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A B S T R A C T   

Poly(glycerol) (PG) is one of the most promising platforms for the surface modification of nanomaterials especially for in vivo applications. Since the “grafting-from” 
process is facile to functionalize the nanomaterial surface covalently through the ring-opening polymerization of glycidol (GD), it has been applied to a variety of 
nanomaterials. The resulting numerous hydroxy groups in the hyperbranched structure serve as scaffolds for further functionalization and provide good dispersibility 
under physiological conditions. On the other hand, nanodiamond (ND) is a nanomaterial most intensely worked with PG because of its prominent properties 
including fluorescence from color centers. Despite the wide-spread use, the process has not been extended to be scalable and controllable. In addition, the structural 
details of PG chain on ND surface are yet elusive. In this work, we develop more scalable and safer PG functionalization of NDs by dropwise-addition of GD to 
ethylene glycol (EG) suspension of ND. The resulting PG amount can be controlled or even estimated by the reaction conditions (weights of GD, ND and EG) and the 
ND properties (diameter and oxygen content). The structure of PG chain was qualitatively and quantitatively analyzed by 13C nuclear magnetic resonance (NMR) and 
dynamic light scattering (DLS) measurements. Based on these results, the structure of PG is elucidated.   

1. Introduction 

For practical use of nanoparticles (NPs) such as in vivo applications, 
the dispersibility of NPs in the aqueous environment is essential. Poly 
(glycerol) (PG) is one of the most promising hydrophilic coatings for NPs 
due to its hydrophilicity and biocompatibility as well as protein- 
repellent property [1‒3]. Although PG coating has been employed to 
functionalize the surfaces of various NPs [4‒6], we found the direct 
“grafting-from” process to initiate the ring-opening polymerization of 
glycidol (GD) directly from the NP surface without any precoating under 
neutral conditions without any additives. This finding made the reaction 
process much simpler and the PG coating much denser. The resulting 
numerous hydroxy groups in PG layer gave high aqueous dispersibility 
and high extensibility for further functionalization to NPs [7]. While our 
direct “grafting-from” PG functionalization is found to apply to various 
NPs such as superparamagnetic iron oxide, boron carbide and titanium 
oxide NPs [8‒10], nanodiamonds (NDs) including detonation ND (DND) 
and high pressure high temperature ND (HPHT-ND) have been investi
gated most intensively for their in vivo applications for sensing and 

imaging [11‒22], and treatment [23‒26]. Actually, several reviews 
including PG functionalized ND (ND-PG) have been published for the 
recent two years [7,27‒32]. Despite the wide-spread use of the simple 
process, the “grafting from” methodology has not been extended to be 
scalable and controllable. In addition, the detailed molecular structure 
of PG on the ND surface is elusive, though the polymer structure and 
polymerization mechanism were reported for the PG without any core 
materials, namely free PG [33‒36]. The recent investigation on the 
colloidal stability of DND-PG also motivated us to elucidate the chemical 
structure of PG on the surface of NDs [37]. 

In this work, we developed a PG functionalization process through 
dropwise addition of GD to ND suspension in ethylene glycol (EG), 
making the process safer and scalable by keeping the concentration of 
GD much lower than the previous conditions without solvent during the 
reaction. The thorough elucidation of the reactions enabled us to control 
the PG amount for NDs theoretically by the properties of ND (diameter 
and oxygen content) and the reaction conditions (weights of GD, ND and 
EG). The chemical structures of these ND-PG were elucidated by 13C 
NMR measurements using inverse gated decoupling and dynamic light 
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scattering (DLS) measurements in various media with different ionic 
strength. These elucidations should give us an insight for structural 
design of PG functionalized NPs (NP-PGs) for advanced applications and 
fundamental understanding of various phenomena of NP-PGs. 

2. Results and discussion 

2.1. Elucidation of the scalable and controllable synthesis of ND-PG 

PG functionalization was employed for four kinds of NDs; DNDs of 
4–6 nm in their primary particle sizes with positive and negative ζ-po
tentials (DND(+) and DND(− ), respectively), and HPHT-ND of 50 nm 
size (ND50) with and without acid treatment (ND50(A) and ND50(N), 
respectively). DND(+) and DND(− ) were prepared by annealing of DND 
with hydrogen and oxygen, respectively (see details in Experimental) 
[38,39]. ND50(A) and ND50(N) were prepared from as-received ND50 
by treating with a mixture of H2SO4 and HNO3 and by drying to remove 
adsorbed moisture, respectively. The oxygen contents in these NDs 
(OND) were determined by elemental analysis to estimate the number of 
oxygen-containing functional groups on the surface (Table 1). 

In the case of free PG without ND core, it is known that the degree of 
polymerization is controlled by the ratio between GD and a substrate 
(alcohol, acid or alkoxide) under homogeneous conditions [33‒36]. 
Although the PG/ND ratio is reported to be controlled in the PG func
tionalization of ND by the reaction temperature and time [2], the re
action should not be controlled appropriately, as the scale increases, due 
to the large heat generation by GD (92–109 kJ/mol for a similar epoxy 
compound [40]). To make the reaction much safer, more scalable and 
more controllable, we added GD dropwise into DND suspension in EG 
[26]. EG was used as a solvent because of the high boiling point (197 ◦C) 
above the reaction temperature of the PG functionalization and high 
polarity to dissolve GD and disperse ND-PG (Figs. S1–1), though the 
starting materials, DND and ND50, were not fully dispersed. 

Under the conditions to add GD dropwise to the ND suspension in EG, 
the PG content was controlled by changing the amounts of GD and EG, 
and the reaction temperatures to give ten kinds of ND-PG in addition to 
DND(+) with extrahigh PG content (DND(+)-PG(xh)) prepared under 

the previous conditions without solvent [24]; DND(+)-PG(xl), -PG(l), 
-PG(m), -PG(h), DND(− )-PG(l), -PG(m), -PG(h), ND50(N)-PG(l), -PG 
(m), and ND50(A)-PG where xl, l, m and h denote the extralow, low, 
medium, and high PG contents, respectively (Table 1). For DND-PGs, the 
amount of EG (WEG) as a solvent was determined so that the final con
centration of DND is 1.6–2 wt%. The final weight of GD over ND weight 
(WGD/WND) was adjusted according to the PG content from 0.324 (xl) to 
0.833 (xh). The PG/ND weight ratios (WPG/WND) and PG contents 
(WPG/(WPG + WND)) were determined by thermogravimetric analysis 
(TGA) shown in Tables 1 and S2-1, and Figs. S2-1 and S2-2. The PG 
contents are also calculated based on the results of elemental analysis 
shown in Tables S2-2 and S2-3, giving consistent results with those 
determined by TGA. 

As shown in Fig. 1a, WPG/WGD corresponding to the weight of GD 
immobilized on the ND surface (WPG) against total amount of GD (WGD) 
is found to be proportional to WGD against the weight of DND(+) (WDND 

(+)), namely WGD/WDND(+). The larger PG content is obtained in DND 
(+)-PG(xh) under the previously reported conditions, which are 
different from those in the reactions for the other DND(+)-PGs. That is, a 
suspension of DND(+) in GD without EG was reacted at higher tem
perature, instead of dropwise addition of GD to DND(+) suspension in 
EG (see the details in Experimental). Surprisingly, the result of DND 
(+)-PG(xh) is placed on the linear plots drawn by those of the other DND 
(+)-PGs (blue squares with blue dotted line in Fig. 1a). The following eq. 
(1) is derived from Fig. 1a and Table 1. 

WPG/WGD = 0.00110 × WGD
/

WDND(+) (1)  

WPG = 0.00110 × WGD
2/WDND(+) (2) 

The eq. (2) derived from eq. (1) indicates that WPG is proportionate 
to the square of WGD. This can be interpreted by the reaction mechanism; 
one GD molecule reacted with PG chain generates two hydroxy groups 
in either cationic or anionic mechanism (Fig. 2), which can react with 
two GD molecules to increase WPG quadratically. The eq. (2) also shows 
that WPG can be determined solely by WGD and WDND(+), not by the 
concentrations of DND(+) and GD (WDND(+)/WEG and WGD/WEG, 
respectively) nor by the reaction temperature. These phenomena 

Table 1 
Summary of ND property, reaction conditions and results in PG functionalization of NDs.   

DND(+)-PG 
(xl) 

DND(+)-PG 
(l) 

DND(+)-PG 
(m) 

DND(+)-PG 
(h) 

DND(+)-PG 
(xh) 

DND(− )-PG 
(l) 

DND(− )-PG 
(m) 

DND(− )-PG 
(h) 

ND (raw material) 
Oxygen content (OND, x 10− 2)a 5.14 5.14 4.84 4.84 4.84 9.51 9.51 9.51 

Reaction conditions 
Ethylene glycol (EG) (WEG/WND) 30.0 30.0 15.0 7.50 – 30.0 30.0 15.0 
Glycidol (GD) (WGD/WND) 22.4 30.0 45.0 52.7 65.7 22.5 30.0 45.0 
Temperature (◦C) 100 100 100 100 140 100 100 100 

Results 
PG/ND ratio by TGA (WPG/WND) 0.48 0.99 2.29 2.80 4.99 1.43 1.84 3.62 
PG content (WPG/(WPG + WND)) 0.324 0.498 0.696 0.737 0.833 0.588 0.648 0.784 
Consumption of GD (WPG/WGD) 0.0214 0.0330 0.0509 0.0531 0.0760 0.0635 0.0613 0.0804   

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

ND (raw material) 
Oxygen content (OND, x 10− 2)a 2.69 2.69 2.92 

Reaction conditions 
Ethylene glycol (EG) (WEG/WND) 6.50 6.50 6.84 
Glycidol (GD) (WGD/WND) 80 108 107 
Temperature (◦C) 140 140 140 

Results 
PG/ND ratio by TGA (WPG/WND) 0.69 0.85 1.19 
PG content (WPG/(WPG + WND)) 0.408 0.458 0.542 
Consumption of GD (WPG/WGD) 0.00861 0.00787 0.0111  

a Determined by elemental analysis. 
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indicate that the reactions of GD with EG and GD are much slower than 
those of GD with PG in ND-PG and/or free PG in the reaction mixture. In 
other words, the hydroxy groups in EG and GD are much less reactive 
than those in PG. To confirm this experimentally, the reactions under 

more diluted conditions were conducted in 3, 5 and 6 times larger WEG/ 
WDND(+), corresponding to DND(+)-PG(m)-d1, -d2 and -d3 in Table 2 
respectively, than that in DND(+)-PG(m) in Table 1. Based on the PG 
contents determined by TGA (Tables 2 and S3-1, and Figs. S3–1), WPG/ 

Fig. 1. Relationships of the experimental results (WPG/WGD) with the calculated values from the equations based on the reaction conditions (WGD, WEG and WND) and 
the ND properties (OND and DND); a) WGD and WND in eq. (1), b) WEG and WDND(+) in eq. (3), c) WGD, WEG and WND in eq. (4), d) WGD, WEG, WND and OND in eq. (5), 
and e) WGD, WEG, WND, OND and DND in eq. (6). The inset shows the magnification of the area of ND50-PGs. (A colour version of this figure can be viewed online.) 

Fig. 2. a) Cationic and b) anionic mechanisms in ring-opening polymerization of GD on ND surface. The red letters stand for the substructures shown in Fig. 3. (A 
colour version of this figure can be viewed online.) 
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WGD is found to have a negative exponential relationship with WEG/ 
WDND(+) as shown in Fig. 1b and eq. (3). The coefficient (y-intercept) 
corresponds to an extrapolated WPG/WGD, when WEG/WDND(+) is 0. 

WPG/WGD = 0.0671
/

e0.0160×WEG/WDND(+) (3) 

In eq. (3), the more diluted conditions with increase of WEG/WDND(+) 
reduces WPG/WGD, meaning that more GD reacts with EG rather than 
DND(+) under the conditions with the same WGD/WDND(+) (45.0 in 
Table 2). When WPG/WGD becomes half of the y-intercept (WEG/WDND 

(+) = 0), WEG/WDND(+) is 43.3 (ln 2/0.0160), which corresponds to >
430 in the ratio of the oxygen contents between EG (OEG = 52 wt%) and 
DND(+) (ODND(+) = ~5 wt% in Table 1) in the reaction mixture. This 
indicates that the reactivity of EG towards GD is much lower than that of 
DND(+), because ratio of the oxygen contents is assumed as that of the 
number of oxygen containing functional groups which are the potential 
reaction sites for GD. Although DND(+) was prepared by heating as- 
synthesized DND under hydrogen atmosphere followed by bead mill
ing (see Experimental), it still shows the IR absorptions at 1717 and 
3109 cm− 1 corresponding to carbonyl and hydroxy groups, respectively 
(Fig. S4–1b) as well as ~5 wt% ODND(+) (Tables 1 and S2-2). Therefore, a 
number of oxygen containing functional groups including hydroxy and 
carboxylic groups may exist and the ring-opening polymerization of GD 
may be facilitated by the protons at carboxylic groups on DND(+) sur
face through cationic mechanism (Fig. 2a). The influence of EG, or 
concentration of DND(+) in EG (WEG/WDND(+)), to WPG/WGD shown in 
Fig. 1b and eq. (3) is incorporated into the linear relationship between 
WPG/WGD and WGD/WDND(+) as shown in Fig. 1a (blue dotted line) and 
eq. (1) to give Fig. 1c (blue squares and dotted line) and eq. (4). The eq. 
(4) consists of the relationship between WGD/WDND(+) and WPG/WGD in 
the former part, and the influence by EG in the latter part. Two co
efficients, 0.00119 and 0.0111, in eq. (4) are determined by a least- 
square method to give good correlations with the experimental results 
(the blue squares and the dotted line in Fig. 1c). 

WPG /WGD = 0.00119 ×
(
WGD

/
WDND(+)

) /
e0.0111×(WEG/WDND(+)) (4)  

When the ζ-potential of DND turned into negative, WPG/WGD in DND 

(− )-PG(l), -PG(m) and -PG(h) are 3.0, 1.9 and 1.6 times as large as WPG/ 
WGD in DND(+)-PG(xl), -PG(l) and -PG(m) prepared under the same 
conditions, respectively (Table 1). This can be attributed to the differ
ence in the oxygen contents (ODND) of DND(+) and DND(− ); 5.14 ×
10− 2 and 4.84 × 10− 2 in ODND(+), and 9.51 × 10− 2 in ODND(− ) (Table 1), 
because the ring-opening polymerization of GD on the surface of DND is 
initiated and/or facilitated by the oxygen containing functional groups 
corresponding to ODND. Although not all the oxygen atoms in DND are 
involved in the reaction, ODND is incorporated into the former part of eq. 
(4) as a multiplier. Meanwhile, it is added as a divisor in the exponential 
part, because the influence of EG relatively decreases as ODND increases. 
The coefficients 0.0238 and 0.000512 in eq. (5) are determined by a 
least-square method to give Fig. 1d (blue squares and red rhombi with 
dotted line), indicating that WPG in DND-PGs can be controlled by ODND, 
WGD, WEG and WDND irrespective of the ζ-potential of DNDs. 

WPG /WGD = 0.0238×(WGD /WDND) × ODND
/

e0.000512×(WEG/WDND)/ODND (5) 

Since the diameters of ND50 and DND are determined to be 43.35 
and 4.96–5.15 nm which will be mentioned below, specific surface area 
of DNDs is calculated to be 8.4–8.7 times larger than that of ND50. Since 
the specific surface area should influence the WPG/WGD in the same 
direction as the oxygen content, the diameters (DND), which is inversely 
proportional to the specific surface area, are incorporated into eq. (5) as 
a divisor of OND for both former and exponential parts as shown in eq. 
(6). The coefficients 0.122 and 0.0000990 are determined in similar 
manners to those of eq. (4) and eq. (5). Since all the results of DND 
(+)-PG (blue squares), DND(− )-PG (red rhombi) and ND50-PG (green 
triangles) are almost on the dotted line as shown in Fig. 1e, it is 
concluded that WPG in the PG functionalization for any NDs is deter
mined by the properties of ND (diameter and oxygen content) and re
action conditions (weights of GD, ND and EG). 

WPG /WGD=0.122×(WGD /WND)×(OND /DND)
/

e0.0000990×(WEG/WND)/(OND/DND)

(6)  

2.2. Structural elucidation of ND-PG by 13C NMR analyses 

The PG chain consists of several substructures of glycerol as shown in 
Fig. 3. On the ring-opening polymerization, 2- and 3-positions of GD (CH 
and CH2 in oxirane ring of 2,3-epoxypropan-1-ol, respectively) are 
subject to nucleophilic attack, giving various structural isomers via two 
possible reaction mechanisms, cationic and anionic ones shown in 
Figs. 2a and b, respectively. There are dendritic (D and D′), linear (L13, 
L13

′ and L14) and terminal (T and T′) glycerol units having three, two and 
one ether linkage(s), respectively (Fig. 3). They are also divided into two 
patterns having ether linkage with the preceding unit at the primary 
carbon (D, L13, L14 and T) and secondary one (D′, L13

′ and T′). The linear 
structures including three and two carbons between the ether linkages 
are L14 unit, and L13 and L13

′ units, respectively. Hereafter, L13 includes 
L13

′ unless otherwise specified, since these two substructures are indis
tinguishable each other in 13C NMR. 

To elucidate the structures in PG on ND quantitatively, solution 
phase 13C NMR (Fig. 4) was measured by inverse gated decoupling 
experiment with repetition time of 8 s which is more than 10 times as 
long as the T1 relaxation time shown in Supporting Information S5. As 
shown in our previous papers, a broad signal from diamond core is 
detected and set at 36.3 ppm as a reference [1,41]. The signals of PG 
chain were assigned by DEPT, HMQC and HMBC spectra described in 
detail in Supporting Information S6 and by previously reported 13C NMR 
spectra of free PG [33–36]. The peak assignments and relative integra
tion values are shown in Table 3 and Fig. S7–1. Since the separation of 
two signals at 73.0 and 72.7 ppm, and 71.4 and 71.1 ppm are not 
enough, they are treated as one peak. 

First, the integral ratio between PG and ND (IPG/IND) leads to their 
weight ratio (WPG/WND) by dividing them with their carbon contents, 
CPG and CND, according to eq. (7). 

Fig. 3. Substructures in PG chain on ND surface. (A colour version of this figure 
can be viewed online.) 

Table 2 
Summary of ND property, reaction conditions and results in PG functionalization 
of NDs under diluted conditions.   

DND(+)-PG 
(m)-d1 

DND(+)-PG 
(m)-d2 

DND(+)-PG 
(m)-d3 

ND (raw material) 
Oxygen content (OND, x 10− 2)a 5.14 4.84 4.84 

Reaction conditions 
Ethylene glycol (EG) (WEG/WND) 90.0 75.0 45.0 
Glycidol (GD) (WGD/WND) 45.0 45.0 45.0 
Temperature (◦C) 100 100 100 

Results 
PG/ND ratio by TGA (WPG/WND) 0.66 0.99 1.52 
PG content (WPG/(WPG + WND)) 0.396 0.497 0.603  

a Determined by elemental analysis. 
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WPG
/

WND =
(
IPG/CPG

) / (
IND/CND

)
(7) 

The WPG/WDND determined by 13C NMR (Table 3), namely (WPG/ 
WDND)NMR, exhibits a linear relationship with that determined by TGA 
(Table 1), namely (WPG/WND)TGA, as shown in Fig. 5a and eq. (8). 

(WPG/WDND)NMR = 1.808 × (WPG/WDND)TGA − 0.529 (8) 

The slope of 1.808 implies that approximately 55% of the carbon 
atoms in the DND core (DND carbons) in DND-PGs are detected by 13C 
NMR, because it should be 1.0 when all the DND carbons are detected. 
The undetected DND carbons (approximately 45%) may be included in 
disordered carbon layer near the surface and/or deep inside the core 
[42,43]. The negative y-intercept shown in Fig. 5a indicates that some of 
the carbon atoms in PG layer (PG carbons) are not detected by 13C NMR 

probably due to the motility inhibition of these PG carbons near the DND 
surface. The undetected PG carbons are calculated to be 29 wt% at 
(WPG/WDND)TGA from the x-intercept at (WPG/WDND)NMR = 0.0 in Fig. 5a 
and eq. (8). The excellent linearity (R2 > 0.99) means that the PG car
bons detected by 13C NMR in weight or number are strictly proportional 
to the PG content determined by TGA regardless of the electrical po
tential of DND. Hereafter, the detailed structures of DND-PGs will be 
discussed quantitatively based on the integration values of the carbon 
atoms detected by inverse gated decoupling measurement. 

A similar relationship is observed in ND50-PGs as shown in Fig. 5b 
and eq. (9), where ND50-PG shows the larger slope and larger negative 
y-intercept than DND-PG. They indicate that only about 24 wt% of the 
ND50 carbons are detected by 13C NMR due to much larger diameter 
than DND, and that 44 wt% of the PG carbons are undetected probably 
due to larger PG carbon content near the ND50 surface. 

(WPG/WND50)NMR = 4.210 × (WPG/WND50)TGA − 1.854 (9) 

Next, the contents of the substructures in PG chain are discussed 
based on their relative abundance determined by the formulas shown in 
Table 4. As the signals in lower magnetic field (85‒80 ppm) are split 
with low signal/noise (S/N) ratio, the integration values in this region 
are not used. The results are shown in Table 5. The degree of branching 
(DB) is determined by eq. (10), representing the reactivity of hydroxy 
groups in the ring-opening polymerization. 

DB= 2D / (2D+ L13 +L14) (10) 

DB should be between 0.0 for linear structure and 1.0 for complete 
dendritic structure. It would be around 0.5, if the ring-opening reaction 
of GD, or the chain extension of PG, happens at the all the hydroxy 
groups at equal possibility [33,44]. As shown in Table 5, DB values of 
DND-PGs range from 0.47 to 0.58 which are in the same range as that of 
free PG, indicating that steric and electrostatic effects of DND is negli
gible in the ring-opening polymerization on DND surface. This supports 
the above assumption of almost the same reactivity of the PG layer with 
or without ND core. 

As for the contents of the substructures, L13 and L14 in the DND-PG 
are found to linearly correlate with the WPG/WDND as shown in Fig. 6. 
1H NMR spectra also support the relationship qualitatively (Fig. S7–2); 
the signal height at 4.11 ppm corresponding to 2-position of L14 sub
structure (‒CH(OH)‒) increases according to the increase of WPG/ 
WDND. This phenomenon can be interpreted by the reaction mechanism 
of the oxirane ring opening in GD (Figs. 2a and b). In cationic mecha
nism, the nucleophilic attack at 2-position leading to L13

′ and T′ is 
considered to happen more frequently than that to 3-position, because 
the carbon at 2-position is more electrophilic than that at 3-position 
(Fig. 2a). In contrast, the nucleophilic attack at the 3-position of GD 
leading to L14 is favored more than that at the 2-position leading to L13

′

in anionic mechanism, because the steric hindrance become larger at the 
higher WPG/WDND (Fig. 2b). There may be a contribution of cationic 
mechanism in DND-PGs judging from the fact of the existence of T′

substructure, which is characteristic of the cationic mechanism [35,36]. 
The higher L13 abundance must be due to the contribution of L13

′

derived from T′ structure. The observation in Fig. 6 under the circum
stances can be interpreted that the nucleophilic attack at 3-position is 
facilitated by the steric hindrance increasing along with the extension of 
PG chain, making the L14 abundance larger. 

The contents of the substructures (Table 5) are also correlated with 
those of primary and secondary hydroxy groups. Since the primary hy
droxy groups are in T, T′ and L13 substructures, their contents are 
calculated to be 49–58% for DND-PGs and 66–77% for ND50-PGs out of 
the total hydroxy groups, and 28–53% and 32–58%, respectively, for 
hydroxy group in 13C NMR detectable PG layer (Table 6). In terms of the 
further chemical modification, the higher abundance of primary hy
droxy group especially in 13C NMR detectable PG layer would be 
preferable. 

Fig. 4. 13C NMR spectra of ND-PGs in D2O. Chemical shift of the peak top of 
diamond core is adjusted to 36.3 ppm as a reference. 
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2.3. Structural elucidation of ND-PG by DLS measurements 

The thickness of PG layer is calculated from the difference between 
the hydrodynamic diameter of ND-PG determined by DLS and the ND 

core size. The DLS of ND-PG was measured in water and 10 mM NaCl, 
since it has been reported that ionic strength of the medium affects the 
behavior of ND-PG in dispersion [37]. Among the data processing on 
number, volume and intensity (scattered light intensity) bases, the 
number basis is adopted for discussion. 

To determine the sizes of ND-PGs, we first investigated their con
centration dependence on the DLS size as shown in Fig. 7. DLS results 
were not corrected by the viscosity of dispersion, since no significant 
change in viscosity was observed in the concentration range of 0.1–1.0% 
(Table S8–1). A significant concentration dependence is observed in 
both DND(+)-PG(m) and ND50(A)-PG in water. ND-PGs with higher 
concentration exhibits smaller size as shown in Figs. 7a and c, while ND- 
PGs in 10 mM NaCl show almost no concentration dependence (Figs. 7b 
and d). This discrepancy can be interpreted by the difference in 
dispersion state with different ionic strengths. In the literature [37], the 
cryogenic transmission electron microscopy (Cryo-TEM) analysis 

Table 3 
Signal assignments of 13C NMR of ND-PG and relative integration values of each peak by inverse gated decoupling experiments.  

Chemical shift 
(ppm)a 

Assignment Relative integration values of PG chain signals 

DND(+)-PG 
(xl) 

DND(+)-PG 
(l) 

DND(+)-PG 
(m) 

DND(+)-PG 
(h) 

DND(+)-PG 
(xh) 

DND(− )-PG 
(l) 

DND(− )-PG 
(m) 

DND(− )-PG 
(h) 

83.4 T′ 1.47 2.05 1.61 1.03 1.05 1.17 1.26 1.35 
81.7 L13

b 5.46 5.52 5.01 4.77 4.64 4.67 4.68 4.73 
80.2 D (D′) 5.62 6.05 4.89 4.87 5.94 5.79 6.79 7.15 
74.4 L14, T 23.15 23.53 24.47 24.58 25.52 23.43 22.71 22.68 
73.0, 72.7 T, D, L14 31.21 30.22 30.63 30.61 30.79 32.39 32.06 31.96 
71.4, 71.1 L13

b, L14 14.75 14.14 15.51 16.59 16.34 14.63 14.88 15.39 
64.9 T 9.13 9.74 9.94 9.60 8.51 9.80 9.67 9.02 
63.6 T′ 2.12 2.05 1.61 1.89 1.62 2.21 1.93 1.77 
63.1 L13

b 7.09 6.69 6.33 6.07 5.59 5.92 6.03 5.93 

36.3 DND corec 278.0 148.7 58.16 38.91 21.16 80.74 62.23 28.76 

(WPG/WDND)NMR 0.65 1.21 3.17 4.74 8.71 2.08 2.70 5.84  

Chemical shift (ppm)a Assignment Relative integration values of PG chain signals 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

83.4 T′ 1.66 3.79 3.25 
81.7 L13

b 4.14 5.56 5.33 
80.2 D (D′) 6.08 10.61 9.86 
74.4 L14, T 23.76 15.15 15.27 
73.0, 72.7 T, D, L14 32.60 28.28 30.26 
71.4, 71.1 L13

b, L14 12.16 13.89 13.82 
64.9 T 11.19 7.58 7.77 
63.6 T′ 2.35 5.56 5.06 
63.1 L13

b 6.08 9.60 9.49 

36.3 ND50 corec 186.74 112.88 61.97 

(WPG/WND50)NMR 1.05 1.73 3.15  

a Chemical shift at peak-top of each signal. 
b L13 includes L13

′. 
c The value when the sum of the values of PG carbon is 100. 

Fig. 5. Relationship in a) PG/DND and b) PG/ND50 weight ratios between TGA ((WPG/WND)TGA) and 13C NMR integration values ((WPG/WND)NMR). DND and ND50 
include a) DND(+) and DND(− ), and b) ND50(N) and ND50(A), respectively. (A colour version of this figure can be viewed online.) 

Table 4 
Formulas to obtain the amount of substructures.  

Substructure Calculation formula for each substructurea 

T I64.9 × 3/2 
T′ I63.6 × 3 
L13 I63.1 × 3 
L14 (I71.4 and 71.1 − I63.1)× 3 
D {I73.0 and 72.7 + I74.4 − 2 × (I71.4 and 71.1 − I63.1) − 2 × I64.9}× 3/ 2  

a Ix: Integration value of peak at x ppm.  
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reveals that DND-PG tends to form aggregates at lower ionic strength 
(10− 7 M), rather than higher one (10− 2 M), in water likely due to the 
electrostatic interaction. As the particle concentration increases, the 
diffusion coefficient increases with the increase of volume fraction, 
resulting in the decrease of hydrodynamic diameter according to the 
Stokes-Einstein equation [45]. At higher concentration especially in 
water, the cooperative diffusion due to diffusion inhibition and the 
rotational diffusion of non-spherical aggregates may be observed as well 
as the translation diffusion of single spherical particles that leads the 
larger diffusion coefficient [46]. The values are approaching to those in 
10 mM NaCl (about 72 nm in Fig. 7d) according to the decrease of 
concentration in ND50(A)-PG due to decrease in the diffusion co
efficients (Fig. 7c). Similar phenomena were observed in DND(+)-PG(m) 
shown in Figs. 7a and b, though the value becomes unstable at the 
concentration too low (<0.016% in water) to obtain sufficient scattered 
light intensity. From these observations, the DLS sizes in 10 mM NaCl at 
0.10% concentration of ND core were adopted for the actual sizes of 
ND-PGs as shown in Fig. 8 and Table 7. DLS results of DND- and 
ND50-PGs in water, 10 mM NaCl and PBS (phosphate buffered saline, 
pH 7.4 including 137 mM NaCl) are summarized in Fig. S8–1 and 
Table S8–2, where the dispersions are confirmed to be stable. 

To determine the ND size, NDs before PG functionalization were 
analyzed by DLS in water as shown in Fig. S8–2. DND(+) and DND(− ) 

exhibit the concentration dependence even at the low concentrations 
such as 0.016 and 0.031%, respectively. The DLS sizes at these low 
concentrations, 32.16 and 25.11 nm, are much larger than the sizes 
evaluated by transmission electron microscopy (TEM) probably due to 
the strong electrostatic interaction [37]. The sizes of DNDs were there
fore determined by BET specific surface area (BET-SSA) to be 5.12 and 
4.96 nm for DND(+) (2 different lots) and 5.15 nm for DND(− ) (Tables 7 
and S9-1). On the other hand, the size of ND50 was determined to be 
43.35 nm by DLS at the low concentrations of 0.063–0.008% (Table 7 
and Fig. S8–2), although the concentration dependence was observed at 
higher concentrations. Contrary to the case of DNDs, the calculated 
diameter of ND50 from BET-SSA is 21.1–20.4 nm (2 samples, 
Table S9–1), which seems to be much smaller than the diameters of 
commercial ND50 in microscopic images shown in previous reports 
[47–50]. It would be due to the non-spherical shape of crashed HPHT 
diamond, or existence of cracks and defects, whereas DNDs are almost 
spherical shape. 

Based on the above results in the sizes of ND-PGs and NDs (Table 7), 
the lengths of PG chain on NDs are estimated; 5.34–11.44 nm for DND 
(+)-PG(xl) to DND(+)-PG(xh) corresponding to 11–24 generations, and 
5.7–14.60 nm for ND50-PGs corresponding to 13–31 generations, if the 
length of the one glycerol unit is assumed to be 0.47 nm (Table 7). On 
the other hand, the calculated numbers of glycerol unit based on the DB 
of 0.47–0.64 (Table 5) exceed those determined experimentally if all PG 
chains on the surface have the full generations; 11–24 for DND(+)-PGs 
and 13–31 for ND50-PGs (Table 7). This indicates that the PG chains 
shorter than these generations should exist on the surface, probably 
because the chain growth may be restricted by the adjacent longer 
chains. Meanwhile, theoretical thickness of PG layer in each ND-PG is 
calculated from the TGA results on the premise that the PG layer densely 
covers the ND surface without void space. Assuming the density of PG 
layer to be 1.261 g/cm3 (the density of glycerol), the thicknesses of PG 
layer and the diameter of ND-PGs are calculated to be 0.81–3.74 nm and 
6.57–12.60 nm for DND-PGs, and 9.29–13.58 nm and 61.93–70.51 nm 
for ND50-PGs as shown in Table 8. 

The PG layer determined above by DLS (Table 7) are 3–7 times as 
thick as that calculated from the TGA results in DND-PG, but they are 
matched in ND50(N)-PG(m) and ND50(A)-PG. In ND50(N)-PG(l), the 
theoretical thickness of PG layer was larger than the DLS result, but it 
can be said that the trend is the same as former two results. The dif
ference indicates that the PG layer on the DND is flexible and swells with 
water to expand their DLS sizes in the aqueous dispersion, while the PG 
on ND50s did not change their shapes in aqueous solutions due to their 
strong intra- and/or inter-polymer chain interactions in a dense and 

Table 5 
Relative abundance of substructures in PG chaina and degree of branching (DB)b.  

Substructure Relative abundances (%) and DB 

DND(+)-PG(xl) DND(+)-PG(l) DND(+)-PG(m) DND(+)-PG(h) DND(+)-PG(xh) DND(− )-PG(l) DND(− )-PG(m) DND(− )-PG(h) 

T 25.1 27.3 28.0 27.0 24.1 27.2 27.4 25.8 
T′ 5.8 5.8 4.5 5.3 4.6 6.1 5.5 5.1 
L13 19.5 18.8 17.8 17.1 15.8 16.4 17.0 16.9 
L14 21.1 20.9 25.9 29.6 30.4 24.2 25.1 27.0 
D 28.6 27.2 23.8 21.0 25.1 26.1 25.1 25.2 

DB 0.58 0.58 0.52 0.47 0.52 0.56 0.54 0.53  

Substructure Relative abundances (%) and DB 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

T 30.6 20.5 20.8 
T′ 6.4 15.1 13.6 
L13 16.6 26.0 25.4 
L14 16.6 11.6 11.6 
D 29.8 26.7 28.6 

DB 0.64 0.59 0.61  

a Total amount of all the substructures in each ND-PG is 100. 
b DB is calculated by eq. (10). 

Fig. 6. Abundance in L13 and L14 substructures in DND-PGs (DND(+) and DND 
(− )) at various (WPG/WND)TGA. (A colour version of this figure can be 
viewed online.) 
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rigid structure. Due to the radial spatial extension on DND particle with 
higher curvature, a void space between the individual PG chains may be 
larger than ND50, which can make PG chains more flexible and 
accommodate more ionic species to dissociate the strong interaction 
between the chains. In ND50s, the PG chain packs more with less void 
space due to the smaller curvature. 

The above discussion is supported by the relationship of WPG/WND by 

TGA with the volume ratio of the expanded structure in 10 mM NaCl to 
the calculated compact structure (Fig. 9). DND-PGs of higher WPG/WND 
have the lower volume ratio, indicating that the density of PG chain 
becomes higher in DND-PG as WPG/WND becomes higher. When the 
ring-opening polymerization proceeds to increase the diameter, the 
curvature of the particle decreases the resulting less spatial extension 
and higher density of PG layer in the expanded structure. The increase of 

Table 6 
Amounts of hydroxy groups in PG layer in various ND-PGs.    

Amount of GD unit and hydroxy group in 1 g of DND-PG 

DND(+)-PG 
(xl) 

DND 
(+)-PG(l) 

DND(+)-PG 
(m) 

DND(+)-PG 
(h) 

DND(+)-PG 
(xh) 

DND 
(− )-PG(l) 

DND(− )-PG 
(m) 

DND(− )-PG 
(h) 

Hydroxy group in whole PG layer (mmol/g)a 4.37 6.72 9.40 9.95 11.24 7.94 8.75 10.58 
Hydroxy group in 13C NMR detectable PG layer 

(mmol/g)a 
2.16 5.56 9.00 9.65 11.13 7.19 8.21 10.38 

Primary hydroxy group in whole PG layer (mmol/ 
g)b 

2.46 3.88 5.16 5.44 5.51 4.43 4.84 5.59 

Primary hydroxy group in 13C NMR detectable PG 
layer (mmol/g) 

1.21 3.20 4.94 5.28 5.45 4.02 4.54 5.49 

Content of primary hydroxy group (%) 56.2 57.7 54.9 54.7 49.0 55.9 55.3 52.9 
Content of primary hydroxy group in 13C NMR 

detectable PG layer (%) 
27.7 47.7 52.6 53.1 48.5 50.5 51.9 51.8   

Amount of GD unit and hydroxy group in 1 g of ND50-PG 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

Hydroxy group in whole PG layer (mmol/g)a 5.51 6.18 7.32 
Hydroxy group in 13C NMR detectable PG layer (mmol/g)a 2.70 3.93 5.79 

Primary hydroxy group in whole PG layer (mmol/g)b 3.63 4.74 5.37 
Primary hydroxy group in 13C NMR detectable PG layer (mmol/g) 1.78 3.01 4.24 

Content of primary hydroxy group (%) 65.9 76.7 73.4 
Content of primary hydroxy group in 13C NMR detectable PG layer (%) 32.3 48.7 58.0  

a Equivalent of the amount of glycerol unit (hydroxy groups on ND surface are not accounted). 
b Assuming that the 13C NMR undetectable part has the same substructure abundances as the 13C NMR detectable part. 

Fig. 7. Concentration dependence of DLS results of a, b) DND(+)-PG(m) and c, d) ND50(A)-PG in a, c) water and b, d) 10 mM NaCl on number basis. The con
centrations are based on the ND core. (A colour version of this figure can be viewed online.) 
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density may relate to the increase of abundance of sterically favored L14 
substructure suggested by 13C NMR described above. In addition, DND- 
PGs from bare DND with higher oxygen content give higher density of 
PG chain. 

3. Conclusions 

We develop a scalable process for PG functionalization of ND using 
EG as a solvent along with dropwise-addition of GD, making the ring- 
opening polymerization of GD safely. DND-PGs and ND50-PGs with 
various PG/ND ratios (WPG/WND) are prepared under various condi
tions. After thorough elucidation of the reaction, it is found that the PG 
amount on ND surface (WPG) can be theoretically controlled by the 
properties of ND, the diameter and the oxygen content of ND core (DND 
and OND, respectively), and the reaction conditions, the weights of GD, 
ND and EG (WGD, WND and WEG, respectively). In 13C NMR analysis of 
the resulting ND-PGs, we estimate the substructure abundances of the 

monomer (glycerol) units, implying that cationic mechanism is prefer
able in the ring-opening reaction of GD. DLS measurement is also per
formed to determine the thickness of PG layer and the length of PG chain 
in 10 mM NaCl, where the more reliable data are obtained than those in 
the other solvents. In addition, the differences in the sizes determined by 
DLS and calculated by TGA indicate that the PG chain in DND-PG might 
be flexible to swell with water in aqueous dispersion probably due to the 
higher curvature of DND. 

The results presented here should provide useful information for the 
quantitative design of further chemical functionalization of ND-PGs 
especially for biomedical application. For example, the substructure 
abundance would be important for a regioselective and stoichiometric 
control of the reaction. In addition, the size information may provide 
new insights for in vivo behavior of the ND-PGs. 

4. Experimental 

4.1. Materials 

DNDs were manufactured by Daicel Corporation (DINNOVARE™). 
ND50 was purchased from Tomei Diamond Corporation. Hydrochloric 
acid, 2,3-epoxypropan-1-ol (GD) and ethylene glycol for PG function
alization, and sodium chloride and 10x phosphate-buffered saline (10x 
D-PBS(− )) for DLS measurement were purchased from FUJIFILM Wako 
Pure Chemical Corporation (Osaka Japan). D2O for 13C and 1H NMR 
measurement was purchased from Tokyo Chemical Industry Co., Ltd. 
(Tokyo Japan). 

4.2. Equipment 

13C and 1H NMR spectra were measured by ECX500 NMR spec
trometer (JEOL). FT-IR spectra were recorded on IR Tracer-100 FT-IR 
spectrometer (Shimadzu) equipped with DiffusIR DRIFT chamber (PIKE 
Technologies). Elemental analyses were conducted at Organic Elemental 
Microanalysis Center of Kyoto University. Thermogravimetric analysis 
(TGA) was performed with TG/DTA 6200 (SII). DLS measurement was 
done by Nanotrac Wave II particle size analyzer (MicrotracMRB). Spe
cific surface area was measured by Belsorp mini-II (Microtrac BEL Cor
poration). Viscosity was measured by EMS-1000 electro magnetically 
spinning viscometer (Kyoto Electronics). 

4.3. Water dispersion of ζ-positive DND (DND(+)) 

DND powder was annealed in H2/N2 (2/98 (v/v)) at 550 ◦C for 2 h. 
Resulting powder was suspended in water (3.0%) and pH was adjusted 
to 3.5, and then agitated vigorously with ZrO2 beads (30 μmφ) at the tip 
speed of 8 m/s for 2 h. ZrO2 beads were removed by decantation and 
then, centrifuged at 20000g for 10 min to give black dispersion. The 

Fig. 8. DLS results of a) DND-PG and b) ND50-PG at ND concentrations of 
0.10% in 10 mM NaCl on number basis. (A colour version of this figure can be 
viewed online.) 

Table 7 
PG chain length calculated from the DLS results in 10 mM NaCl.   

DND(+)-PG 
(xl) 

DND(+)-PG 
(l) 

DND(+)-PG 
(m) 

DND(+)-PG 
(h) 

DND(+)-PG 
(xh) 

DND(− )-PG 
(l) 

DND(− )-PG 
(m) 

DND(− )-PG 
(h) 

DLS size in 10 mM NaCl (nm) 15.64 18.09 21.52 22.50 28.00 18.99 19.21 23.11 
Diameter of ND core (nm) 4.96a 4.96a 5.12a 5.12a 5.12a 5.15a 5.15a 5.15a 

Thickness of PG layer (nm) c 5.34 6.57 8.20 8.69 11.44 6.92 7.03 8.98 
Numbers of generation of PG d 11.4 14.0 17.4 18.5 24.3 14.7 15.0 19.1   

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

DLS size in 10 mM NaCl (nm) 55.61 65.40 72.54 
Diameter of ND core (nm) 43.35 b 43.35 b 43.35 b 

Thickness of PG layer (nm) c 6.13 11.03 14.60 
Numbers of generation of PG d 13.0 23.5 31.1  

a Calculated from BET-SSA. 
b DLS result in water at highly diluted condition. 
c (DLS size in 10 mM NaCl ‒ Diameter of DND core)/2. 
d Assuming that the length of GD unit is 0.47 nm. 
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median hydrodynamic diameter measured by DLS (D50, number basis) 
was 3.89 nm. 

4.4. Water dispersion of ζ-negative DND (DND(− )) 

DND powder was annealed in O2/N2 (4/96 (v/v)) at 420 ◦C for 2 h. 
Resulting powder was suspended in water (3.0%) and pH was adjusted 
to 10.5, and then agitated vigorously with ZrO2 beads (30 μmφ) at the 
tip speed of 8 m/s for 2 h. ZrO2 beads were removed by decantation and 
then, centrifuged at 20000g for 10 min to give black dispersion. The 
median hydrodynamic diameter measured by DLS (D50, number basis) 
was 4.44 nm. 

4.5. DND(+)-PG(xl) 

An aqueous dispersion of ζ-positive DND was evaporated to dryness. 
The solid residue was dried at 105 ◦C for 2 h. To a suspension of resulting 

DND powder (0.50 g) in ethylene glycol (15.0 g), GD (11.3 g, 0.152 mol) 
was added dropwise over 1.5 h to keep the temperature in the range of 
93–109 ◦C. The resulting black dispersion was stirred at the same tem
perature overnight. After the reaction was cooled below 40 ◦C, water 
(40 mL) was added slowly to degrade the unreacted GD. The dispersion 
was diluted with water to ca. 400 mL and concentrated with ultrafil
tration membrane (Ultracel® membrane, 100 kDa) to < 40 mL. The 
concentrate was diluted and concentrated again, which was repeated 
five times, and the weight of resulting black water dispersion was 
adjusted to 50.0 g with water. To remove free PG, 40.0 g of water 
dispersion was ultra-centrifuged at 183400g (50000 rpm) for 2 h. Su
pernatant (80–90% of total amount) was removed carefully and 
remained lower layer was diluted with water, and ultra-centrifuged 
again, which was repeated four times (The centrifugation time ranged 
1.5–2.5 h). The resulting lower layer was adjusted to 40.0 g with water. 
An aliquot of the dispersion was accurately weighed (3.0153 g) and 
dried on heated PTFE sheet. From the weight of the residue (0.0417 g), 
the sample concentration was determined to be 1.38% (w/w). The net 
yield of DND(+)-PG(xl) was 0.55 g from 0.40 g of DND. 

FT-IR (DRIFT with KBr, cm− 1): 3332, 2918, 2875, 1458, 1118, 1078 
(C–O). 1H NMR (500 MHz, D2O): δ ppm 3.42, 3.50, 3.58, 3.75, 3.88. The 
results of TGA (Air atmosphere, 20 ◦C/min) and elemental analysis are 
in Tables S2–1 and S2–2, respectively. 

DND(+)-PG(l) and DND(+)-PG(h) were prepared as the same 
manner except for the quantity of reagents was changed according to the 
values in Table 1 as the quantitative ratio. Yield of DND(+)-PG(h) was 
0.17 g from 0.10 g of DND (corresponds to the size of ultra- 
centrifugation). Yield of DND(+)-PG(h) was 3.06 g from 1.01 g of DND. 

4.6. DND(+)-PG(xh) 

DND powder prepared by above procedure (0.25 g) was suspended in 
GD (5.0 mL = 5.57 g, 0.075 mol). After DND was dispersed to result a 
black dispersion, GD (10.0 mL, 0.15 mol) was additionally added. The 
reaction was stirred at 140 ◦C for 6.5 h. Purification was done in the 
same manner as DND(+)-PG(xl). Yield (net) 1.58 g. 

Table 8 
Calculated thickness of PG layer in compact structure from the TGA results.   

DND(+)-PG 
(xl) 

DND(+)-PG 
(l) 

DND(+)-PG 
(m) 

DND(+)-PG 
(h) 

DND(+)-PG 
(xh) 

DND(− )-PG 
(l) 

DND(− )-PG 
(m) 

DND(− )-PG 
(h) 

PG/ND ratio by TGA 0.48 0.99 2.29 2.80 4.99 1.43 1.84 3.62 
Weight of PG layer (x 10− 18 g/ 

particle) 
0.107 0.221 0.565 0.690 1.230 0.357 0.460 0.904 

Volume of PG (nm3) a 84.9 175.1 447.8 547.5 975.7 283.3 364.5 717.1 
Volume of ND core (nm3) 63.7 63.7 70.4 70.4 70.4 71.4 71.4 71.4 
Calculated diameter of ND-PG (nm) 6.57 7.70 9.97 10.57 12.60 8.78 9.41 11.46 
Calculated thickness of PG (nm) 0.81 1.37 2.42 2.72 3.74 1.82 2.13 3.16 

Numbers of glycerol unit (x 103) b 0.87 1.80 4.59 5.61 10.0 2.90 3.74 7.35 
Thickness ratio (DLS/calculated) c 6.61 4.79 3.39 3.19 3.06 3.81 3.30 2.84 
Volume ratio (DLS/calculated) c 22.84 17.53 11.50 10.76 11.71 12.41 9.99 8.91   

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

PG/ND ratio by TGA 0.69 0.85 1.19 
Weight of PG layer (x 10− 18 g/particle) 103.0 126.9 177.7 
Volume of PG (x 104 nm3) a 8.17 10.1 14.1 
Volume of ND core (x 104 nm3) 4.27 4.27 4.27 
Calculated diameter of ND-PG (nm) 61.93 64.92 70.51 
Calculated thickness of PG (nm) 9.29 10.79 13.58 

Numbers of glycerol unit (x 106) b 0.837 1.03 1.44 
Thickness ratio (DLS/calculated) c 0.66 1.02 1.07 
Volume ratio (DLS/calculated) c 0.58 1.03 1.12  

a Density of PG layer is assumed to be 1.261 g/cm3. 
b Molecular weight of GD is 74.08 (g/mol). 
c Ratio of the size from DLS in 10 mM NaCl to calculated value. 

Fig. 9. Relationship between the PG/ND weight ratio and the volume increase 
ratio of PG layer of compact structure (calculated) to the expanded structure (in 
10 mM NaCl) of DND-PGs. (A colour version of this figure can be 
viewed online.) 
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4.7. DND(− )-PG(m) 

To an aqueous dispersion of ζ-negative DND, 1 M HCl was added to 
adjust pH to about 3.5. The resulting precipitate was collected by 
centrifugation at 30000g for 30 min. The precipitate was washed with 
water once and dried at 70 ◦C in vacuo overnight, then at 120 ◦C for 4 h. 
Using the resulting DND powder, sample was prepared in the same 
manner as DND(+)-PG samples. The net yield of DND(− )-PG was 1.18 g 
from 0.50 g of DND. 

DND(− )-PG(h) and DND(− )-PG(l) were prepared as the same 
manner except for the quantity of reagents was changed according to the 
values in Table 1 as the quantitative ratio. Yield of DND(− )-PG(h) was 
0.91 g from 0.25 g of DND, and DND(− )-PG(l) was 0.52 g from 0.25 g of 
DND. 

4.8. ND50(A)-PG 

ND50 (0.20 g, MD50 from Tomei Diamond) was treated with a 
mixture of conc-H2SO4 (15.0 mL) and HNO3 (70%, 5.0 mL) at 150 ◦C for 
5 h. The treatment mixture was poured into 200 mL of water, and 
centrifuged (20000g, 10 min). Precipitate was washed with water twice 
(40 mL and 25 mL) and dried at 105 ◦C in vacuo to give black powder 
(0.18 g). 

The acid treated ND50 (ND50(A), 0.15 g) was dispersed in ethylene 
glycol (1.03 mL) and heated at 140 ◦C. GD (16.12 g, 0.218 mol) was 
added to the dispersion slowly for 1 h, and the reaction was stirred at the 
same temperature overnight. Work-up and purification was done in the 
same manner as DND(+)-PG(xl) except for the concentration with ul
trafiltration membrane was done only once before the ultracentrifuga
tion. Yield (net) 0.34 g. 

DND(N)-PG(m) and DND(N)-PG(l) were prepared by the same pro
cedure but ND50 was just dried at 105 ◦C in vacuo without acid treat
ment before the reaction (ND50(N)). The net yield of ND50(N)-PG(m) 
was 0.36 g from 0.20 g of ND50(N), and ND50(N)-PG(l) was 0.41 g from 
0.25 g of ND50(N). 

4.9. 13C NMR measurement 

13C NMR measurements were done in 5 mmφ tube at the ND-PG 
concentration of approx. 20% in D2O except for ND50(N)-PG(m) and 
ND50(N)-PG(l) that were measured at 10% and 15%, respectively. All 
measurements were done at 30 ◦C. Chemical shift of diamond core was 
adjusted to 36.3 ppm at the peak top as a reference. 
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[34] D. Wilms, J. Nieberle, J. Klos, H. Löwe, H. Frey, Synthesis of hyperbranched 
polyglycerol in a continuous flow microreactor, Chem. Eng. Technol. 30 (2007) 
1519–1524, https://doi.org/10.1002/ceat.200700277. 

[35] S. Xiaoying, Y. Xiaohui, L. Yunhang, W. Xinling, Synthesis and characterization of a 
multiarm star polymer, J. Polym. Sci. Polym. Chem. 42 (2004) 2356–2364, https:// 
doi.org/10.1002/pola.20083. 

[36] E. Mohammadifar, A. Bodaghi, A. Dadkhahtehrani, A.N. Kharat, M. Adeli, R. Haag, 
Green synthesis of hyperbranched polyglycerol at room temperature, ACS Macro 
Lett. 6 (2017) 35–40, https://doi.org/10.1021/acsmacrolett.6b00804. 

[37] T. Yoshikawa, M. Liu, S.L.Y. Chang, I.C. Kuschnerus, Y. Makino, A. Tsurui, 
T. Mahiko, M. Nishikawa, Steric interaction of polyglycerol-functionalized 
detonation nanodiamonds, Langmuir 38 (2022) 661–669, https://doi.org/ 
10.1021/acs.langmuir.1c02283. 

[38] S. Osswald, G. Yushin, V. Mochalin, S.O. Kucheyev, Y. Gogotsi, Control of sp2/sp3 
carbon ratio and surface chemistry of nanodiamond powders by selective oxidation 
in air, J. Am. Chem. Soc. 128 (2006) 11635–11642, https://doi.org/10.1021/ 
ja063303n. 

[39] M. Kurzyp, H.A. Girard, Y. Cheref, E. Brun, C. Sicard-Roselli, S. Saada, J.- 
C. Arnault, Hydroxyl radical production induced by plasma hydrogenated 
nanodiamonds under X-ray irradiation, Chem. Commun. 53 (2017) 1237–1240, 
https://doi.org/10.1039/C6CC08895C. 

[40] C.H. Klute, W. Viehmann, Heat of polymerization of phenyl glycidyl ether and of 
an epoxy resin, J. Appl. Polym. Sci. 5 (1961) 86–95, https://doi.org/10.1002/ 
app.1961.070051313. 

[41] A.M. Panich, A.I. Shames, N.A. Sergeev, M. Olszewski, J.K. McDonough, V. 
N. Mochalin, Y. Gogotsi, Nanodiamond graphitization: a magnetic resonance study, 
J. Phys. Condens. Matter 25 (2013), 245303, https://doi.org/10.1088/0953-8984/ 
25/24/245303. 

[42] X.W. Fang, J.D. Mao, E.M. Levin, K. Schmidt-Rohr, Nonaromatic Core-shell 
structure of nanodiamond from solid-state NMR spectroscopy, J. Am. Chem. Soc. 
131 (2009) 1426–1435, https://doi.org/10.1021/ja8054063. 

[43] C. Bradac, T. Gaebel, N. Naidoo, M.J. Sellars, J. Twamley, L.J. Brown, A.S. Barnard, 
T. Plakhotnik, A.V. Zvyagin, J.R. Rabeau, Observation and control of blinking 
nitrogen-vacancy centres in discrete nanodiamonds, Nat. Nanotechnol. 5 (2010) 
345–349, https://doi.org/10.1038/nnano.2010.56. 

[44] W. Radke, G. Litvinenko, A.H.E. Müller, Effect of core-forming molecules on 
molecular weight distribution and degree of branching in the synthesis of 
hyperbranched polymers, Macromolecules 31 (1998) 239–248, https://doi.org/ 
10.1021/ma970952y. 
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