12 h in air. 
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Figure S1. X-ray photoelectron spectra (N1s) of bare GQDs (a), 1 (b), 2 (c) and 3 (d).

Table S1. Atomic ratios of our GQDs. 

	Sample
	Atomic ratio (%)

	
	C
	N
	O
	S

	Bare
	91
	1.03
	5.84
	~0

	1
	73.75
	12.47
	11.79
	~0

	2
	78.38
	7.02
	12.88
	~0

	3
	81.59
	6.63
	8.16
	1.83
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Figure S2. X-ray photoelectron spectra (C1s) of bare GQDs (a), 1 (b), 2 (c) and 3 (d).
The x-ray photoelectron spectroscopy data were deconvoluted on the basis of “Handbook of X-ray Photoelectron Spectroscopy” by Moulder et al. We detected a slight shift (~2 eV) in the binding energy of the chemical bondings with respect to the literature values (CC = 284.5 eV; CN = 286-288 eV; CO = 286-290 eV; CS = 286-287 eV) due to a high dipole moment of our GQDs. The CS bonding was only found in 3 due to its (methylthio)aniline ligands.  
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Figure S3. 13C NMR data of bare GQDs.
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Figure S4. 13C NMR data of 6-aminoquinoline (a), 1 (b), 4-methoxyaniline (c), 2 (d), 4-(methylthio)aniline (e) and 3 (f).
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Figure S5. Infrared spectra of bare GQDs (a), 1 (b), 2 (c) and 3 (d).
The peak at around 3500 cm−1 for NH stretching is attributed to the amine group of oleylamine and diminished after the functionalization. The peak at around 3000 cm−1 represents CH stretching. The band of peaks at around 1500 cm−1 for CN stretching, NH bending of amide, C=O stretching of amide is attributed to the aniline derivatives that are bonded with the edge functional groups of our GQDs. The peak at around 1200 cm−1 for CO stretching is attributed to carboxyl groups such as carboxylic acid and aldehyde that exist at the edge of the GQDs. 
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Figure S6. (a−d) TEM images of bare GQDs (a), 1 (b), 2 (c) and 3 (d) for size statistics (scale bars, 10 nm). (e) Size distribution of all samples. Population ratios below 0.5% are not shown. (f) Diffraction pattern of GQDs. 
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Figure S7. Raman spectra of bare GQDs (a), 1 (b), 2 (c) and 3 (d).


[image: image8]
Figure S8. Photo of photoluminescence of our GQDs under UV light (312 nm) irradiation.
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Figure S9. Photoluminescence excitation contour maps of 1 (a), 2 (b) and 3 (c) as a function of the degree of functionalization (left column: low; middle column: medium; right column: high).
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Figure S10. Photoluminescence emission contour maps of 1 (a), 2 (b) and 3 (c) as a function of the degree of functionalization (left column: low; middle column: medium; right column: high). 
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Figure S11. X-ray photoelectron spectra of 1 (N1s, a), 2 (O1s, b) and 3 (S2p, c) as a function of the degree of functionalization (left column: low; middle column: medium; right column: high).
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Figure S12. X-ray photoelectron spectra (C1s) of 1 (a), 2 (b) and 3 (c) as a function of the degree of functionalization (left column: low; middle column: medium; right column: high).
Table S2. Atomic ratios of our functionalized GQDs as a function of the degree of functionalization.

	Sample
	Degree
	Atomic ratio (%)

	
	
	C1s
	N1s
	O1s
	S2p

	1
	Low
	75.10
	9.76
	11.49
	~0

	
	Medium
	76.42
	10.87
	11.89
	~0

	
	High
	75.75
	12.47
	11.45
	~0

	2
	Low
	81.55
	5.64
	11.04
	~0

	
	Medium
	80.39
	5.88
	11.99
	~0

	
	High
	79.47
	6.86
	12.88
	~0

	3
	Low
	81.79
	5.21
	8.75
	0.73

	
	Medium
	81.86
	5.58
	9.94
	0.99

	
	High
	80.95
	6.02
	9.01
	1.37
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Figure S13. Proposed electronic structure of bare (a) and functionalized (b) GQDs.
Table S3. Decay times of photoexcited electrons in GQDs.
	Sample
	λpr (nm)
	τr (ps)
	τs (ps)

	Bare
	500
	17.6
	740

	1
	520
	4.25
	219

	2
	580
	3.91
	220

	3
	600
	1.31
	103


The decay profiles were fitted to bi-exponential functions, which indicates that the decay of photoexcited carriers would take place through two relaxation pathways. Table S3 summarizes the fitting results. In few picoseconds, the carriers were relaxed to the LUMO level of the GQD core. These carriers were then trapped to the photoluminescence (PL) centers in the core (bare GQDs) or in the ligands (functionalized GQDs). The PL centers in the core have many different energy levels so that can disturb the relaxation process, which results in the long carrier trapping time of bare GQDs. The extrinsic PL centers of the functionalized GQDs were generated by the ligand molecules that have well-defined energy structures. Thus, the functionalized GQDs exhibited relatively shorter carrier trapping times.
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Figure S14. Ultraviolet photoelectron spectroscopy data of functionalized GQDs.
Seki and coworkers have suggested a mathematical method to extract the highest occupied molecular orbital (HOMO) level of organic semiconductor deposited on a metal film (typically Au) from ultraviolet photoelectron spectroscopy (S1). The HOMO level (EHOMO) can be calculated by using the following equation:
EHOMO = εF + Φm – Δ

, where εF is the difference between the Fermi edges of metal and organic semiconductor, Φm is the work function of metal (5.1 eV for Au), and Δ is the vacuum shift (the difference between the secondary cutoffs of metal and organic semiconductor). We note that εF and Δ are due to higher electron-binding energy of organic semiconductor relative to metal and the presence of a dipole moment at the interface, respectively. 
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Figure S15. Kelvin probe analyses of bare GQDs (a), 1 (b), 2 (c) and 3 (d). 

The Fermi levels of our GQDs were similar to each other because of their high dipole moments. This result indicates that the HOMO levels of our GQDs were located deeper than 4.2−4.5 eV with respect to the vacuum level. 
Table S4. Estimation of energy levels of functionalized GQDs.
	Sample
	λex,onset
(nm)
	Energy gap
(eV)
	HOMO

(eV)
	LUMO 

(eV)

	1
	500
	2.48
	5.21
	2.73

	2
	560
	2.21
	6.60
	4.39

	3
	590
	2.10
	7.03
	4.93


Photoluminescence excitation onset wavelengths (λex,onset) were extracted from Fig. 2. These onset values could be matched with the changes in the light absorption spectra (Fig. 1c). The λex,onset values were converted into the energy unit (eV) to obtain the energy gaps. The energy gaps were added to the HOMO levels (Fig. S14) to estimate the LUMO levels. 
Table S5. Comparison with previous literatures. 
	ref.
	material
	light-emitting

mechanism
	emission 

color
	linewidth

(nm)
	maximum

efficiency
	maximum

luminance

(cd m−2)
	EQE

(%)

	S2
	carbon

nanodot
	phosphor
	white
	> 100
	30 lm W−1
	-
	

	S3
	carbon

nanodot
	phosphor
	blue

orange

white
	> 100
	-
	-
	

	S4 
	carbon

nanodot
	phosphor
	white
	> 100
	-
	-
	

	S5
	carbon

nanodot
	phosphor
	yellow

white
	> 100
	-
	-
	

	S6
	carbon

nanodot
	phosphor
	white
	> 100
	-
	-
	

	S7
	carbon nanoring
	phosphor
	white
	> 100
	-
	-
	

	S8
	carbon

nanodot
	phosphor
	white
	> 100
	100 lm W−1
	-
	

	S9
	carbon

nanodot
	phosphor
	white
	> 100
	108 lm W−1
	-
	

	S10
	carbon

nanodot
	phosphor
	white
	> 100
	-
	-
	

	S11
	GQD
	electro-

luminescence
	orange
	~100
	-
	-
	

	S12
	carbon

nanodot
	electro-

luminescence
	white
	> 100
	0.022 cd A−1
	~20
	0.083

	S13
	GQD
	electro-

luminescence
	white
	~100
	0.06 cd A−1
	~10
	0.1

	S14
	carbon

nanodot
	electro-

luminescence
	blue

cyan

magenta

white
	> 100
	0.018 cd A−1
	61
	-

	S15
	GQD
	electro-
luminescence
	blue
	~100
	0.65 cd A−1 
	~1000
	-

	our work
	GQD
	electro-

luminescence
	green

orange

red
	~50
	3.47 cd A−1
	390
	1.28
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Figure S16. Current density versus voltage (a), luminance versus voltage (b), EQE versus voltage (c) and current efficiency versus voltage (d) characteristics of host-only LEDs. 
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Figure S17. CIE coordinates of host-only LEDs. The gray dots and lines represent the National Television System Committee standard color triangle. 
[image: image18.png]EL intensity (a.u.)

o
N
T

Current density (mA/cm?)

=)
T

o o
o ®
T T

o
~
T

0.0 . . . s L
400 450 500 550 600 650 700 750

30
—o—5 wt%
—o—10 wt%
——20 wt%

20F

10F

0
0 4 8 12
Voltage (V)
10

—— 5 wt%
—o— 10 wt%
—4—20 wt%

Voltage (V)

—o—5wt%
—o— 10 wt%
—&—20 wt%

Wavelength (nm)

(o3

1000
—o— 5 wt%

100 f—o— 10 wt%
. —4—20 wt%
e 10}
3
=2
g 't
g
c 01}
£
3
= 001}

1E3 . . . . .

0 2 4 6 8 10 12 14
Voltage (V)

1

0.

Current efficiency (cd/A)

0.0

Intensity (a.u.)

0

1

—a—5wt%
—o— 10 wt%
—a—20 wt%

1
4

8

Voltage (V)

10 12

400 500 600
A (nm)

700

—=—8V
—e—9
—4—10
1
——12
——13
—— 14
—e—15
—e— 16
—— 17

800




Figure S18. Current density versus voltage (a), luminance versus voltage (b), EQE versus voltage (c), current efficiency versus voltage (d), and intensity versus wavelength (e) characteristics as a function of the concentration of 1 in the host matrix of 1 LEDs. Voltage-dependent electroluminescence spectra of 1 LEDs (f). 
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Figure S19. CIE coordinates of 1 LEDs. The gray dots and lines represent the National Television System Committee standard color triangle.
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Figure S20. Current density versus voltage (a), luminance versus voltage (b), EQE versus voltage (c), current efficiency versus voltage (d), and intensity versus wavelength (e) characteristics as a function of the concentration of 2 in the host matrix of 2 LEDs.
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Figure S21. CIE coordinates of 2 LEDs. The gray dots and lines represent the National Television System Committee standard color triangle.
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Figure S22. Current density versus voltage (a), luminance versus voltage (b), EQE versus voltage (c), current efficiency versus voltage (d), and intensity versus wavelength (e) characteristics as a function of the concentration of 3 in the host matrix of 3 LEDs.
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Figure S23. CIE coordinates of 3 LEDs. The gray dots and lines represent the National Television System Committee standard color triangle.
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Figure S24. (a) Photograph of the integrating sphere setup used in the measurements (b) Absolute fluorescence quantum yields of functionalized GQDs calculated by using Jasco Spectra Manager II Software. 
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