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Efficiency and stability of spectral sensitization
of boron-doped-diamond electrodes through
covalent anchoring of a donor–acceptor organic
chromophore (P1)†

Hana Krysova,a Jan Barton,bc Vaclav Petrak,de Radek Jurok,fg Martin Kuchar,fh

Petr Cigler*b and Ladislav Kavan*a

A novel procedure is developed for chemical modification of H-terminated B-doped diamond surfaces with

a donor–p-bridge–acceptor molecule (P1). A cathodic photocurrent near 1 mA cm�2 flows under 1 Sun

(AM 1.5) illumination at the interface between the diamond electrode and aqueous electrolyte solution

containing dimethylviologen (electron mediator). The efficiency of this new electrode outperforms that

of the non-covalently modified diamond with the same dye. The found external quantum efficiency of

the P1-sensitized diamond is not far from that of the flat titania electrode sensitized by a standard

organometallic dye used in solar cells. However, the P1 dye, both pure and diamond-anchored, shows

significant instability during illumination by solar light. The degradation is a two-stage process in which

the initially photo-generated products further decompose in complicated dark reactions. These findings

need to be taken into account for optimization of organic chromophores for solar cells in general.

1. Introduction

Dye-sensitized solar cells (DSCs)1 usually operate with n-type
semiconductor photoanodes (e.g. TiO2), but there are also sporadic
reports on p-type DSCs with e.g. p-NiO photocathodes2,3 and on
the tandem device (p,n-DSC).4 While the state-of-art n-DSC
achieves a solar conversion efficiency of 14.3%5 the p-DSCs or

p,n-DSCs are still by an order of magnitude less efficient.2–4

Boron-doped diamond (BDD) is a popular electrode material in
electrochemistry.6 It could be similarly attractive for the p-DSC
photocathode, because it outperforms p-NiO in chemical and
electrochemical stability,7,8 optical transparency9,10 and hole
diffusion coefficient.11,12 However, the so far reported photo-
electrochemical performance of sensitized p-BDD electrodes is
not satisfactory.

Spectral sensitization of BDD by organic dyes was pioneered
in 2008 by Zhong et al.13 Photocurrents of ca. 4–6 mA cm�2 were
observed under 1 Sun illumination in aqueous electrolyte solution
with dimethylviologen acting as the electron carrier.10 Sensitization
of BDD by Ru(SCN)2(2,20-bipyridine, 4,40-dicarboxylate)2 (coded N3)14

provided photocurrents of the order of 1–10 nA cm�2 under 1 Sun.
A biophotovoltaic variant of these systems was recently demon-
strated by Caterino et al.15 using BDD with grafted bacterial
photoactive centers. They observed photocurrents of about
0.3 mA cm�2 under NIR light (870 nm; unspecified intensity).
This photocurrent increased to ca. 2 mA cm�2 if the sensitizer
loading was enhanced through a polymer brush on top of the
BDD surface, but the photocurrent was quite unstable during
long-term (hours) illumination.15 Yeap et al.16 modified BDD
with thiophene derivatives, and observed a photocurrent of ca.
150 nA cm�2 under 0.15 Sun. To enhance the dye-loading, a
standard compact BDD film was replaced by a diamond foam, while
ca. 3-times larger photocurrent was observed.17 It further increased
to 15–22 mA cm�2 (at 1 Sun) during long-term illumination.
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This is the largest value for a dye-sensitized diamond, but the
photo-activation is, unfortunately, associated with unclear
degradation of the dye.17

The donor–p-bridge–acceptor dye, 4-(bis-4-[5-(2,2-dicyano-
vinyl)-thiophene-2-yl]-phenyl-amino)-benzoic acid (denoted P1,
see Scheme S1 in the ESI†), is one of the most efficient chromo-
phores which is frequently used for the sensitization of p-NiO18,19

and some other p-type semiconductors.20,21 In addition to applica-
tions in solar cells, the P1@NiO electrode was also successfully
tested for hydrogen production by photo-electrolysis of water.22,23

Krysova et al.24 reported on non-covalent anchoring of P1 to
diamond (coated by polyethyleneimine). This electrode provided
cathodic photocurrents of about 100–150 nA cm�2 at 0.18 Sun. The
photocurrent was constant during illumination for ca. 250 s, but no
long-term tests have been carried out yet. Here we report on an
alternative strategy towards P1-sensitized diamond, leading to
improved efficiency. Nevertheless, illumination of the P1 dye by
1-Sun light causes also some degradation, which is analysed here in
detail.

2. Experimental details
2.1. Diamond growth

Silicon substrates (5 � 10 mm2) were nucleated in an aqueous
detonation nanodiamond colloid (NanoAmando, NanoCarbon
Institute, nominal particle size of 4.9 � 0.1 nm). Deposition of
BDD was performed in an ASTeX 5010 (Seki Technotron, Japan)
Microwave plasma enhanced chemical vapour deposition (MW
PECVD) reactor with the following process parameters: 1% of
methane in hydrogen, a gas pressure of 50 mBar, a microwave
power of 1250 W and a substrate temperature of 720 1C as
monitored using a Williamson Pro92 dual wavelength pyrometer.
A growth time of 2 hours yielded 0.5 mm thick films. Addition of
trimethylboron (B(CH3)3) to the gas in a B/C ratio of 4000 ppm
during deposition translated into the B concentration in the bulk
material of ca. 3 � 1021 at cm�3 (ref. 25). Hydrogen termination of
the surface of BDD samples was performed in hydrogen plasma
using the same reactor. The hydrogenation was carried out in a
hydrogen flow of 300 sccm, at a pressure of 60 mBar, and 1000 W
microwave power for 10 min. Samples were allowed to cool to room
temperature under constant hydrogen flux.

2.2. Syntheses

The P1 dye (purity 495%) was purchased from Dyenamo AB,
Sweden. Other chemicals were supplied by Sigma-Aldrich and
used as received. MilliQ water was used in all syntheses.
Organic solvents were HPLC-grade and were dried before use.
Sonication was performed using an Elmasonic P60 H ultra-
sound bath for 1 min at 30% power and 85 kHz. Drying was
carried out under vacuum for 1 hour at 60 1C, if not stated
otherwise.

N-Allyltrifluoroacetamide. To an ice-cold solution of methyl
trifluoroacetate (15.00 g, 117.1 mmol) in THF (40 mL) was
added allylamine (6.28 g, 110.0 mmol). The reaction mixture was
allowed to warm to room temperature and stirred for 3 hours at RT.

After the mixture was concentrated under reduced pressure, the
oily residue was distilled under reduced pressure, bp 70–73 1C
(20 mbar). Yield (15.32 g, 91%). 1H NMR (300 MHz, CDCl3):
d = 6.38 (s, 1H), 5.90–5.78 (m, 1H), 5.30–5.23 (m, 2H), 3.99
(t, J = 5.8 Hz, 2H) ppm. 13C NMR (75 MHz, CDCl3): d = 157.3
(q, J = 37.0 Hz, 1C), 131.7, 117.7, 115.8 (q, J = 287.0 Hz, 1C),
42.0 ppm. IR (film, cm�1): 3310, 3094, 1704, 1557, 1434, 1161,
994, 931, 726. Anal. calcd for C5H6F3NO: C 39.22; H 3.95;
F 37.23; N 9.15. Found: C 39.83; H 3.72; F 37.02; N 9.03%.

N-Allyltrifluoromethanesulfonamide. Allylamine (5.00 g,
87.6 mmol) and triethylamine (10.63 g, 105.1 mmol) were mixed
with 150 mL of chloroform at�40 1C, and trifluoromethanesulfonic
anhydride (25.96 g, 92.0 mmol) was added dropwise to the mixture
under a nitrogen atmosphere. The solution was stirred at room
temperature for four hours. The chloroform was removed under
reduced pressure and the remaining viscous liquid was dissolved in
aqueous solution of NaOH (50 mL, 4 M). The aqueous solution was
washed three times with 30 mL of chloroform. These organic phases
were discarded and the aqueous solution was acidified with
hydrochloric acid by weakly acidic reaction followed by washing
three times with 40 mL of chloroform. The organic extract was
dried over anhydrous MgSO4 and the solvent was removed
under reduced pressure. The liquid residue was distilled twice
under reduced pressure, bp 75–80 1C (15 mbar). Yield 14.10 g
(85%). 1H NMR (300 MHz, CDCl3): d = 5.81 (ddt, 1H, CHQ,
2J = 17.1, 10.1, 3J = 5.6 Hz), 5.24 (d, 1H, trans-CH2Q, J = 17.1 Hz),
5.15 (d, 1H, cis-CH2Q, J = 10.1 Hz), 5.08 (brs, 1H, NH), 3.78
(d, 2H, NCH2, 3J = 5.6 Hz) ppm. 13C NMR (75 MHz, CDCl3):
d = 132.21 (QCH), 119.73 (q, CF3, JCF = 320.9 Hz), 118.76
(QCH2), 46.64 (NCH2) ppm. 19F NMR (300 MHz, CDCl3):
d = �79.12 ppm. IR (film, cm�1): 3310, 3180, 3094, 2888,
1721, 1648, 1440, 1372, 1261, 1231, 1151, 1072, 994, 928, 859.
Anal. calcd for C4H6F3NO2S: C 25.40; H 3.20; F 30.13; N 7.40; S
16.95. Found: C 26.10; H 2.90; F 30.32; N 7.28; S 16.74%.

4-(Bis-4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-phenyl-amino)-
benzoyl chloride (P1-Cl). 4-(Bis-4-[5-(2,2-dicyano-vinyl)-thiophene-2-
yl]-phenyl-amino)-benzoic acid (P1) (75 mg, 0.124 mmol) was dried
for 30 min under vacuum in a 20 mL dry flask using a magnetic
stirrer. Under an Ar atmosphere, 5 mL of dry dichloromethane
(DCM) was added, followed by triethylamine (43 mL, 0.310 mmol,
2.5 eq.) and SOCl2 (18 mL, 0.248 mmol, 2 eq.). The reaction mixture
was stirred for 3 hours at room temperature. The solvent was
evaporated and the solids were dissolved in 8 mL of dry THF. This
dispersion was filtered using a PTFE 0.45 mm filter and the solution
of P1-Cl was used directly in the next reaction step for modification
of 20 diamond sample plates.

2.3. Modification of a BDD surface

An approximately 1 � 0.5 cm2 BDD plate was immersed in
N-allyltrifluoroacetamide or N-allyltrifluoromethanesulfonamide
in a quartz tube and secured with Ar. The plate was irradiated
using a water-cooled mercury-vapor discharge lamp for 3 hours.
The product was washed with methanol, sonicated and dried.
For removal of the trifluoroacetyl protecting group, the plate was
rinsed in 25% methanolic solution of tetramethylammonium
hydroxide for 1 hour on a gel rocker, then washed with methanol,
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sonicated and dried. For removal of the trifluoromethylsulfonyl
group, the plate was covered with sodium bis(2-methoxyethoxy)-
aluminumhydride and heated overnight at 105 1C, quenched by
slow addition of methanol, the newly formed precipitate was
removed with 2 mL of 20% HCl, sonicated, washed with methanol,
then again sonicated and dried. The dry plate was immersed in
1 mL of dry tetrahydrofuran (THF) containing 10 mL of triethyl-
amine. P1-Cl solution obtained in the previous step (2 mL) was
added and left overnight at room temperature under an Ar atmo-
sphere on a gel rocker. The plate was then washed and sonicated
with THF, DCM and methanol, and finally dried. To improve the
grafting conjugation yield and properties of the sensitized BDD,
the acylation with P1-Cl was repeated. The plate was sonicated for
5 minutes at 100% at 37 kHz then rinsed in a mixture of solvents
(THF, DCM, and methanol) at room temperature for 3 days,
washed and dried.

2.4. Methods

The X-ray photoelectron spectroscopy (XPS) spectra were recorded
using an Omicron Nanotechnology instrument equipped with a
monochromatized AlKa source (1486.7 eV) and a hemispherical
analyzer operating in a constant analyzer energy mode with a
multichannel detector. The CasaXPS program was used for spectral
analysis. Raman spectra were measured using a Renishaw InVia
Raman microscope, interfaced to an Olympus microscope
(objective 50�) with an excitation wavelength of 488 nm and
a power at the sample of 2.6 mW. The spectrometer was
calibrated by the F1g mode of Si at 520.2 cm�1. UV-Vis absorp-
tion spectra were recorded using a Perkin Elmer Lambda 1050
UV-Vis-NIR spectrometer. The solution of P1 in absolute ethanol
was sealed under ca. 0.1 bar He into a vacuum-tight quartz
optical cell (1 cm optical length).

Photoelectrochemical experiments were carried out in a one-
compartment cell using a (micro-Autolab III, Metrohm) potentiostat
controlled using the NOVA software. The BDD film was used as
a working electrode (Ag contact with a Au wire insulated by
TorrSeal epoxy coating), platinum was used as the counter
electrode and an Ag/AgCl electrode (sat. KCl) was used as the
reference electrode. The cell was equipped with a quartz optical
window, and the electrode was illuminated using a white light

source (Oriel Xenon lamp, model 6269) in a dark room. The
solar radiation (direct and diffuse) was simulated using an
Oriel AM 1.5 Global (81088) filter. The light intensity was
measured using a standard Si photodiode (PV Measurements,
Inc., USA). For the quantum efficiency measurements (IPCE),
the light was monochromatized using a Newport 1/4 m grating
monochromator (model 77200). Photoelectrochemical measure-
ments were performed in an Ar-saturated 0.1 M Na2SO4 solution
containing 5 mM dimethylviologen (MV2+), pH E 7. High-
resolution mass spectra were measured using an LTQ Orbitrap XL
(Thermo Fisher Scientific) instrument. Analysis of P1 degradation
was performed on an Agilent 1260 Infinity HPLC using Lunas C8
column (Phenomenex LC 150 � 4.6 mm, particle size: 5 mm).
Mobile phase: water (A) and acetonitrile (B), both with 0.1%
trifluoroacetic acid. The linear gradient program was as follows:
0–0.5 min: 95% of A and 5% of B; 16–17.5 min: 5% of A and
95% of B.

3. Results and discussion
3.1. Dye-sensitization of diamond

Our synthetic strategy started from the hydrogen-terminated
diamond surface, which was modified by photochemically-
triggered grafting of alkenes.26 Due to their direct C–C coupling
to diamond, this type of modification is known to be chemically
resistant and stable.27 For instance, long chain (C10) alkenes
were used for the attachment of biomolecules to diamond.28

However, long spacers are not appropriate for sensitized photo-
electrodes, because the dye should be located in the closest
vicinity of the surface for efficient hole-injection. Here, we used
a short C3 allyl bearing a protected amino group (see Fig. 1).
The linker was attached to BDD under UV illumination, followed
by removal of the protecting groups which provided an amine-
modified surface. Notably, the linkers are transparent at the
spectral maximum of the UV lamp (254 nm) which facilitates
their anchoring. Sensitization of the BDD surface was carried out
by acylation of the free amines using the P1-Cl dye. As the
multilayer adsorption of P1 decreases the photoelectrochemical
activity, excessive dye was washed out under sonication (see the
Experimental section).

Fig. 1 Synthetic scheme for photochemically triggered modification of BDD using short amine-terminated linkers followed by sensitization by the P1-Cl
dye. Two different linkers (1 and 2) were used.
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The Raman spectrum of the product, P1@BDD (Fig. 2), is
roughly a superposition of the spectra of pure BDD and P1, with
small (o7 cm�1) shifts of certain modes (e.g. the 1436 cm�1

line) and interestingly strong Raman intensities of the surface
anchored P1 dye which are, presumably, due to resonance
enhancement at the used laser line (488 nm). However, both
P1@BDD and pure P1 decompose under the laser light (see
Fig. 2 and discussion below). Photoelectron spectra (XPS; Fig. 3)
provide complementary information about the surface chemistry
of the products and reaction intermediates. The found surface
concentration of the boron dopant decreases from 2.5% in pure
BDD to 1.6%, 1.1% and 0.7% in the modified surfaces with
linker 1, deprotected intermediate and P1@BDD, respectively
(Table S2a; ESI†). The attenuation of B1s to about half of its
original value was observed for a monolayer of phenyl-based
linker.16 Hence, we estimate a nearly monolayer coverage in our
case too. This matches the earlier work by Strother et al.26 who
reported on photochemically functionalized diamond by various
long-chain alkenes under similar experimental conditions.
The anchoring was reported to be covalent and unperturbed
by polymerization under UV light; the surface coverage was
ca. one molecule per 10 surface C-atoms, i.e. E0.3 monolayer.26

Deconvolution of the N1s line in our detailed XPS spectra allows
distinction of two chemically-shifted species, which are tentatively
assigned to the –CN group from the P1 dye and the amino groups
from the linker and the triphenylamino group from the P1 dye
(Table S2b and Fig. S3; ESI†).

Because the electronic structure of the protecting group is
important for the grafting yield,29 we synthesized trifluoroacetamide
1 and trifluoromethylsulfonamide 2 derivatives of allylamine (Fig. 1).
Although 2 contains an excellent electron acceptor and should
therefore enhance the grafting conversion,29 we observed actually a
smaller photoelectrochemical activity of the sensitized BDD (see
Section 3.2 and Fig. S4; ESI†). This can be explained by higher
chemical stability of the protecting group, which requires harsher
conditions for deprotection. In the case of a dye anchored through
linker 1, the surface concentration of sulfur is diagnostic for P1 only.
The concentration of S found by XPS (2.9 at%; Table S2a in the ESI†)
is not far from 4.5 at% S which is expected for the pure P1 molecule
(without H-atoms). This would indicate quite high surface coverage,
but the experimental error of XPS analysis and the found non-
stoichiometric S/N ratio (Table S2a in the ESI†) must be also taken
into account.

3.2. Photoelectrochemical characterization

Fig. 4 shows the response of our optimized P1@BDD electrode
(linker 1) to chopped white light in an aqueous electrolyte
solution with methylviologen redox mediator. The reference
(non-sensitized BDD) provided small cathodic photocurrent too
(ca. 20 nA cm�2), which is ascribed to either sp2 impurities or
specific B-states in the lattice.30 Our P1@BDD electrode exhibited
a cathodic photocurrent of ca. 0.9 mA cm�2 during the first
ca. 5 minutes of chopped illumination of 1 Sun intensity. (The
photocurrent was proportional to the light intensity, amounting
to e.g. 0.2 mA cm�2 at 0.2 Sun for the fresh electrode).

The mechanism of photocurrent generation starts from
photon absorption in P1, creating electron–hole pairs, which

Fig. 2 Raman spectra (at 488 nm excitation) of pure BDD at the Si
substrate (black dashed curve; the Si signal from the substrate at 520 cm�1

is labeled ‘x’) and the pure P1 dye (red dashed curve). The spectra of
P1-modified BDD are shown for three samples: P1@BDD_a (black curve) is
for a fresh sample; P1@BDD_b (blue curve) is for an aged sample after
passing long-term photoelectrochemical tests (45 hours of chopped
illumination at 1 Sun, see Section 3.2); P1@BDD_c (red curve) is for an
as-received sample, which passed long-term irradiation using a 488 nm
laser. The strong Raman intensities of P1 are ascribed to resonance
enhancement, because the dye has the main optical absorption peak at
the 488 nm wavelength (cf. Fig. 7).

Fig. 3 XPS spectra of the studied samples. P1@BDD is the optimized
sample with linker 1; P1@BDD (2) is another sample with linker 2. Curves
are offset for clarity, but the intensity scale is identical for all spectra.
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subsequently dissociate in the donor–p-bridge–acceptor mole-
cular structure of P1 (Scheme S1, ESI†). The separated holes are
injected into the valence band of BDD, and the electrons flow to
the MV2+ (dimethylviologen) electron carrier in the electrolyte
solution which is finally regenerated by dark charge transfer at
the counter electrode (Fig. S5, ESI†).10,13,14,16,24 The HOMO
level of P1 (�5.8 eV)18 is well below the valence band of the
H-terminated diamond (ca. �4.2 eV for diamond in a vacuum,
and ca. �5.5 eV for a diamond contacting electrolyte solution).7

The LUMO level of P1 corresponds to a potential of �0.87 V vs.
SHE,18 which is more negative compared to the MV2+/+ redox
potential (�0.45 V vs. SHE). Hence, both the hole injection into
the VB of diamond and the electron transfer to MV2+ have a
reasonable driving force of ca. 0.5 eV.

The long-term stability of our P1@BDD was tested under
chopped 1 Sun illumination. Interestingly, the photocurrent
initially increased during E5 hours from 1 mA cm�2 to 1.5 mA cm�2,
but then dropped to ca. 0.6 mA cm�2 after about 40 hours (Fig. 5).
These changes were further addressed by the external quantum
efficiency (also called IPCE = incident photon to current conversion
efficiency) vs. wavelength at various stages of long-term illumina-
tion. It is defined as

IPCE = iphhv/eP = Zinj(1�10�GRe) (1)

where iph is the photocurrent density, h is Planck’s constant, v
is the photon frequency, P is the incident light power, e is
electron charge, Zinj is the quantum yield of charge injection
into the semiconductor, G is the dye’s surface coverage, R is
the electrode roughness factor and e extinction coefficient.
For instance, the N3 dye (e530 = 1.27107 cm2 mol�1, G E
0.55 molecules nm�2) provides the theoretical IPCE = 0.27% on a
flat surface (R E 1) assuming Zinj = 100%. Experimental IPCE for a

single crystal TiO2 anatase was 0.11%.31 Our P1@BDD shows
roughly half of this value at lmax E 350 nm (where the P1 dye
has an optical peak with e350 = 3.47 � 107 cm2 mol�1)19 and the
estimated roughness factor of our BDD is ca. 4 (ref. 17).

Our found maximum IPCE (Fig. 6) is ca. 4-times larger than
that reported previously for a non-covalently anchored P1 to
BDD.24 This confirms that the covalent anchoring is beneficial
for the efficient sensitization of diamond electrodes. The blank
(non-sensitized) BDD expectedly shows negligible IPCEs. The
IPCEs of the 5 h-aged electrode are similar or larger (particularly
in the UV region) than those of the fresh electrode, but drop
significantly for the 45 h-aged electrode. This is qualitatively
consistent with the performance under white light (Fig. 5). The
IPCE maximum is blue-shifted against that of the P1-sensitized
p-NiO,18 which is reminiscent of the same spectrum of non-
covalently anchored P1 to BDD.24 Our maximal photocurrent
under simulated AM 1.5 solar light (E1.5 mA cm�2) is similar or

Fig. 4 Chronoamperometric plot for a blank BDD electrode and that
sensitized with P1. Freshly prepared P1@BDD electrode (red curve, top)
and that after passing long-term chopped irradiation (45 hour at 1 Sun).
Electrolyte solution: 0.1 M Na2SO4 containing 5 mM dimethylviologen,
applied bias voltage �0.3 V vs. Ag/AgCl. Illumination with simulated AM 1.5
solar light of varying intensity. Curves are offset for clarity, but the current
density scale is identical in all cases.

Fig. 5 Long-term chronoamperometric measurement of the diamond
electrode sensitized with P1 (red curve) and the blank, non-sensitized diamond
electrode (black curve). Chopped white light illumination (100 mW cm�2;
simulated AM 1.5G solar spectrum, 10 min dark/light interval). Electrolyte
solution: 5 mM dimethylviologen in 0.1 M Na2SO4, pH 7. Applied potential
bias: �0.3 V vs. Ag/AgCl.

Fig. 6 IPCE spectrum for the fresh P1@BDD electrode and that after
passing 4 or 45 hours of photoelectrochemical test with chopped illumination
at 1 Sun (aged). A reference spectrum for pristine, non-sensitized BDD
electrode is also shown. Electrolyte solution 0.1 M Na2SO4 + 5 mM
dimethylviologen; bias voltage �0.3 V vs. Ag/AgCl.
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better compared to other previously reported values on flat (non-
textured) BDD electrodes.10,13–16 Nevertheless, the photoelectro-
chemical performance of the sensitized BDD is still far from that
of sensitized p-NiO, the latter exhibiting photocurrents in the
mA cm�2 domain for good samples.2–4,18,19

3.3. Stability of the P1 dye

The Raman spectra of the photoelectrochemically treated electrode
(see Section 3.2) show distinct changes resembling the photo-
chemically degraded pure P1@BDD and solid P1, see Fig. 2 and
Fig. S6 (ESI†), respectively. These changes were further investigated
by optical spectra and by liquid chromatography (HPLC) analysis of
the degradation products in a model system, i.e. ethanolic solution
of P1.

The P1 dye has two absorption maxima in tetrahydrofuran
solution:19 348 nm (e = 34 720 M�1 cm�1) and 481 nm (e =
57 900 M�1 cm�1) or 345 nm and 468 nm in acetonitrile. In
ethanol, we found 349 nm (e = 26 300 M�1 cm�1) and 488 nm
(e = 51 500 M�1 cm�1). To test the photochemical stability of
the ethanolic P1 solution, its spectrum was recorded after
5 and 24 hours of continuous illumination at 1 Sun in a closed,
vacuum-sealed optical cell (Fig. S7; ESI†). Interestingly, the Vis
band bleached completely, while the UV band attenuated and
blue-shifted (Fig. 7). This effect is reminiscent of the photo-
chemical degradation of some other diamond-sensitizing dyes
(thiophene-based).24

The complete decomposition of P1 in ethanolic solution
upon 24 hours of illumination is clearly confirmed by HPLC
(Fig. S8; ESI†). The degradation products manifest themselves
by several chromatographic peaks upon UV detection. More-
over, the irradiated solution was unstable too, and transformed
during long-term (2 month) storage to more than 10 different
products (Fig. S8, ESI†). We attempted to analyze both mixtures
using high-resolution mass spectroscopy and HPLC-MS and to
resolve the mechanism of P1 decomposition. Unfortunately,
the MS analysis did not provide reliable data for reconstruction

of the chemical structures. In the aged solution, we observed
oligomers originating most likely from polymerization of dye frag-
ments containing heterocyclic thiophene rings (data not provided).

Although this model experiment gave evidence of photo-
chemical instability of P1 in ethanolic solution, the conditions
occurring on the sensitized diamond surface can be dissimilar,
and the stability of the surface-grafted dye can be better. For
example, we observed a substantial photocurrent on a P1-modified
diamond electrode even after 440 hours irradiation by chopped
light at 1 Sun intensity (see Fig. 5) indicating the presence of some
photoelectrochemically active dye molecules on the surface.
This conclusion is also supported by Raman spectra (Fig. 2).
The covalent attachment of P1 to the diamond surface provides
obviously different electronic conditions, driving the fate of the
P1 excited state (with hole injection into the diamond electrode).
Furthermore, the slower diffusion of solvent molecules, impurities
and radicals from the bulk solution to the interface are other
possible factors contributing to better stability of the P1 dye on the
diamond surface, as compared to its strikingly fast photochemical
degradation in the solution.

For comparison, we also tested the photochemical stability
of another typical dye, which is frequently used in dye-sensitized
solar cells, the N719 dye: di-tetrabutylammonium cis-bis(iso-
thiocyanato)bis(2,2 0-bipyridyl-4,4 0-dicarboxylato)ruthenium(II)
(purchased from Dyesol, SA, Switzerland). This complex is very
similar to the N3 dye which was also previously applied for
diamond sensitization, albeit with moderate success.14 The
optical spectra of N719 are shown in Fig. S9 (ESI†). It is
obvious that this dye is fairly stable in ethanolic solution
under the conditions, when P1 degrades totally. Our results on
N719 essentially match those of earlier studies.32,33 They
found that the degradation of N719 occurred mostly through
S/N thiocyanate isomerization and through exchange of NCS
ligands with e.g. solvent molecules, but without massive
decomposition of the organometallic skeleton as a whole.
The reported degradation products exhibited slightly blue-shifted
optical bands which is in accord with our spectrum in Fig. S9
(ESI†). Nevertheless, the decomposition of N719 and similar dyes
like N3 and other organometallic complexes under the conditions
of illuminated solar cells32,33 is obviously not that dramatic, like the
degradation of the P1 dye which is studied here.

To our knowledge, there are no long-term stability tests of P1
in p-DSCs available.18–21 Photocurrent decay at a timescale of
102 s was reported for the P1@NiO electrode during H2 generation
by photo-electrolysis of water.22,23 It was ascribed to co-catalyst
decomposition or to its delamination from the electrode surface.23

However, our results show that also the inherent photochemical
instability of organic dyes must be considered for the design of
p-DSCs and for sensitized photo-electrolytic water splitting.

4. Conclusions

A novel synthetic procedure is developed for covalent anchoring
of a P1 dye to the surface of a H-terminated B-doped diamond
electrode. The sensitized diamond electrode exhibits cathodic

Fig. 7 UV-Vis spectrum of the solution of the P1 dye in absolute ethanol
(starting concentration 10�5 mol L�1). Optical length 1 cm. The spectrum
of a fresh solution (red curve) and that after illumination with a white light
of 1 Sun intensity for 5 hours (blue curve) or 24 hours (black curve).
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photocurrent upon illumination with solar light, which pre-
destines it for application in p-type dye-sensitized solar cells.

The photoelectrochemical efficiency considerably outperforms
that of non-covalently derivatized BDD with P1. The found external
quantum efficiency (IPCE) of the P1-sensitized diamond is not
far from that of the flat titania electrode sensitized by a standard
Ru–bipyridine complex, which has been frequently used in the
n-type solar cells. The sensitized photocurrent is reasonably
stable during ca. 40 hours of illumination at 1 Sun (AM 1.5),
but there are certain photo-initiated changes of the P1 dye, both
pure and diamond-anchored.

Model experiments in ethanolic solutions show that P1 is
sensitive to photochemical degradation in solar light, as com-
pared to another generic dye for solar cells, i.e. N-719. The
former dye is totally degraded upon 24 hours of illumination in
solution to more than ten (yet unidentified) products. The
degradation is a two-stage process in which the initially
photo-generated products further decompose in complicated dark
reactions. These findings need to be taken into account for
optimization of organic chromophores for solar cells in general.
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Scheme S1: Molecular formula of P1 dye 
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Table S2a: Results of the XPS surface analysis (concentrations in atom %). A pronounced drop 

of the B-content is obvious in the series BDD > BDD+1 > BDD+1 (deprotected) > P1@BDD. 

The BDD+1 sample shows the F/N ratio = 2.8 (calc. 3). For P1@BDD, the  S/N ratio = 0.7 (calc. 

0.33).  
 

 C 1s B 1s O 1s N1s S 2p Cl 2p F 1s Si 2s other* 

BDD  94.8 2.5 2.3 - - - - 0.4 - 

BDD + 1 84.8 1.6 8.1 0.4 0.2 0.3 1.1 3.3 0.2 

BDD + 1 (deprotected) 80.1 1.1 11.5 1.5 0.4 1.0 0.7 1.3 2.4** 

P1@BDD (linker 1) 80.1 0.7 10.0 3.9 2.9 0.3 0.4 0.9 0.8 

P1@BDD (linker 2) 85.8 1.7 7.7 1.0 0.8 - 0.8 0.7 1.5 

 
* Other impurities (Ca, Na, P) 
** The main impurity in the BDD+1 (deprotected) sample is Na (1.8 %) originating presumably 

from the reactants used in the deprotection steps (see Experimental Section in the main text).  

 

 

 

 

 

Table S2b: Results of the XPS surface analysis (binding energies in eV). Very weak peaks are 

not evaluated.  
 

 C 1s B 1s O 1s N1s S 2p Cl 2p F 1s Si 2s 

BDD  284.4 187.6 532.4 - - - - - 

BDD + 1 284.4 186.8 532.0 - - 199.2 688.4 153.2 

BDD + 1 (deprotected) 284.4 186.4 532.4 402.8 168.4 197.6 685.2 153.6 

P1@BDD (linker 1) 284.4 187.0 532.0 399.9 

402.0 

164.4 - - 153.3 

P1@BDD (linker 2) 284.4 186.4 532.0 400.3 

402.6 

168.8 - 688.0 153.5 
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Figure S3: Detail of the N1s photoelectron spectra with deconvoluted components. Left chart: 

the optimized sample P1@BDD (linker 1).  Right chart: P1@BDD (2) (linker 2).  Tentative 

assignment of photoemission lines to >NH groups from the linker, triphenylamino group from 

the P1 dye and the cyano-group from the P1-dye is provided.    
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Figure S4: Chronoamperometric plot for a BDD electrode sensitized with P1 (anchored via 

linker 2). Electrolyte solution 0.1 M Na2SO4 containing 5 mM dimethylviologen, applied bias 

voltage -0.3 V vs. Ag/AgCl. Chopped white light illumination (100 mW/cm2; simulated AM1.5G 

solar spectrum, 10 s dark/light interval).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5: Scheme of photocurrent generation in an electrochemical cell with boron-doped 

diamond photocathode sensitized with P1.  
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Figure S6: Raman spectra (at 488 nm excitation) of pure solid P1 dye (red curve) and the same 

P1 sample which passed long-term irradiation by the 488 nm laser (blue curve). Black curve is 

for the same sample after subsequent irradiation.  

 

 

 

 

 

 

 

 

 

 

 

Figure S7:  Solution of the P1 dye in absolute ethanol (concentration 10-4 mol/L) in vacuum-

sealed quartz optical cell (1 cm); before irradiation (left image) and after 24 hours of irradiation 

at 1 sun intensity (right image). The yellowish coloration of the solution after photochemical 

treatment (right image) comes from the tail of the UV band (see Fig. 7 in the main text). There 

are no traces of P1 in the illuminated solution detectable by HPLC (cf. Figure S8).     
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Figure S8: HPLC chromatograms of the 10 -5 mol/L solution of the P1 dye in absolute ethanol   

measured shortly (≈ several hrs) after irradiation for 1 day at 1 sun intensity in a closed quartz 

cell (black curves). Blue curves are for the irradiated solution, which was stored for 2 months in 

air at room temperature. Reference chromatograms for freshly made solution of P1 are shown by 

red curves. Spectrophotometric detection was carried out at four different wavelengths (500 nm, 

350 nm, 280 nm and 254 nm) as it is labeled on each chart.  
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Figure S9: UV-Vis spectrum of the solution of N719 dye (see the chemical formula on top of 

the chart) in absolute ethanol. Optical length 1 cm.  The spectrum of a fresh solution (red curve) 

and that after illumination with a white light of 1 sun intensity for 24 hours (blue curve), 48 

hours (black curve) and 72 hours (green curve). 

87



APPENDIX A. SURFACE MODIFICATION OF BDD ELECTRODES WITH P1 DYE

88



B | Diamond photocathodes sensi-
tised with a bis(perylenemono-
imide-dithiophene) donor-acceptor
dye

Bartova, K.; Jurok, R.; Barton, J.; Krysova, H.; Kuchar, M.; Mortet, V.; Taylor, A.; Cigler,
P.; Kavan, L.; Diamond photocathodes sensitised with a bis(perylenemonoimide-dithiophene)
donor-acceptor dye.

89



1 
 

Diamond photocathodes sensitised with a bis(perylenemonoimide)-triphenylamine donor-
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Keywords 
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Introduction 
The visible-light sensitization of diamond electrode is motivated by prospective applications in the p-type 
dye sensitized solar cell (p-DSSC) which is a mirror device of the titania-based n-DSSC1,2. The most 
frequently used electrode material for p-DSSC is NiO3–5. B-doped diamond (BDD) appears to be promising 
alternative of NiO due to its excellent chemical stability in the electrolyte solutions, higher hole diffusion 
coefficient (2–30 cm2 s-1)6 (compared to 4 x 10-8 cm2 s-1 for p-NiO7) and higher optical transparency, 
approaching the optical quality of indium-tin oxide (ITO) at certain levels of doping8,9. Attempts to 
sensitize diamond to visible light are dating back to Nakabayashi et al.10 who reported on sensitization of 
BDD electrode by Ru(bpy)3

2+ dissolved in the electrolyte solution. However, this strategy is inherently 
problematic, because the photo-excited Ru(bpy)3

2+ molecules, occurring in close vicinity of the electrode, 
must diffuse during their excited-state lifetime to the BDD surface and inject hole into the valence band.  
A decade later, Zhong et al.8,11 pioneered an improved strategy of sensitization by using dyes which were 
chemisorbed on the BDD surface, hence the diffusion problem was avoided. They anchored bithiophene-
C60 through a combination of diazonium grafting and Suzuki cross-cross coupling. By using 
dimethylviologen (MV2+) as the electron carrier in electrolyte solution, the cathodic photocurrents of 4–6 
μAcm-2 were observed under 1 Sun illumination8. At similar conditions, sensitization with Ru(SCN)2(2,2’-
bipyridine, 4,4’-dicarboxylate)2 provided photocurrents of the order of 1-10 nA/cm2 only12, but modified 
thiophene-based dyes exhibited photocurrent of ca. 150 nA/cm2 under 0.15 Sun13. Replacing the flat BDD 
film by a porous diamond foam enhanced the photocurrent by a factor of 3, with subsequent boost to 15-
22 μA/cm2 (at 1 sun) during long-term illumination, but some degradation of the dye was noticed too14.  
Other efforts for anchoring dyes to BDD comprised functionalized with a dithienopyrrole–
benzothiadiazole push–pull dye, initialized by electrochemical diazonium and subsequent Sonogashira 
cross-coupling and Cu(I) catalyzed azide–alkyne cycloaddition15. To avoid undesired multilayer 
sensitization, a monolayer of sterically hindered 4-(trimethylsilyl)ethynylbenzenediazonium 
tetrafluoroborate was anchored to BDD surface. After removal of the trimethylsilyl protective groups, the 
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resulting ethynyl functionalities were employed to immobilize three different donor-acceptor dyes via 
Sonogashira cross-coupling reactions16. However, these electrodes provided moderate performance with 
photocurrents below 1 µA/cm2 at 1 Sun15,16. 
Non-covalent anchoring of 4-(bis-{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-phenyl}-amino)-benzoic acid 
(coded P1) by polyethyleneimine provided cathodic photocurrents of about 100-150 nA/cm2 at 0.18 Sun17. 
This dye is one of the most efficient chromophores employed for the sensitization of NiO18,19 and of some 
other p-type semiconductors20,21. In continuing efforts, the functionalization chemistry of P1/BDD was 
improved by covalent anchoring P122. To this purpose, H-terminated BDD was functionalized 
photochemically by a short C3 allyl bearing a protected amino group, and after deprotection, the free 
amine served to anchor P1. Cathodic photocurrent near 1 µA/cm2 was observed at 1 Sun illumination, but 
photochemical degradation was again reported22. Later on, an improved anchoring chemistry together 
with optimization of diamond doping level (B/C ratio), gave 6.6 µA/cm2 at 1 Sun which is currently the 
best value for flat BDD electrodes23.  
Here, we show synthesis of a new donor-acceptor photosensitiser designed for diamond surface. The 
structure of the dye was inspired by sensitisers developed originally for NiO5. These sensitisers contain 
perylenemonoimide acceptor and triphenylamine donor linked via an oligothiophene bridge. We 
introduced several structural improvements to the new sensitiser as well as a different attachment 
geometry. We also developed a synthetic approach for anchoring of the dye on the diamond surface and 
characterized photoelectrochemical behaviour of the sensitised diamond photocathode. 
 
Materials and Methods 
 
Reagents and instruments used for chemical synthesis and surface modification  
Following chemical were used: 2-bromo-3-hexylthiophene (Sigma Aldrich), pinacol 99 % (Acros Organics), 
N-iodosuccinimide 98 % (Acros Organics), triisopropyl borate 98 % (Acros Organics), 
tetrakis(triphenylphosphine)palladium(0) (Acros Organics), tin(II) chloride anhydrous 98 % (AlfaAesar), 
3,4,9,10-perylenetetracarboxylic dianhydride 98 % (Acros Organics), 2,6-diisopropylaniline 92 % (Acros 
Organics), zinc acetate dihydrate 97 % (AlfaAesar), imidazole 99 % (AlfaAesar), methyl 4-bromo-3-
methoxybenzoate (Accela), tris(dibenzylideneacetone)dipalladium(0) 97 % (Sigma-Aldrich), 2,6-diiodo-4-
nitroaniline 97% (Sigma-Aldrich), lithium amide 95 % (AlfaAesar), 2-(di-tert-butylphosphino)biphenyl 99% 
(AlfaAesar), sodium tert-butoxide 98 % (Acros Organics), trimethylsilylacetylene 98 % (Acros Organics), 
tri-tert-butylphosphonium tetrafluoroborate 97 % (Acros Organics), methyl 4-bromobenzoate (Acros 
Organics), rac-BINAP 97 % (Fluka), caesium carbonate 99 % (Sigma-Aldrich). NMR spectra were recorded 
at room temperature using a Varian Gemini 300 MHz (1H NMR 300 MHz, 13C NMR 75 MHz). HR MS spectra 
were measured in UCT (University of Chemistry and Technology Prague) service laboratory using Agilent 
Technologies 6550, Funnel Q-TOF LC/MS. IR analyses we measure in UCT Central Laboratories. Solvents 
were dried over molecular sieves. For TLC analyses were used TLC plates Merck TLC Silica gel 60 F245, the 
composition of mobile phase(s) is stated for each analysis. Flash chromatography was done using 
CombiFlash Rf200 UV/VIS both for isocratic and gradient elution. For the first reaction of perylene 
compound (2) was used pressure reactor Parr 4564 with cartridge volume of 300 ml. Mercury(II) 
hexanoate used in iodation of compound (9) was prepared by reaction of 1-hexanoic acid with mercury(II) 
oxide. 
 
Different procedures were used for the modification of BDD samples. HPLC-grade methanol was used for 
all washing. Inert operations were done under an atmosphere of Ar gas (99.999%), using a vacuum line. 
For handling of BDD samples were used EPA vials (ND24) with a flat bottom and a screw cap with thick 
(3.2 mm) PTFE/silicone septa. Prior to water sensitive operations with 22 dye, all glassware was dried in 
vacuum for 1 h, including 22 dye. BDD samples were cleaned by sonication in-between each washing step 
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(repeated three times) in an ultrasonic bath (Elmasonic P60 H for 2 min at 30% power at 85 kHz) and finally 
dried under vacuum (<1 mbar) for 1 h at 60 °C. An in-house setup was used for UV irradiation, consisting 
of two aluminium blocks: a bottom, flat, aluminium lid for sample placement and an upper aluminium 
block with a reflective semicylinder cavity equipped with a UV-lamp.  The lamp used (Osram Puritec 7 W) 
was a low-pressure mercury lamp with emission at 254 nm. The UV light intensity was measured to be 7 
mW cm-2 inside of the apparatus in the position of a sample (ca. 2 cm). The whole setup was sealed and 
secured with Ar and cooled from upper and bottom part with fans to prevent overheating or evaporation 
of volatile reagent. Sample rinsing for an extended period of time was done with a gel rocker PS-M3D 
(Grant instruments). P1 dye (purity > 95%) for degradation experiment was purchased from Dyenamo AB, 
Sweden. UV-spectra were measured on Specord 250 plus (Analytik Jena), using the Win Aspect Plus 
Analytic software. Degradation of the 22 and P1 was investigated in 1-cm quartz cuvette in absolute 
ethanol (starting concentration 10–5 mol L–1) at a white light of 1 Sun intensity. Data and graphs were 
processed in Origin software. 
 
Chemical syntheses 
N-(2,6-Diisopropylphenyl)perylene-3,4-dicarboximide (2)24 

Perylenetetracarboxylic acid dianhydride 1 (7.32 g, 18.65 mmol), 2,6-diisopropylaniline (1.97 g, 2.1 ml, 
11.13 mmol), zinc acetate (2.64 g, 12.03 mmol), imidazole (37.40 g, 0.55 mol) and water (16 ml) were 
putted in an autoclave and heated to 220 °C for 12h. After cooling to RT, the reaction mixture was poured 
into water (200 ml) and acidified with conc. HCl to pH = 2. The precipitated product was filtered off, 
washed with water until neutral and dried in vacuum. The crude product was purified by column 
chromatography eluting with chloroform to get a red solid 2.54 g (28%). 1H NMR (300 MHz, CDCl3) δ = 
8.62 (d, J = 7.9 Hz, 2H), 8.39 (m, 4H), 7.88 (d, J = 7.8 Hz, 2H), 7.60 (t, J = 7.9 Hz, 2H), 7.48 (t, J = 7.9 Hz, 1H), 
7.35 (d, J = 7.8 Hz, 2H), 2.78 (m, 2H), 1.21 (d, J = 7.2 Hz, 12H).  
 
9-Bromo-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (3)25 
N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 2 (2.50 g, 5.2 mmol) was dissolved by mild heating 
in chlorobenzene (250 ml). Bromine (3.72 g, 23.3 mmol) was added and the reaction mixture was stirred 
for 4.5 h at 50 °C. Unreacted bromine was removed by stirring with solution of Na2S2O5 (4.50 g) in 
water (150 ml). Separated organic phase was evaporated under vacuum and the crude solid after 
recrystallization from dichloromethane-methanol afforded bromoimide 3 (2.50 g, 86%). 1H NMR (300 
MHz, CDCl3) δ = 8.67 (d, J = 5.3 Hz, 1H, 2H), 8.64 (d, J = 5.0 Hz, 1H, 5H), 8.50 (d, J = 5.3 Hz, 1H, 1H), 8.47 (d, 
J = 5.0 Hz, 1H, 6H), 8.43 (d, J = 8.2 Hz, 1H, 12H), 8.33 (d, J = 8.1 Hz, 1H, 7H), 8.26 (d, J = 8.2 Hz, 1H, 10H), 
7.92 (d, J = 8.1 Hz, 1H, 8H), 7.74 (t, J = 8.2 Hz, 1H, 11H), 7.49 (t, J = 7.9 Hz, 1H, Ph-4H), 7.34 (d, J = 7.9 Hz, 
2H, Ph-3H,5H), 2.77 (m, 2H, CH(CH3)2), 1.19 (d, J = 6.7 Hz, 12H, CH(CH3)2); 13C NMR (75 MHz, CDCl3) δ = 
163.85, 145.69, 136.90, 136.77, 133.02, 132.09, 132.02, 131.31, 130.94, 130.43, 130.08, 129.66, 129.44, 
129.21, 129.11, 128.21, 126.69, 126.20, 124.47, 123.98, 123.81, 121.43, 120.75, 120.48, 29.13, 23.96.  
 
2-(3-Hexylthien-2-yl)-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (5)26 
To 2-bromo-3-hexylthiophene 4 (3.00 g, 12.1 mmol) in THF (15 ml) at −80 °C was added n-BuLi (1.6 M, 8.0 
ml, 12.7 mmol). After stirring at −80 °C for 1 hour tri(isopropyl)borate (2.52 g, 13.4 mmol) was added and 
the solution was allowed to warm up to RT. After an additional 2 hours at RT, pinacol (1.72 g, 14.6 mmol) 
was added and the resulting suspension was stirred over night at RT. Solvent was evaporated and the 
residue was dissolved in petrol ether. The white precipitate was filtered off and the resulting solution was 
filtered over neutral aluminium oxide. The solvent was evaporated and the product was dried in vacuum. 
Dioxaborolane 5 was obtained as a brownish oil (3.17 g, 89%) and was used without further purification. 
1H NMR (300 MHz, CDCl3): δ = 7.50 (d, J = 4.7 Hz, 1H, 5H), 7.04 (d, J = 4.7 Hz, 1H, 4H), 2.91 (t, J = 7.6 Hz, 
2H, α-CH2), 1.70–1.53 (m, 2H, β-CH2), 1.40–1.30 (m, 18H, (CH2)3, 4 x CH3), 0.91 (t, J = 6.9 Hz, 3H, CH3); 13C 
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NMR (75 MHz, CDCl3): δ = 154.58, 131.13, 128.17, 119.63, 83.39, 31.64, 31.54, 30.41, 30.00, 28.90, 29.29, 
28.83, 27.79 24.67, 22.49, 13.99; MS (EI): m/z [M]+ calcd. for [C16H27BO2S]+: 294, found: 294. 
 
2-Bromo-3-hexyl-5-iodothiophene (6)26 
2-Bromo-3-hexylthiophene 4 (3.00 g, 12.1 mmol) was dissolved in acetic acid (5 ml). After addition of N-
iodosuccinimide (2.70 g, 12.0 mmol) the resulting suspension was stirred vigorously for 6 h at 100 °C under 
light protection. The reaction mixture was poured into water (30 ml) and extracted with dichloromethane 
(2 x 20 ml). The combined organic phases were washed with 1 M NaOH solution (10 ml), water (10 ml), 
brine (10 ml) and were dried with MgSO4. The solvent was evaporated and the residue was purified by 
chromatography (hexane) to afford bromoiodothiophene 6 as a yellow liquid (4.23 g, 94%). 1H NMR (300 
MHz, CDCl3): δ = 6.96 (s, 1H, 4H), 2.52 (t, J = 7.6 Hz, 2H, α-CH2), 1.58–1.48 (m, 2H, β-CH2), 1.36–1.24 (m, 
6H, (CH2)3), 0.89 (t, J = 6.7 Hz, 3H, CH3). 
 
5'-Bromo-3,4'-dihexyl-2,2'-bithiophene (7)26  
To a solution of bromoiodothiophene 6 (2.54 g, 6.8 mmol) in DME (30 ml) was added Pd(PPh3)4 (314 mg, 
0.3 mmol). The mixture was stirred for 10 min at RT then thiophene boronic ester 5 (2.00 g, 6.8 mmol) 
and a 1 M aqueous solution of sodium hydrogencarbonate (20 ml) were added. The reaction mixture was 
refluxed under vigorous stirring for 45 hours. The reaction mixture was poured into water (100 ml), the 
organic phase was separated and the aqueous phase was extracted with ether (3 x 50 ml). The combined 
organic phases were dried over MgSO4 and the solvent was evaporated. The crude product was purified 
by flash column chromatography with hexane as eluent to yield bithiophene 7 (2.33 g, 83%) as a yellow 
liquid. 1H NMR (300 MHz, CDCl3): δ = 7.17 (d, J = 5.2 Hz, 1H, 5‘H), 6.93 (d, J = 5.2 Hz, 1H, 4‘H), 6.81 (s, 1H, 
3H), 2.71 (t, J = 7.8 Hz, 2H, α‘-CH2), 2.57 (t, J = 7.7 Hz, 2H, α-CH2), 1.67-1.54 (m, 4H, β-CH2, β‘-CH2), 1.40–
1.30 (m, 12H,2 x (CH2)3), 0.94-0.89 (m, 6H,2 x CH3). 
 
2-{3',4-Dihexyl-[2,2'-bithiophen]-5-yl}-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8)26   
To bithiophene 7 (2.00 g, 4.8 mmol) in THF (10 ml) at −80 °C was added n-BuLi (1.6M, 3.2 ml, 5.0 mmol) 
and stirred at −80 °C for 1 hour. Then tri(isopropyl)borate (1.00 g, 5.4 mmol) was added and the solution 
was left to warm up to RT. After 2 hours at RT, pinacol (680 mg, 5.8 mmol) was added and the resulting 
suspension was stirred overnight at RT. The THF was removed and the residue was dissolved in petrol 
ether. The white precipitate was filtered off and the resulting solution was filtrated over neutral 
aluminium oxide. The solvent was removed, and the product was dried in vacuum. Dioxaborolane 8 was 
obtained as a brownish oil (1.94 g, 91%) and was used without further purification. 1H NMR (300 MHz, 
CDCl3): δ = 7.16 (d, J = 5.2 Hz, 1H, 5‘H), 7.04 (s, 1H, 3H), 6.91 (d, J = 5.2 Hz, 1H, 4‘H), 2.87 (t, J = 7.6 Hz, 2H, 
α‘-CH2), 2.81 (t, J = 7.8 Hz, 2H, α-CH2), 1.42–1.26 (m, 28H, 2 x (CH2)4, 4 x CH3), 0.95–0.82 (m, 6H, 2 x CH3); 
13C NMR (75 MHz, CDCl3): δ = 154.31, 149.33, 141.32, 139.07, 130.37, 129.32, 128.45, 123.05, 82.90, 
31.01, 30.88, 30.24, 30.03, 29.82, 29.63, 28.80, 28.56, 28.50, 28.30, 27.23, 24.12, 21.94, 13.45, 13.41. 
  
8-(3',4-Dihexyl-[2,2'-bithiophen]-5-yl)-2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra[2,1,9-
def]isoquinoline-1,3(2H)-dione (9)26 
To 9-bromo-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 3 (2.10 g, 3.75 mmol) in DME (30 ml) 
were added dioxaborolane 8 (2.10 g, 4.56 mmol) and Pd(PPh3)4 (218 mg, 0.19 mmol). The mixture was 
stirred for 10 min at RT then aqueous solution of tripotassium phosphate (2 M, 4.6 ml, 9.2 mmol) was 
added and the mixture was stirred at 80 °C for 7 hours. Reaction mixture was poured into water (100 ml), 
the organic phase was separated, and the aqueous phase was extracted with ether (3 x 50 ml). The 
combined organic phases were dried over Na2SO4, filtered and evaporated to afford the crude product, 
which was purified by flash column chromatography (dichloromethane-hexane 2:1) to give 9 (2.53 g, 82%) 
as a dark red solid. 1H NMR (300 MHz, CDCl3): δ = 8.68 (d, J = 7.9 Hz, 2H, Pery-1H,6H), 8.53–8.48 (m, 4H, 
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Pery-2H,5H,7H,12H), 8.01 (d, J = 8.5 Hz, 1H, Pery-8H), 7.70 (d, J = 7.9 Hz, 1H, Pery-10H), 7.65 (t, J = 7.6 Hz, 
1H, Pery-11H), 7.48 (t, J = 7.9 Hz, 1H, Ph-4H), 7.34 (d, J = 7.9 Hz, 2H, Ph-3H,5H), 7.21 (d, J = 5.0 Hz, 1H, Th‘-
5H), 7.12 (s, 1H, Th-3H), 6.97 (d, J = 5.0 Hz, 1H, Th‘-4H), 2.87–2.74 (m, 4H, -CH(CH3)2, α‘-CH2), 2.44 (t, J = 
7.6 Hz, 2H, α-CH2), 1.80–1.70 (m, 2H, β‘-CH2), 1.66–1.55 (m, 2H, β-CH2), 1.51–1.42 (m, 2H,γ‘-CH2), 1.41–
1.31 (m, 4H, 2 x CH2), 1.19 (d, J = 6.7 Hz, 12H, -CH(CH3)2), 1.30–1.11 (m, 6H, 3 x CH2), 0.88 (t, J = 7.3 Hz, 3H, 
Th‘-CH3), 0.77 (t, J = 7.3 Hz, 3H, Th-CH3); 13C NMR (75 MHz, CDCl3): δ = 168.84, 145.63, 141.75, 139.59, 
137.36, 137.09, 136.15, 134.88, 133.80, 133.77, 131.88, 130.99, 130.39, 130.35, 130.25, 130.09, 129.36, 
129.22, 129.19, 128.11, 127.30, 127.15, 126.73, 123.93, 123.66, 122.97, 120.98, 120.93, 120.22, 120.14, 
31.60, 31.40, 30.63, 30.38, 29.29, 29.17, 29.10, 28.95, 28.83, 23.96, 22.55, 22.40, 14.02, 13.91; MS 
(MALDI-TOF): m/z [M + H ]+ calcd. for [C54H56NO2S2]: 814, found: 814. 
 
8-(3',4-Dihexyl-5'-iodo-[2,2'-bithiophen]-5-yl)-2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra[2,1,9-
def]isoquinoline-1,3(2H)-dione (10)26  
To a solution of perylenyl-bithiophene 9 (1.00 g, 1.23 mmol) in dry dichloromethane (10 ml) was added 
mercury(II) hexanoate (539 mg, 1.25 mmol). The resulting suspension was stirred at RT until the mercury 
salt was completely dissolved. Next, iodine (343 mg, 1.35 mmol) was added and the mixture was stirred 
for 6 hours. Then the solution was filtered over basic aluminium oxide and the filtrate was concentrated 
under vacuum. The resulting crystals were briefly washed with ethanol, filtered and dried in vacuum to 
give 10 (1.11 g, 96%) as a red solid. 1H NMR (300 MHz, CDCl3): δ = 8.68 (d, J = 7.9 Hz, 2H, Pery-1H,6H), 
8.54–8.49 (m, 4H, Pery-2H,5H,7H,12H), 7.97 (d, J = 8.3 Hz, 1H, Pery-8H), 7.70–7.63 (m, 2H, Pery-10H,11H), 
7.49 (t, J = 7.9 Hz, 1H, Ph-4H), 7.35 (d, J = 7.8 Hz, 2H, Ph-3H,5H), 7.11 (s, 1H, Th‘-4H), 7.06 (s, 1H, Th-3H), 
2.82–2.73 (m, 4H, -CH(CH3)2, α‘-CH2), 2.43 (t, J = 7.6 Hz, 2H, α-CH2), 1.80–1.70 (m, 2H, β‘-CH2), 1.66–1.56 
(m, 2H, β-CH2), 1.51–1.42 (m, 2H, γ‘-CH2), 1.41–1.31 (m, 4H, 2 x CH2), 1.19 (d, J = 6.8 Hz, 12H, -CH(CH3)2), 
1.30–1.11 (m, 6H, 3 x CH2), 0.88 (t, J = 6.9 Hz, 3H, Th‘-CH3), 0.77 (t, J = 6.9 Hz, 3H, Th-CH3); 13C NMR (75 
MHz, CDCl3): δ = 162.89, 144.68, 140.90, 140.43, 138.86, 136.39, 136.10, 135.51, 133.74, 133.61, 133.49, 
132.79, 130.95, 130.02, 129.42, 129.32, 128.42, 128.39, 128.35, 127.19, 126.73, 126.28, 125.80, 122.99, 
122.01, 120.12, 120.05, 119.35, 119.27, 70.63, 30.60, 30.44, 29.59, 29.40, 28.15, 28.13, 28.00, 27.97, 
27.87, 23.02, 21.57, 21.44, 13.06, 12.97; MS (MALDI-TOF): m/z [M + H ]+ calcd. for [C54H55INO2S2]: 940, 
found: 940. 
  
1,3-Diiodo-5-nitrobenzene (12)27  
2,6-Diiodo-4-nitroaniline 11 (5.00 g, 12.8 mmol) was dissolved in ethanol (250 ml) and cooled to 0 °C in 
an ice bath. Concentrated sulfuric acid (7.2 ml, 130 mmol) was added dropwise into vigorously stirred 
solution over 1 h. The reaction mixture was heated to 60 °C and sodium nitrite (2.65 g, 38.4 mmol) was 
added in small portions over 15 min. The resulting yellow colored reaction mixture was slowly heated to 
90 °C and refluxed for 3 h while the color changed to brown. After cooling to RT, the mixture was poured 
into ice water. The resulting brownish solid was filtered off, washed with water and dried.  The crude 
product as brown solid was obtained (4.13 g) and recrystallized from ethanol to afford 12 (3.60 g, 75%) as 
light yellow crystals. 1H NMR (300 MHz, CDCl3) δ = 8.52 (d, J = 1.5 Hz, 2H, 4,6-H), 8.37 (t, J = 1.5 Hz, 1H, 2-
H). 
 
3,5-Diiodoaniline (13)27 
To a solution of nitro compound 12 (4.03 g, 10.7 mmol) in ethanol (50 ml) was added SnCl2·2H2O (9.28 g, 
41.1 mmol) in portions at RT. Then the reaction mixture was heated to 90 °C and refluxed for 2 h. After 
cooling, the solvent was evaporated under vacuum and the remaining solids were basified with NaOH (4 
M, 150 ml). The mixture was extracted with ethyl acetate (3 x 50 ml), the combined organic layers were 
washed with brine, dried with Na2SO4 and concentrated under vacuum. The crude product was purified 
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by crystallization from ethanol to afford 13 (3.15 g, 85%) as white crystals. M.p. 106–107 °C; 1H NMR (300 
MHz, CDCl3) δ = 7.39 (t, J = 1.5 Hz, 1H, 4-H), 6.98 (d, J = 1.5 Hz, 2H, 2,6-H), 3.67 (br s, 2H,-NH2). 
 
3,5-Bis[(trimethylsilanyl)ethynyl]aniline (14)28 
3,5-Diiodoaniline 13 (2.50 g, 7.25 mmol), Pd(PPh3)4 (200 mg, 0.17 mmol), copper(I) iodide (66 mg, 0.35 
mmol) were placed in a dry flask. Dry THF (50 ml) was added, followed by dry triethylamine (10 ml). The 
suspension was degassed with Ar for 15 min and trimethylsilylacetylene (2.25 g, 3.1 ml, 23 mmol) was 
added. The stirred reaction mixture was heated to 55 °C for 3 h, cooled and the solvents were evaporated 
under vacuum. The residue was partitioned between water (20 ml) and ethyl acetate (50 ml). Organic 
layer was separated and the aqueous one was extracted with ethyl acetate (20 ml). Combined organic 
phases were washed with brine (20 ml), dried over MgSO4 and evaporated. The residue was purified by 
column chromatography with gradient elution (hexane/EtOAc, 0→40% EtOAc) to give the desired 
compound 14 as a yellowish oil (1.84 g, 89%). 1H NMR (300 MHz, CDCl3) δ = 7.01 (t, J = 1.5 Hz, 1H, 4-H), 
6.73 (d, J = 1.5 Hz, 2H, 2,6-H), 3.75 (br s, 2H, -NH2), 0.22 (s, 18H, -Si(CH3)3); 13C NMR (75 MHz, CDCl3) δ = 
149.3, 124.7, 124.4, 118.4, 105.4, 94.5, -0.2; MS (MALDI-TOF): m/z [M + H ]+ calcd. for [C16H23NSi2]: 286; 
found: 286. 
 
1-Iodo-3,5-bis[(trimethylsilanyl)ethynyl]benzene (15) 
A solution of sodium nitrite (430 mg, 6.3 mmol) in water (2 ml) was added to a cooled (below 5 °C) solution 
of 14 (1.48 g, 5.2 mmol) in hydrochloric acid (6 M, 80 ml). After stirring for 45 min at 0–5 °C, an ice-cold 
solution of potassium iodide (1.30 g, 7.8 mmol) in water (5 ml) was added dropwise followed by addition 
of dichloromethane (50 ml). The resulting mixture was slowly heated to RT and stirred for 4 h. The 
dichloromethane layer was separated and the aqueous layer was extracted with dichloromethane (2 x 30 
ml). The combined organic layers were washed with brine and dried over MgSO4 and evaporated. The 
crude residue was purified by column chromatography on silica gel with hexane as eluent to give 15 as a 
colorless oil (0.95 g, 46%). Analytical data are in accordance with literature data29. 1H NMR (300 MHz, 
CDCl3) δ = 7.74 (d, J = 1.5 Hz, 2H, 2,6-H), 7.52 (t, J = 1.5 Hz, 1H, 4-H), 0.23 (s, 18H, -Si(CH3)3); 13C NMR (75 
MHz, CDCl3): δ = 140.2, 134.5, 125.0, 102.3, 96.6, 92.9, -0.2; MS (MALDI-TOF): m/z [M]+ calcd. for 
[C16H21ISi2]: 396; found: 396; elemental analysis: calcd. for [C16H21ISi2]: C 48.48, H 5.34; found: C 49.12, H 
5.61. 
 
Methyl 4-[(4-methoxycarbonylphenyl)amino]benzoate (18)30 
To a solution of methyl 4-bromobenzoate 16 (2.00 g, 9.3 mmol) in toluene (90 ml) was added under Ar 
atmosphere methyl 4-aminobenzoate 17 (1.69 g, 11.1 mmol), Cs2CO3 (4.24 g, 13.0 mmol), BINAP (463 mg, 
74 μmol) and Pd(OAc)2 (104 mg, 46 μmol). The reaction mixture was heated to 120 °C and stirred for 48 
h. The cooled mixture was diluted with EtOAc (50 ml), washed with 2M HCl (2 x 40 ml), brine, dried over 
Na2SO4. The solution was concentrated, loaded on silica gel and purified by silica gel chromatography with 
gradient elution (hexan/EtOAc, EtOAc 0→100 %), followed by crystallization from benzene to afford 18 
(1.77 g, 67%) as colorless crystals. M.p. 179–180 °C; 1H NMR (300 MHz, CDCl3) δ = 7.97 (d, J = 8.7 Hz, 4H), 
7.13 (d, J = 8.7 Hz, 4H), 6.32 (br s, 1H,-NH), 3.89 (s, 6H,-OCH3); 13C NMR (75 MHz, CDCl3) δ = 166.9, 146.0, 
131.7, 123.3, 117.1, 52.1; MS (MALDI-TOF): m/z [M + H ]+ calcd. for [C16H16NO4]: 286; found: 286. 
 
Dimethyl 4,4’-[{3,5-bis[(trimethylsilanyl)ethynyl]phenyl}imino]dibenzoate (19) 
Diphenylamine 18 (0.57 g, 2.0 mmol) and iodobenzene 15 (0.95 g, 2.4 mmol) were dissolved in dry toluene 
(15 ml). The solution was degassed and potassium tert-butylate (450 mg, 4.2 mmol), Pd2dba3 (75 mg, 81 
μmol) and [HP(t-Bu3)]BF4 (39 mg, 0.13 mmol) were added. The resulting suspension was degassed and 
then stirred for 12 hours at RT. After the reaction was completed it was poured into water (30 ml) and the 
aqueous phase was neutralised with hydrochloric acid to pH = 7. The water phase was extracted with 
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dichloromethane (3 x 30 ml) and the organic phase was dried with MgSO4. TLC analysis of the crude 
material showed a very complex mixture of compounds with low amount of the product 19. Thus, the 
crude product was repeatedly purified by column chromatography on silica with various eluents 
(dichloromethane/hexane 2:1; hexane/acetone 20:1) to give 19 (111 mg, 10%) as a light yellow solid. 1H 
NMR (300 MHz, CDCl3) δ = 7.93 (d, J = 7.2 Hz, 4H, MeOOC-Ph-2H,6H), 7.39 (t, 1H, J = 1.2 Hz, 1H, Ph-4H), 
7.15 (d, J = 1.2 Hz, 2H, Ph-2H,6H), 7.05 (d, J = 7.2 Hz, 4H, MeOOC-Ph-3H,5H), 3.80 (s, 6H, OCH3), 0.20 (s, 
18H, Si-(CH3)3); 13C NMR (75 MHz, CDCl3) δ = 166.9, 149.3, 146.0, 131.7, 124.9, 124.4, 123.3, 118.4, 117.1, 
105.5, 94.5, 52.1, -0.1; MS (MALDI-TOF): m/z [M + H ]+ calcd. for [C32H36NO4Si2]: 554, found: 554; Elemental 
analysis: calcd. for [C32H35NO4Si2]: C 69.40, H 6.37, N 2.53; found C 69.08, H 6.18, N 2.39. 
 
Dimethyl 4,4’-[(3,5-diethynylphenyl)imino]dibenzoate (20) 
To a solution of triphenylamine 19 (65 mg, 117 µmol) in THF (1 ml) was added solution of caesium fluoride 
(108 mg, 0.72 mmol) in methanol (0.6 ml) and the reaction mixture was stirred for 1 hour at RT. After the 
reaction was completed the mixture was poured into water (5 ml) and the mixture was extracted with 
dichloromethane (3 x 10 ml). The combined organic phases were washed with water (3 x 5 ml) and were 
dried with MgSO4. The solvent was removed under vacuum to give 20 (46 mg, 96%) as a brownish, viscous 
oil which was used without further purification. 1H NMR (300 MHz, CDCl3) δ = 7.94 (d, J = 8.8 Hz, 4H, 
MeO2C-Ph-2H,6H), 7.39 (t, 1H, J = 1.3 Hz, 1H, Ph-4H), 7.20 (d, J = 1.3 Hz, 2H, Ph-2H,6H), 7.07 (d, J = 8.8 Hz, 
4H, MeO2C-Ph-3H,5H), 3.90 (s, 6H, OCH3), 3.07 (s, 2H, C≡CH); 13C NMR (75 MHz, CDCl3): δ = 167.1, 149.5, 
146.4, 132.0, 125.1, 124.7, 123.4, 118.7, 116.2, 103.2, 83.4, 52.2; MS (MALDI-TOF): m/z [M + H ]+ calcd. 
for [C26H20NO4]: 410, found: 410.  
 
Dimethyl 4,4'-((3,5-bis((5'-(2-(2,6-diisopropylphenyl)-1,3-dioxo-2,3-dihydro-1H-benzo[10,5]anthra 
[2,1,9-def]isoquinolin-8-yl)-3,4'-dihexyl-[2,2'-bithiophen]-5-yl)ethynyl)phenyl)azanediyl)dibenzoate 
(21)31 
Iodinated perylenyl-bithiophene 10 (149 mg, 158 μmol, 2.4 eq.), triphenylamine 20 (27 mg, 66 μmol) and 
CuI (5.0 mg, 20 mol%) were dissolved in dry piperidine (1.5 ml). The solution was carefully degassed and 
filled up with Ar. The catalyst Pd2(dba)3 (6.0 mg, 5 mol%) and ligand [HP(t-Bu)3]BF4 (7.6 mg 20 mol%) were 
added. The resulting solution was carefully degassed and filled up with Ar again and stirred for 24 h at RT. 
When no starting triphenylamine 20 was observed on TLC, the mixture was poured into water (7 ml). The 
organic layer was separated and the aqueous phase was extracted with dichloromethane. The combined 
organic phases were dried over Na2SO4 and the solvent was evaporated. TLC analysis of the crude product 
showed presence of many products containing perylenebithiofene fragment (red spots). Laborious 
isolation by column chromatography and preparative TLC (SiO2/n-hexane: ethyl acetate [10 : 1→5 : 1]) 
gave 21 (12 mg, 10%) as a dark red-violet solid. M.p. 201–203 °C; 1H NMR (300 MHz, CDCl3): δ = 8.69 (d, J 
= 8.1 Hz, 4H, Pery-1H,6H), 8.56–8.48 (m, 8H, Pery-2H,5H,7H,12H), 8.02–7.95 (m, 6H, Pery-8H, MeO2C-Ph-
2H,6H), 7.69 (d, J = 7.8 Hz, 2H, Pery-10H), 7.66 (t, J = 7.9 Hz, 2H, Pery-11H), 7.49 (t, J = 7.6 Hz, 2H, Ph-4H), 
7.46 (t, J = 1.2 Hz, 1H, TPA-Ph-4H), 7.34 (d, J = 7.6 Hz, 4H, Ph-3H,5H), 7.24 (d, J = 1.2 Hz, 2H, TPA-Ph-2H,6H), 
7.17–7.10 (m, 8H, MeO2C-Ph-3H,5H, Th-3H, Th‘-4H), 3.92 (s, 6H, CO2CH3), 2.81–2.70 (m, 8H, Th-α‘-CH2, Ph-
CH-(CH3)2), 2.44 (t, J = 7.6 Hz, 4H, Th-α-CH2), 1.75–1.45 (m, 12H,-CH2-), 1.42–1.22 (m, 8H,-CH2-), 1.20–1.05 
(m, 12H,-CH2-), 1.19 (d, J = 6.4 Hz, 24H, PhCH-(CH3)2), 0.89 (t, J = 7.0 Hz, 6H, Th‘-CH3), 0.77 (t, J = 7.0 Hz, 
6H, Th-CH3); 13C NMR (75 MHz, CDCl3): δ = 167.1, 164.0, 150.2, 146.4, 145.7, 142.1, 139.5, 137.5, 137.3, 
135.3, 135.0, 134.7, 134.5, 133.9, 132.7, 132.4, 132.2, 132.1, 131.0, 130.5, 130.4, 129.5, 128.3, 127.8, 
127.5, 126.9, 126.9, 124.8, 124.0, 123.2, 123.1, 121.2, 120.9, 120.4, 117.9, 93.7, 83.0, 53.1, 31.7, 31.5, 
30.5, 30.4, 29.4, 29.2, 29.1, 29.0, 28.9, 24.0, 22.6, 22.5, 14.1, 14.0; HR MS (MALDI-TOF): m/z [M + H ]+ 
calcd. for [C134H126N3O8S4]: 2032.842, found: 2032.837. 
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4,4'-((3,5-Bis((5'-(2-(2,6-diisopropylphenyl)-1,3-dioxo-2,3-dihydro-1H-benzo[10,5]anthra[2,1,9-
def]isoquinolin-8-yl)-3,4'-dihexyl-[2,2'-bithiophen]-5-yl)ethynyl)phenyl)azanediyl)dibenzoic acid (22)31  
Ester 21 (12 mg, 5.9 µmol) was dissolved in THF (0.5 ml), followed by addition of a lithium hydroxide in 
methanol (1 M, 0.5 ml, 85 eq.). The mixture was stirred over night at RT. After the reaction was completed 
the mixture was poured into water (4 ml) and was acidified with 1 M HCl (pH = 1). The mixture was 
extracted with dichloromethane (3 x 5 ml), the combined organic phases were dried over MgSO4 and the 
solvent was removed under vacuum. The crude product was purified by preparative TLC 
(SiO2/dichloromethane : acetic acid [50 : 1]) and was dried in vacuum to give 22 (11 mg, 93%) as a dark 
red-violet solid. M.p. 256–259 °C; 1H NMR (300 MHz, CDCl3): δ = 8.67 (d, J = 7.8 Hz, 4H, Pery-1H,6H), 8.54–
8.46 (m, 8H, Pery-2H,5H,7H,12H), 8.04–7.96 (m, 6H, Pery-8H, HO2C-Ph-2H,6H), 7.72–7.63 (m, 4H, Pery-
10H,11H), 7.52–7.44 (m, 3H, Ph-4H, TPA-Ph-4H), 7.35 (d, J = 7.6 Hz, 4H, Ph-3H,5H), 7.25 (d, J = 1.2 Hz, 2H, 
TPA-Ph-2H,6H), 7.21–7.14 (m, 8H, HO2C-Ph-3H,5H, Th-3H, Th‘-4H), 2.91–2.81 (m, 8H, Th-α‘-CH2, Ph-CH-
(CH3)2), 2.46 (t, J = 7.6 Hz, 4H, Th-α-CH2), 1.75–1.45 (m, 12H,-CH2-), 1.42–1.22 (m, 8H,-CH2-), 1.20–1.05 (m, 
12H,-CH2-), 1.19 (d, J = 6.4 Hz, 24H, PhCH-(CH3)2), 0.89 (t, J = 7.0 Hz, 6H, Th‘-CH3), 0.77 (t, J = 7.0 Hz, 6H, 
Th-CH3); 13C NMR (75 MHz, CDCl3): δ = 172.5, 164.9, 152.1, 146.8, 146.6, 143.0, 140.5, 138.5, 138.2, 136.2, 
136.0, 135.6, 135.5, 134.7, 133.8, 133.5, 133.0, 132.8, 131.9, 131.4, 131.3, 130.4, 130.3, 129.2, 128.62, 
128.3, 127.8, 126.6, 125.0, 124.9, 124.0, 122.0, 121.9, 121.6, 121.4, 121.3, 120.5, 94.4, 84.3, 32.6, 32.4, 
31.5, 31.4, 30.3, 30.1, 30.1, 29.9, 29.8, 24.9, 23.5, 23.4, 15.0, 14.9; HR MS (MALDI-TOF): m/z [M + H ]+ 
calcd. for [C132H122N3O8S4]: 2004.811, found: 2004.816; molar absorption coefficient in DCM at λmax = 347 
nm was ε = 21 500 M-1cm-1 and at λ = 518 nm was ε = 20 000 M-1cm-1  
 
4,4'-((3,5-bis((5'-(2-(2,6-diisopropylphenyl)-1,3-dioxo-2,3-dihydro-1H-benzo[10,5]anthra[2,1,9-
def]isoquinolin-8-yl)-3,4'-dihexyl-[2,2'-bithiophen]-5-yl)ethynyl)phenyl)azanediyl)dibenzoyl chloride 
(23) 
Dibenzoic acid 22 (12 mg, 6.0 µmol) was transferred into a small vial (8 ml) with septum, secured with Ar, 
dried at 30°C for 1 hour at high vacuum, then dissolved in DCM (2ml), followed by addition of DIPEA (10 
µl, 60 µmol, 10 eq.) and thionyl chloride (30 µl, 30 µmol, 5 eq.). The mixture was stirred for 3 hours, solvent 
was removed under reduced pressure at 30 °C on vacuum-Ar line. The dried reaction mixture containing 
compound 23 was dissolved under Ar-atmosphere in dry THF (2 ml) and used directly for modification of 
2 BDD samples. 
 
Preparation of BDD samples 
Boron doped diamond (BDD) layers were deposited by microwave plasma-enhanced chemical vapor 
deposition (MW-PECVD) using an ASTeX 5010 reactor from Seki Technotron (Japan). The thickness of the 
BDD layers was around 250 nm. BDD layers were deposited on {100}-oriented highly conductive silicon (P 
type resistance = 4 to 6 Ω) 50 mm2 silicon substrates from ON Semiconductor (Czech Republic). Prior to 
growth, substrates were ultrasonically cleaned using acetone, isopropyl alcohol, H2SO4/H2O2 and rinsed in 
deionized water. Just prior to BDD growth, substrates were dipped in a mixture of 1% HF and 0.1% HCl to 
remove the native oxide layer. Substrates were seeded with a nano-crystalline diamond dispersion 
(NanoAmando® B) in water (0.2 g/l) via spin coating. The following BDD deposition conditions were used: 
0.5% methane in hydrogen, gas pressure of 50 mbar, microwave power of 1150 W, a substrate 
temperature of ca. 850 °C and growth time of 2.5 h. Doping was obtained by the addition of a boron 
precursor (diborane) in the gas phase to produce a B/C ratio of 250 ppm. In order to attain consistent B 
doping levels, the growth chamber was carefully cleaned prior to growth using air annealing and oxygen 
plasma to ensure background levels of B were minimized. 
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Modification of BDD surface 
A general procedure for the modification of two BDD samples is described, the dimension of modified 
BDD plates were 5x10 mm. N-Allyltrifluoroacetamide was prepared according to the previously reported 
procedure.22 Dibenzoic acid 22 was converted in situ to dibenzoyl chloride 23 and reacted with amine-
terminated BDD surface.  
The samples were cleaned with acetone, HPLC methanol and dried.  Then, the plates were placed in a 
small glass vessel and immersed in 1.5 ml N-allyltrifluoroacetamide inside of an air-cooled, Ar-secured (5 
times) in-house UV irradiation setup. Photochemical grafting on the surface of the BDD sample was done 
for 3 h by UV irradiation. The product was washed with methanol (3 times), sonicated and dried. 
Trifluoroacetyl protecting group were removed by washing samples in 25% methanolic solution of 
tetramethylammonium hydroxide overnight on a gel rocker, then washed with methanol (3 times), 
sonicated and dried under vacuum for 1 h at 60 °C. Prior to the addition of 23, thoroughly dried samples 
in vials were immersed each in 0.4 ml dry THF containing 10 µl of DIPEA. The freshly prepared solution of 
23 dye was dissolved in 2 ml of dry THF, and 1 ml of 23 solution was transferred to each of the two vials 
with the BDD samples, secured again with Ar and left on a gel rocker for 4 days in the darkness at RT under 
Ar-atmosphere. The samples were then stepwise washed and sonicated in: THF, THF-DCM, DCM, DCM-
methanol and methanol, left for an additional 6 days on a gel rocker in methanol to remove the adsorbed 
dye and finally dried under vacuum at 60 °C for 1 hour. 
 
Photoelectrochemical measurements 
Photoelectrochemical measurements were performed in an Ar-saturated 0.1 M Na2SO4 containing 5 mM 
dimethyl viologen (MV2+). The cell was equipped with a fused silica optical window. The 
photoelectrochemical cell was placed in a dark room and controlled by Zahner workstation. The BDD films 
were illuminated by LSH-7320 ABA LED Solar Simulator (Oriel), light intensity was 1000 Wm−2; simulated 
AM 1.5G solar spectrum. The photoexcitation was applied with 10 s dark/light intervals. BDD films were 
used as a working electrode (contacted on the upper BDD surface; Ag contact with an Au wire insulated 
by TorrSeal epoxy coating), a platinum rod was used as the counter electrode, and an Ag/AgCl electrode 
(3M KCl) was used as the reference electrode. For the quantum efficiency measurements (IPCE) an 
Electrochemical Photocurrent Spectra CIMPS-pcs system (Zahner, Germany) with a TLS03 tunable light 
source was used.  
 
 
Results and discussion 
 
Synthesis 
Perylenetetracarboxylic acid dianhydride 1, 2,6-diisopropylaniline, zinc acetate, imidazole and water were 
heated to 220 °C to afford N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide 2 in 28% yield.1 
Perylenemonoimide 2 was reacted with 4.5 eq. of bromine in chlorobezene. Brominated 
perylenemonoimide 3 was obtained in 86% yield after recrystallization.25 (Scheme 1) 
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Scheme 1 Synthesis of 9-bromoperyleneimide 3. Reagents and conditions: (a) 2,6-diisopropylaniline, 
Zn(OAc)2, imidazole, water, 220 °C; (b) Br2, chlorobenzene. 
 
Starting from 2-bromo-3-hexylthiophene 4 by lithiation with n-butyl lithium and reaction with 
tri(isopropyl)borate and pinacol the corresponding 3-hexylthiophene-2-boronic ester 5 was synthesized 
in 89% yield (Scheme 2). Selective halogenation of 4 with N-iodosuccinimide in acetic acid on the other 
hand leads to 2-bromo-3-hexyl-5-iodothiophene 6 in 94% yield containing two differently reactive halogen 
functions. Suzuki-type cross coupling of both components 5 and 6 in DME yielded dihexyl-bithiophene 7 
in 83%. From bromobithiophene 7 by lithiation with n-butyl lithium and reaction with tri(isopropyl)borate 
and pinacol the corresponding 5-(4,3‘-dihexyl-2,2‘-bithien-5-yl)-4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolane 8 has been synthesized in 91% yield. Subsequent Pd0-catalyzed Suzuki cross-coupling of 
boronic ester 8 with 9-bromoperylene dicarboximide 3 in DME at 80 °C gave perylenyl bithiophene 9 in 
83% yield after column chromatography.26 Perylenyl bithiohene 9 was iodinated using an effective 
mercury mediated iodination procedure26 to afford iodinated perylenylbithiophene 10 in 96% yield after 
column chromatography. 
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Scheme 2 Synthesis of perylenylbithiophene building block 10. Reagents and conditions: (a) (1) n-BuLi, 
THF, -78 °C, (2) B(O-iPr), (3) pinacol; (b) NIS, acetic acid; (c) Pd(PPh3)4, NaHCO3, DME, water, 80 °C; (d) 
Pd(PPh3)4, K3PO4, DME, 80 °C; (e) (1) Hg(O2C(CH2)4CH3)2, dichloromethane, rt, (2) I2. 
 
Synthesis of triphenylamine building block 20 was achieved according to Scheme 3. Diazotization of 2,6-
diiodo-4-nitroaniline 11 and reductive cleavage of diazo group yielded 78% of 1,3-diiodo-5-nitrobenzene 
12.27 Reduction of nitrobenzene 12 with SnCl2·2H2O led to corresponding aniline 13.27 Protected 
diethynylaniline 14 was synthesized by Pd0-catalyzed Sonogashira reaction of iodinated aniline 13 and 3.2 
eq. of trimethylsilylacetylene in THF/TEA at 55 °C for 3 hours and bis(trimethylsilanylethynyl)aniline 14 
was obtained in 89% yield after chromatographic work-up.28 1-Iodo-3,5-
bis[(trimethylsilanyl)ethynyl]benzene 15 was synthesized by classical diazotization of 14 and subsequent 
reaction with KI in the presence of dichloromethane and iododerivate 15 was obtained in 46% yield after 
chromatographic work-up. Diphenylamine 18, the second component for triphenylamine 20 synthesis, 
was synthesized by reaction of methyl 4-bromobenzoate 16 with 1.2 eq. of methyl 4-aminobenzoate 17 
in a Pd0-catalyzed amination by using 1.4 eq. of Cs2CO3 in toluene at 120 °C.30 Yield of methyl 4-[(4-
methoxycarbonylphenyl)amino]benzoate 18 after recrystallization was 67%. The reaction of 
diphenylamine 18 with 1.2 eq. of aryl iodide 15 in a Pd0-catalyzed amination by using 2.25 eq. of potassium 
tert-butylate in toluene at room temperature afforded very complex mixture of products. Purification of 
the mixture was laborious and afforded only 10% yield of triphenylamine 19 after many column 
chromatographies. Deprotection of 19 using 3 eq. of caesium fluoride in a THF/methanol mixture afforded 
acetylene 20 in 96% yield. 
 

 
Scheme 3 Synthesis of triphenylamine building block 20. Reagents and conditions: (a) EtOH, H2SO4, NaNO2, 
60-90 °C; (b) EtOH, SnCl2.2H2O; (c) trimethylsilylacetylene, CuI, Pd(PPh3)4, THF, Et3N, 55 °C; (d) (1) 6 M HCl, 
0 °C, (2) KI, dichloromethane, rt;  (e) Pd(OAc)2, Cs2CO3, BINAP,toluene, 120 °C; (f) Pd2dba3, [HP(tBu)3]BF4, 
KOtBu, toluene, rt; (g) CsF, THF, methanol, rt. 
 
Perylenyl-bithiophene building block 10 was reacted with freshly deprotected triphenylamine 20 in a Pd0-
catalyzed Sonogashira reaction to afford corresponding triad 21 in only 10% yield, after column 
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chromatography. The ester groups were saponified with lithium hydroxide in methanol at room 
temperature to give free acids 22 in 93% yield, after acidification with hydrochloric acid and filtration over 
a short column31 (Scheme 4). The low yield of product 21 was caused by the creation of by-products 
containing a various number of triphenylamine cores connected to each other (Scheme S1).  

 
Scheme 4 Synthesis of bis(perylenyl-oligothiophene)-triphenylamine 22. Reagents and conditions: (a) CuI, 
Pd2dba3, [HP(tBu)3]BF4, piperidine, rt; (b) LiOH, MeOH, THF, rt; (c) SOCl2, DIPEA, DCM, rt. 
 
 
Modification of BDD plates 
For modification of BDD with 23 we used a synthetic strategy developed in our previous works23. It is 
based on modification of hydrogen-terminated BDD by photochemical grafting of trifluoroacetyl-
protected allylamine. The resulting C–C bond provides high stability of the attachment and short distance 
between P1 dye and the surface. After deprotection, the amino group present on the BDD surface was 
acylated with 23. 
Photoelectron spectra of planar BDD electrodes provide information about the surface chemistry 
following dye-functionalization. Two different photoelectron take-off angles, 5° and 90° (Fig. S1 and S2) 
were used. XPS confirms the attachment of the 23 to the surface (presence of S and N). Some other 
elements (Zn, Cl, P) we present, originating apparently as residual trace elements from the synthesis. 
Tables S1 and S2 (Supporting Info) summarize the individual surface concentrations.  
 
Photoelectrochemistry and surface characterisation of BDD electrodes 
Fig. 2 and 3 show photoelectrochemical characterization of the 23-sensitized BDD samples. Fig. 4 and 
Table 1 show the plot of incident photon-to-current conversion efficiency (IPCE) of a 23-film on BDD. The 
absorption spectra and photodegradation is presented in Fig. S3-S4 in Supporting information.  
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Figure 2: Chopped-light polarization curves for BDD (black curve) and BDD - new dye (ND-BDD) electrodes 
(green and blue curves). Chopped white light illumination (1000 Wm−2; simulated AM 1.5G solar spectrum, 
10 s dark / 10 s light interval). Electrolyte 0.1M Na2SO4 + 5 mM dimethyl viologen. 
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Figure 3: Chronoamperometric curves for BDD and BDD sensitized electrodes. Applied potential (vs. 
Ag/AgCl) was -0.2V and -0.3 V. Chopped white light illumination (1000 Wm−2; simulated AM 1.5G solar 
spectrum, 10 s dark / 10 s light interval). Electrolyte 0.1 M Na2SO4 + 5 mM dimethyl viologen. 
 

APPENDIX B. DIAMOND PHOTOCATHODES SENSITISED WITH A
DONOR-ACCEPTOR DYE

102



14 
 

300 400 500 600 700 800 900 1000

0

0.004

0.008

0.012

0.016

IP
C

E
 (

%
)

Wavelenght (nm)

 Unmodified

 Modified with 23

  
Figure 4: IPCE spectrum for unmodified BDD (black curve) and ND-BDD modified with 23. The experiments 
were carried out in 0.1 M Na2SO4 as an electrolyte + 5 mM dimethylviologen. The applied potential −0.3 V 
vs Ag/AgCl. 
 
 

 Current density (nA/cm2) 

@ -0.2 V @ -0.3 V 

Unmodified 10 15 

Modified with 23 (I) 400 600 

Modified with 23 (II) 445 615 

 
Table 1: Current density for non-sensitized and sensitized BDD with 22. The applied potential was -0.2V  
and -0.3V vs Ag/AgCl. 
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Scheme S1 Structure of byproducts created at the synthesis of perylenyl-oligothiophene-
triphenylamine 21. 
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Surface characterisation  
X-ray photoelectron spectroscopy (XPS) spectra were recorded using an Omicron Nanotechnology 
instrument equipped with a monochromatized AlKα source (1486.7 eV) and a hemispherical analyser 
operating in a constant analyser energy mode with a multichannel detector. A CasaXPS program was 
used for spectral analysis. 
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Figure S1: XPS spectra of the BDD with and without surface modified by dye measured under a low 
angle (5°). Curves are offset for clarity, but the intensity scale is identical for all spectra. 
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Figure S2: XPS spectra of the BDD with and without surface modified by the dye. Spectra were 
measured at 90°. Curves are offset for clarity, but the intensity scale is identical for all spectra. 
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Table S1: Results of the XPS surface analysis (concentrations in atom %). Photoelectron takeoff angle 
90° and 5°. 

Sample C 1s O 1s Si 2s N 1s S 2p Zn Cl 2p P 2p 

BDD (90°) 97.2 2.7 0.1 0.0 0.0 0.0 0.0 0.0 

BDD+23 (90°) 91.8 6.2 0.4 0.3 0.1 0.4 0.3 0.6 

BDD (5°) 96.2 3.7 0.1 0.0 0.0 0.0 0.0 0.0 

BDD+23 (5°) 86.3 9.6 0.7 0.6 0.2 0.6 0.6 1.5 

 
Table S2: Results of the XPS surface analysis (binding energies in eV). Photoelectron takeoff angle 90° 
and 5°. 

Sample C 1s O 1s Si 2s N 1s S 2p Zn Cl 2p P 2p 

BDD (90°) 284.4 532.4 - - - - - - 

BDD+23 (90°) 284.4 532.0 102.0 400.4 163.6 1022.0 200.8 133.4 

BDD (5°) 284.0 531.6 -  - - - - - 

BDD+23 (5°) 284.4 531.6 100.8 400.4 164.4 1022.0 199.6 133.4 
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Figure S3: Absorption spectra of 22 (black) compared with P1 dye (red).  
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Figure S4: Comparison of 22 and P1 photodegradation in ethanolic solution at a white light of 1 Sun 
intensity. The spectra were measured before the irradiation (0 h), and after 5 and 24 h irradiation.  
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a  b  s  t  r  a  c  t

The  first  systematic  study  of  P1-dye  attachment  to  the  surface  of  H-terminated  boron-doped  diamond
(BDD)  surface  was  carried  out.  Details  about  surface  anchoring  chemistry  were  explored  on  model
nanodiamond  particles.  The  electronic  properties  of boron  doped  diamond  films  were  tuned  from
semiconducting  to quasi-metallic  ones.  The  relevant  materials  were  analyzed  by  advanced  chemical
analysis,  zeta-potential,  IR and  TEM  (nanoparticles),  Raman,  XPS,  AFM,  SEM,  Hall-effect  and  by  in-depth
photo/electrochemical  studies  (films).  An  improved  photochemical  grafting  protocol  was  developed  lead-
ing  to  a  factor  of 3 enhancement  in photocurrent  on comparable  diamond  electrodes.  The  champion
electrode  provided  at 1 sun  illumination  a photocurrent  of 6.6 �A cm−2 which  is  the  best  value  ever
reported  for  a  flat  BDD  electrode.

©  2018  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Dye-sensitized solar cells (DSC), also called Grätzel cells [1,2],
usually operate with n-type semiconductor photoanodes (e.g.
TiO2), but there are also sporadic reports on p-type DSCs with e.g.
p-NiO photocathodes [3,4] and tandem device (p,n-DSC) in which
both electrodes are made from dye-sensitized semiconductors [5].
Tandem cells are attractive due to their enhanced voltage, which
is not controlled by the redox potential of the mediator, however
they are still, by an order of magnitude, less efficient [5] compared
to classical n-type DSCs. Among the available alternative cathode
materials, boron doped nanocrystalline diamond (BDD) can be con-
sidered a promising replacement for p-NiO [6,7]. Diamond films
fabricated by CVD are attractive due to their excellent chemical and
electrochemical stability, optical transparency and favorable elec-
trical properties. The electrochemical inertness of BDD is beneficial
in view of the corrosive nature of electrolyte solutions using, e.g.
the I3−/I− redox couple as the redox mediator, although the large

∗ Corresponding authors.
E-mail addresses: hana.krysova@jh-inst.cas.cz (H. Krýsová), Cigler@uochb.cas.cz

(P. Cígler), kavan@jh-inst.cas.cz (L. Kavan).

charge-transfer resistance of BDD might be an issue [8]. BDD has a
high hole diffusion coefficient (2–30 cm2 s−1) [9], which compares
favorably to values obtained for p-NiO (4 × 10−8 cm2 s−1) [10]. BDD
has higher optical transparency than p-NiO, approaching the opti-
cal quality of indium-tin oxide (ITO) at certain levels of doping
[11,12].

Undoped diamond is an electrical insulator due to its large
bandgap of 5.45 eV leading to resistivity in the order of 1020 � cm
[13] and therefore cannot be used as an electrode material. Boron
doping is most widely used to make conductive diamond, due
to the low charge carrier activation energy of 0.37 eV [14]. By
B-doping, the conductivity of diamond can be enhanced up to
ca. 100 �−1 cm−1 [15]. The electrical properties of B-doped dia-
mond vary from insulating to semiconducting up to nearly metallic
according to the doping level, whereby an abrupt semiconductor-
metal transition occurs at a boron concentration of about 1020 cm−3

(i.e. at ca. 0.06%) [16]. Above this doping level, B-doped diamond
films show low resistivities [17,18].

BDD has to be sensitized to utilize solar light for its photo-
electrochemical activation. If the diamond surface is controllably
modified using organic functional groups, a new organic–inorganic
functional material can be prepared, which possesses the phys-
ical functions of diamond as a bulk material and the chemical

https://doi.org/10.1016/j.apmt.2018.04.005
2352-9407/© 2018 Elsevier Ltd. All rights reserved.
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functions of the organic functional groups [19]. Spectral sensiti-
zation of BDD by organic dyes was pioneered in 2008 by Zhong
et al. [20]. Photocurrents of ca. 4–6 �A cm−2 were observed under
1 Sun illumination in aqueous electrolyte solution with dimethylvi-
ologen (MV2+) acting as the electron carrier [12]. Sensitization of
BDD by Ru(SCN)2 (2,2′-bipyridine, 4,4′-dicarboxylate)2 (coded N3)
provided photocurrents in the order of 1–10 nA cm−2 under 1 Sun
[21]. Yeap et al. [22] modified BDD with thiophene derivatives, and
observed photocurrent of ca. 150 nA cm−2 under 0.15 Sun.

The donor–p-bridge–acceptor dye, 4-(bis-4-[5-(2,2-
dicyanovinyl)-thiophene-2-yl]-phenyl-amino)-benzoic acid
(denoted as P1), is one of the most efficient chromophores and is
frequently used for the sensitization of p-NiO [23,24] and some
other p-type semiconductors [25,26]. In addition to applications
in solar cells, the P1@NiO electrode was also successfully tested
for hydrogen production by photo-electrolysis of water [27,28].
The HOMO level of P1 dye (−5.8 eV) [23] is well below the valence
band (VB) of H-terminated diamond (ca. −4.2 eV for diamond in
vacuum, and ca. −5.5 eV for a diamond contacting an electrolyte
solution) [29]. The LUMO level of P1 dye corresponds to a potential
of −0.87 V vs. SHE [23], which is more negative compared to the
MV2+/+ redox potential (−0.45 V vs. SHE). Hence, both the hole
injection into the VB of diamond and the electron transfer to
MV2+ have a reasonable driving force of ca. 0.5 eV [7]. Despite
these achievements, the major drawback of diamond is the low
reactivity of its surface, which makes the direct attachment of
functional organic molecules quite challenging [21].

The first experiments with a donor–�-bridge–acceptor
molecule (P1 dye) were performed by non-covalent anchor-
ing to diamond coated by polyethyleneimine [6]. This electrode
provided cathodic photocurrents of about 100–150 nA cm−2 at
0.18 Sun. The photocurrent was constant during illumination for
ca. 250 s. Later on, covalent chemical modification of BDD with P1
was developed, and improved efficiency was observed together
with long-term stability of P1@BDD under 1 Sun (AM1.5G) [7].
The photocurrent increased during ca. 5 h from 1 �A cm−2 to
1.5 �A cm−2.

In this work the procedure of chemical modification of B-
doped diamonds with P1 was further improved. For the first
time, BDD with different doping levels (B/C ratios from 250 to
4000 ppm) was tested to explore how the electronic properties
(semiconducting/metallic nature) of BDD change the photoelec-
trochemical response. Furthermore, the influence of the type of
electrode substrate (high-conductive and low-conductive silicon)
was investigated. Eventually, a model diamond material with large
surface/volume ratio was used to follow the surface chemical mod-
ification in detail.

2. Materials and methods

2.1. Preparation of the BDD samples

Boron doped diamond (BDD) layers were deposited by
microwave plasma enhanced chemical vapor deposition (MW-
PECVD) using an ASTeX 5010 reactor from Seki Technotron (Japan).
The thickness of the BDD layers was around 570 nm.  BDD lay-
ers were deposited on two types of substrates. Substrate A was
low-conductive silicon (P type resistance = 6 to 12 k�) and sub-
strate B was high-conductive silicon (P type resistance = 4 to 6 �).
Both A and B were {100}-oriented 50 mm2 silicon substrates from
ON Semiconductor (Czech Republic). In addition, insulating fused
silica substrates (MaTeck GmbH), 100 mm2, were used for prepa-
ration of BDD layers for electrical characterization. Prior to growth,
all substrates were ultrasonically cleaned using acetone, isopropyl
alcohol, H2SO4/H2O2 and rinsed in DI water. Just prior to BDD

growth, conductive silicon wafers were dipped in a mixture of
1% HF and 0.1% HCl to remove the native oxide layer. All sub-
strates were seeded with a nano-crystalline diamond dispersion
(NanoAmando

®
B) in water (0.2 g/L) via spin coating. The same

deposition conditions; 0.5% methane in hydrogen, gas pressure of
50 mbar, a microwave power of 1150 W,  substrate temperature of
ca. 850 ◦C and growth time of 5 h, were used for the coating of all
substrates. Doping was obtained by the addition of a boron pre-
cursor (trimethylboron) in the gas phase to produce B/C ratios of:
250, 500, 1000, 2000 and 4000 ppm. In order to attain consistent
B doping levels the growth chamber was carefully cleaned prior
to growth using air annealing and oxygen plasma to ensure back-
ground levels of B were minimized.

2.2. Reagents and sample preparation: modification of BDD
surface

P1 dye (purity > 95%) was purchased from Dyenamo AB, Sweden.
Prior to reactions with P1 dye, all glassware was dried in vacuum
for 1 h. HPLC-grade methanol was used for washing. BDD samples
were cleaned by sonication in-between each washing step in an
ultrasonic bath (Elmasonic P60 H for 3 min  at 30% power at 85 kHz)
and dried under vacuum (<1 mbar) for 1 h at 60 ◦C. All drying or air-
sensitive steps with samples were carried in EPA screw neck vials
(ND24) with PTFE septa. An in-house setup was used for UV irradia-
tion, containing three low-pressure mercury lamps with emission
at 254 nm (Osram Puritec 5 W).  The UV light intensity was mea-
sured inside the apparatus to be 3 mW cm−2. Sample rinsing was
carried out with a gel rocker PS-M3D (Grant instruments).

2.3. Syntheses

N-Allyltrifluoroacetamide was prepared according to the previ-
ously reported procedure [7].

P1-Cl: 4-(bis-{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-
phenyl}-amino)-benzoic acid (P1) (118 mg,  0.195 mmol) was
dried for 30 min  in vacuum in a 20 mL dry vial with a magnetic
stirrer. Under Ar atmosphere, 6 mL  of dry dichloromethane (DCM)
was added, followed by the addition of N,N-diisopropylethylamine
(85 �L, 0.487 mmol, 2.5 eq) and SOCl2 (28 �L, 0.390 mmol, 2 eq).
The reaction mixture was  stirred for 3 h at room temperature. The
solvent was  removed under Ar atmosphere and the P1-Cl was
dissolved in 6 mL  dry tetrahydrofuran (THF). The solution was
filtered with a PTFE 0.22 �m filter used exclusively for modification
of the BDD samples.

2.4. Procedure for modification of a BDD surface

A procedure for modification of 12 BDD samples of dimen-
sions 50 mm2 is described. Compared to our previous work [7],
we used an upgraded photochemical setup involving a small pol-
ished steel hexagonal tube reflector with UV lamps and air-cooling
to prevent overheating of the samples. Samples were cleaned
with acetone, HPLC methanol, dried, and immersed in 1 mL N-
allyltrifluoroacetamide in a small glass vessel (4 samples at a time)
inside an Ar-secured quartz tube. Photochemical grafting was  per-
formed by UV irradiation for 3 h with cooling by airflow from a
ventilator. The product was washed with methanol, sonicated and
dried. Trifluoroacetyl protecting group were removed by wash-
ing samples in 25% methanolic solution of tetramethylamonium
hydroxide for 2 days on a gel rocker, then washed with methanol,
sonicated and dried. Prior to the addition of P1-Cl, thoroughly dried
samples in vials were immersed in 0.5 mL  dry THF containing 10 �L
of N,N-diisopropylethylamine. The freshly prepared solution of P1-
Cl was  added to the vial with the samples (0.5 mL  each) and left
in darkness for 3 days on a gel rocker at room temperature under
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Ar atmosphere. The samples were then stepwise washed and soni-
cated with THF, THF-DCM, DCM and methanol, left for an additional
3–5 days on a gel rocker in methanol to remove adsorbed dye and
finally dried.

2.5. Modification of nanodiamond (ND) particles

High-pressure, high-temperature (HPHT) nanodiamonds were
obtained from Microdiamant Switzerland, (MSY 0–0.05 �m).  They
were oxidized in air at 510 ◦C for 4 h; treated with a mixture of
HF and HNO3 (2:1) at 160 ◦C for 2 days; washed with water, 1 M
NaOH, 1 M HCl and water [30], providing ND-COOH. Hydrogena-
tion of ND-COOH [31] (250 mg)  was performed using hydrogen
plasma treatment in a microwave plasma enhanced chemical vapor
deposition system with linear antennas described in ref. [32]. The
following conditions were used: H gas flow 200 sccm, gas pres-
sure 0.250 mbar, a microwave power 2000 W for 5 min, 2700 W for
15 min, 5 min  for 2000 W and 1500 W for 5 min. During the hydro-
genation process the NDs were held in a vibrating quartz U-tube,
which was open at both ends to enable efficient surface exposure
of the NDs to the H-plasma. Based on the previous measurements
at the same conditions, the temperature of the quartz U-tube dur-
ing the process was estimated to be approximately 550 ◦C. After
switching off the plasma, the chamber was vented with nitrogen.
The total yield of 228 mg  hydrogenated NDs (ND-H) was divided in
4 vials by ∼45 mg  and stored in a nitrogen atmosphere.

Photochemical grafting of N-allyltrifluoroacetamide to ND-H
was performed in the same apparatus as described for BDD sample
modification, but the reaction vessel was slowly rotated to ensure
uniform irradiation of the dispersed NDs. 21 mg  of ND-H was dis-
persed in 0.6 ml  of N-allyltrifluoroacetamide by ultrasonication and
transferred to an Ar atmosphere. The quartz reaction vessel was
then exposed to UV light for 14 h with continuous agitation. The
sample was washed 4× with ethanol and 2× with H2O by centrifu-
gation, providing ND-CF3.

The ND-NH2 was prepared by deprotection of trifluoroacetyl
group from ND-CF3. Methanolic dispersion of ND-CF3 (3.8 mg in
0.5 mL  MeOH) was mixed with a 25% solution of tetramethy-
lammonium hydroxide in methanol (2 mL)  and stirred at room
temperature overnight. ND-NH2 were washed 4× with ethanol, 2×
with H2O and dried.

2.6. Characterization methods

Raman spectra were measured at room temperature using a
Renishaw InVia Raman Microscope at a wavelength of 488 nm and
a laser power of 6 mW at the sample to assess the quality and
diamond layer composition and ascertain doping related features.

X-ray photoelectron spectroscopy (XPS) spectra were recorded
using an Omicron Nanotechnology instrument equipped with a
monochromatized AlK� source (1486.7 eV) and a hemispherical
analyzer operating in a constant analyzer energy mode with a
multichannel detector. A CasaXPS program was used for spectral
analysis.

The surface topography was characterized by atomic force
microscopy (AFM) Multimode Nanoscope IIIa (Bruker, USA) oper-
ating in air. AFM images were obtained by tapping mode using
silicon probes (OTESPA, Bruker, USA) with nominal force constant
k = 42 N/m and nominal resonant frequency f = 320 kHz.

The morphology of samples was characterized using a scanning
electron microscope (SEM) FERA3 (TESCAN, Czech Republic). The
morphology and size of the particles were characterized with TEM
(JEOL JEM-1011). A similar approach as described in ref. [33] was
used.

Electrochemical and photoelectrochemical experiments were
carried out in a one compartment cell using a (PGSTAT101 Autolab,

Metrohm) potentiostat controlled using NOVA software. BDD films
were used as a working electrode (contacted on the upper BDD
surface; Ag contact with an Au wire insulated by TorrSeal epoxy
coating), a platinum rod was used as the counter electrode and an
Ag/AgCl electrode (sat. KCl) was used as the reference electrode.
Measurements were performed in an Ar-saturated 0.1 M Na2SO4
solution containing 5 mM dimethylviologen (MV2+), pH ≈ 7 and for
comparison a 0.1 M Na2SO4 electrolyte solution without MV2+ was
used.

For the photoelectrochemical experiments the cell was
equipped with a quartz optical window, and the electrode was illu-
minated using a white light source (Oriel Xenon lamp, model 6269)
in a dark room. Solar radiation (direct and diffuse) was simulated
using an Oriel AM 1.5 Global (81088) filter. The light intensity was
measured using a standard Si photodiode (PV Measurements, Inc.,
USA). All experiments were performed at light intensity 1 sun. For
quantum efficiency measurements (IPCE) an Electrochemical Photo
Current Spectra CIMPS-pcs system (Zahner, Germany) with a TLS03
tunable light source was used.

The content of fluorine in the NDs was  determined by ion-
exchange chromatography [34]. A mixture of NDs with glucose
(1:1, 4 mg)  was combusted in an oxygen atmosphere. The result-
ing mixture of gases was absorbed in a total volume of 25 mL  of
buffer solution (4.0 mM Na2CO3, 1.0 mM NaHCO3, 0.1 mM KSCN
in water), which was filtered through a 0.2 �m PVDF syringe fil-
ter into polypropylene vials. The analyses of F− content were
carried out by Watrex Prague Ltd. with a purpose-built system
consisting of a dual piston HPLC pump (P-102, Watrex), con-
ductivity detector (Conducto Monitor III, range 0.1 �S, Thermo
Separation Products), and SAMS standard conductivity suppres-
sor (SeQuant). Anion separation was  achieved with a Watrex IC
Anion I column (150 mm × 4 mm;  7 �m)  using a solution of 4.0 mM
Na2CO3, 1.0 mM NaHCO3, and 0.1 mM  NaSCN as a mobile phase. The
flow rate was  1.0 mL  min−1. Samples were injected using a 20 �L
loop injector (Rheodyne 7125). Data was  evaluated with CSW32
(Dataapex) chromatography software. The calibration range for F−

was 0.1–10 mg  L−1 with a detection limit of 0.03 mg L−1.
Zeta potentials were analyzed with a Zetasizer Nano ZS system

(Malvern instrument) at room temperature. Sample concentrations
were 1 mg  mL−1 in deionized water, pH values were adjusted by
titration with NaOH or HCl.

For determination of amine content in ND-NH2, the Kaiser test
was used. All samples and calibration curves were prepared in one
run for maximum consistency. 100 �L ND sample (1 mg mL−1) or
standard (n-butylamine, 1 mM,  0.1 mM,  0.01 mM)  was mixed with
75 �L solution A (0.8 g phenol in 0.2 mL  of ethanol), 75 �L solution
B (0.2 g ninhydrine in 4 mL  ethanol) and 100 �L solution C (80 �L
0.01 M aqueous KCN solution in 4 mL  pyridine). Samples were then
heated on an aluminum block at 100 ◦C for 5 min. The reaction
was then stopped by addition of 1 mL  solution D (40% ethanol in
water, v/v). UV–vis absorption spectra of sample were recorded
and absorbance at 570 nm (A570) was  compared to a linear calibra-
tion curve obtained from linear regression on the data of calibration
standard in the following form:

c(NH2, mM)  = −(0.132 ± 0.069) + (1.475 ± 0.015) × A570

Infrared spectra were recorded on Nicolet 6700FT-IR spectrom-
eter (Thermo Scietific, Waltham, MA  USA) using a standard MIR
source, KBr beam splitter and DTGS detector. The spectrometer was
purged by dry nitrogen. 256 scans were collected in spectral region
3800–400 cm−1 at a spectral resolution 2 cm−1 with a Happ-Genzel
apodization function. Samples were measured at room tempera-
ture in KBr pellet form (about 1 mg/80 mg  sample/KBr) prepared
from overnight dried KBr (Merck). Data processing was  performed
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Fig. 1. 488 nm Raman spectroscopy of BDD layers on insulating Si substrates show-
ing the classical evolution of B related features with increasing B/C ratios (1)
500  cm−1, (5) 1230 cm−1 and (6) red shifted Diamond Raman, alongside typical non-
diamond carbon phases of nanocrystalline diamond with bands at (4) 1150 cm−1

and (7) 1500 cm−1 attributed to trans poly-acetylene. Substrate related features are
visible at (2) 522 cm−1 and (3) 965 cm−1. Spectra are offset for clarity.

using OMNIC software and all presented spectra were normalized
to sample concentration.

Samples of BDD films (doping level B/C 4000 ppm) as deposited
on a substrate and modified with P1 and P1 dye powder were ana-
lyzed by Fourier Transformer Infrared Spectrophotometry (FTIR)
using Nicolet 6700 FT-IR spectrometer (Thermo Scietific). A stan-
dard MIR  source, KBr beam splitter and DTGS KBr detector were
used. Spectra were acquired in attenuated total reflection mode
(ATR) on ZnSe crystal. The spectrometer was purged by dry nitro-
gen. 253 scans were collected in spectral region 2600–650 cm−1 at a
spectral resolution 16 cm−1 with a Happ-Genzel apodization func-
tion. Data processing was performed using OMNIC software and the
spectra were visualized in a graph of infrared light transmittance.

3. Results and discussion

3.1. Boron-doped diamond

Raman spectroscopy was employed to evaluate the presence of
non-diamond content and the boron incorporation in fabricated
layers. Fig. 1 shows characteristic Raman spectra of BDD layers
deposited on insulating Si substrates (substrate type A) grown
with increasing B/C ratios. This figure shows the evolution of the
Raman spectra from characteristic features of nano-crystalline dia-
mond, showing a sharp diamond Raman line at ca. 1332 cm−1,
peaks at 1150 cm−1 and 1500 cm−1 attributed to trans poly-
acetylene, to characteristic spectra of highly boron doped diamond
([B] > 2.1020 cm−3) with intense bands at 500 cm−1 and 1230 cm−1

and a Fano shaped diamond Raman line with no remarkable
non-diamond phase bands. The incorporation of B atoms at high
concentration in the diamond lattice is clearly signaled by a red
shift in the diamond’s Raman peak position and the presence of
additional characteristic bands at ca. 500 cm−1 and ca. 1230 cm−1.
While the wide band located at 500 cm−1 has not been unam-
biguously attributed to vibration mode of boron pairs, recent work
demonstrated the peak at 500 cm−1 has a Fano shape with positive
asymmetric coefficient and the peak at 1230 cm−1 corresponds to
diamond’s maximum phonon density of states with a Fano-shape
[35]. Boron concentration in layers with metallic conductivity
(B/C > 500 ppm) has been evaluated from the position of their three
main characteristic Raman peaks according to [36] which gives the

values of 4.1 × 1020, 1.2 × 1021 and 2.3 × 1021 cm−3 for B/C ratios of
1000, 2000 and 4000 ppm respectively. Whilst the boron concen-
tration of the layer grown at B/C = 500 ppm could not be accurately
determined, one might safely assume its boron concentration to be
at the metallic transition, i.e. ca. 2 × 1020 cm−3 due the red-shift of
the diamond peak and the emergence of the band at ca. 1200 cm−1.
Assuming a linear correlation between the B/C ratio in the gas phase
and the boron concentration in the diamond layer, it is expected the
boron concentration in the layer deposited at B/C = 250 ppm to be
ca. 1 × 1020 cm−3. These values compare favorably with previously
reported values for total B content (neutron depth profiling mea-
surement) and Hall concentration (van de Pauw measurements)
from BDD layers prepared using the same deposition conditions
[37,38] (Table 1).

3.2. Dye-sensitization

In previous works, non-covalent [6] and covalent attachment [7]
of P1 dye on BDD surface was explored suggesting better proper-
ties on covalently-modified surface. In both these works, solely one
doping level (B/C = 4000 ppm) was  used, i.e. no attempts for doping
optimization was carried out. The synthetic strategy for covalent P1
anchoring (Fig. 2) is based on modification of hydrogen-terminated
BDD by photochemical grafting of trifluoroacetyl-protected allyl
amine [39]. This C–C bond formation was chosen due to the high
stability and short overall distance between P1 dye and the sur-
face [40]. After deprotection, the amino group present on the BDD
surface was  acylated with P1-Cl dye.

To understand the UV-triggered photografting and deprotection
in more detail, we employed hydrogen-terminated nanodiamonds
(ND-H) as a model material with similar surface chemical proper-
ties. ND-H has a significantly higher surface to volume ratio than
the planar surface of BDD and enables utilization of an extended
range of characterization techniques (IR spectroscopy, Kaiser test,
elemental analysis and zeta potential measurements).

The consecutive modifications of ND-H were characterized by
IR spectroscopy (Fig. 3). The spectrum of ND-COOH shows the car-
bonyl band at 1781 cm−1. Hydrogenation of ND-COOH caused a
spectral shift of the carbonyl spectral band to 1730 cm−1 accompa-
nied with an increase in the broad spectral band around 1100 cm−1.
Photografting of allyl amine on ND-H was confirmed by the pres-
ence of spectral bands at 1708 cm−1 and 1555 cm−1, assigned to
amide I and amide II vibrations, respectively. Furthermore, the
presence of CF3 functional group was clearly characterized by
the bands at 1210, 1183 and 1161 cm−1. They disappeared after
deprotection with base, yielding ND-NH2. The IR spectrum of ND-
NH2 was characterized by bands at 1712 cm−1 with a shoulder at
1747 cm−1 and 1154 cm−1 assigned to �(C O) and �(C O) func-
tional groups. Due to the presence of water in ND sample (bands
around 3400 cm−1 (�(O H)) and 1635 cm−1 (�(H2O))), the charac-
teristic vibration of NH2 functional group �(N H) and �(NH2) could
not be assigned. Photografting of NDs also supports the intensity
increase of bands characteristic for �s(CH2) and �as(CH2) at 2854
and 2923 cm−1 [41].

The fluorine content in ND samples was  determined by ion-
exchange chromatography after burning the sample in excess O2.
The results confirmed photochemical grafting of the trifluoroacetyl
group and subsequent deprotection of ND-CF3 with reasonable
yields (Table 2). The measured values can be recalculated to about
10–15% of surface groups (based on a spherical model of 30 nm ND
with {111} surface) modified to ND-CF3 by photochemical grafting
and consequently most of these groups were removed providing
ND-NH2. Quantitative Kaiser test was  used to assess the surface
grafting density of primary amino groups on ND-NH2. While the
amounts determined for ND-CF3 were below the detection limit,
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Table  1
Values of total B content.

Raman Van de Pauw Neutron depth profiling
B/C  concentration (ppm) B concentration

(cm−3 × 10−20)
Hall concentration
(cm−3 × 10−20)
Ref. [38]

B concentration
(cm−3 × 10−20)
Ref. [37]

250 1 – 0.4
500  2 0.2 0.8
1000  4.1 6 1.7
2000  12 11 2.6
4000  23 20 6.2

Fig. 2. Synthesis scheme for UV photochemically-triggered modification of flat BDD-electrodes (MW-PECVD) and nanodiamond particles (HPHT). Hydrogen-terminated
surface  was modified with a short amine-terminated linker. After removal of protecting group, surface accessible amino groups were acylated by the P1-Cl dye. The analytical
techniques used for characterization are listed below the structures.

ND-NH2 showed 0.38 mmol/g, which corresponds to ∼26% cover-
age of surface atoms (calculated using on the same spherical model
of ND). Based on this result we believe the fluorine analysis is likely
underestimating the overall content of the functional groups. The
Kaiser test is based on surface cleavage reaction, which documents
also the steric accessibility and chemical reactivity of the amino
group on the ND-NH2 surface.

IR spectroscopy of as deposited and P1 modified BDD lay-
ers (doping level B/C 4000 ppm) was also performed (Fig. S1).
ATR-FTIR spectra of both BDD samples, either as deposited

or modified with P1 are almost identical, showing solely the
spectral features of diamond. Hence, this technique is not sen-
sitive enough for characterization of thin-film samples, as the
information depth of ATR-FTIR is much larger than the thick-
ness of the chemically-modified layer on the surface. Therefore,
our IR studies of powder samples (see Fig. 3 and discus-
sion thereof) provide more detailed information about surface
modification.

The zeta potential of NDs shifts to more positive values at low
pH after deprotection of the amino group (Table 2), where the
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Fig. 3. IR spectra of the nanodiamond particles: initial NDs (ND-COOH), hydro-
gen terminated NDs (ND-H), N-allyltrifluoroacetamide modified NDs (ND-CF3) and
deprotected, amino-modified ND-NH2. After grafting of N-allyltrifluoroacetamide
(ND-CF3), (1) alkane band is seen at ca. 2900 cm−1 corresponding to (2) amide I and
(3) amide II vibrations (1708 and 1555 cm−1, respectively) and (4) CF3 vibrations
(1209, 1183 and 1161 cm−1) of trifluoroacetyl group are observed. While the alkane
band (1) is present after deprotection, the signals (2)–(4) disappear, indicating for-
mation of ND-NH2.

cationic protonated amino groups play a major role compared to
the remaining carboxylic groups naturally present on ND surface.

TEM micrographs of NDs show no changes to the morphology of
particles in all stages of modification (Supporting Info, Figs. S2–S4).

3.3. Surface characterization of BDD electrodes

Photoelectron spectra (XPS; Fig. 4, S5) of planar Si-supported
BDD electrodes provide information about the surface chemistry
following dye-functionalization. Spectra were acquired at two  dif-
ferent photoelectron take-off angles, 9◦ (Fig. S5) and 90◦ (Fig. 4);
in the first case the surface sensitivity is enhanced. In all cases,
XPS confirms the high purity of our samples; there were no other
elements detectable, beyond C, O, N, S and Si. Tables S1–S3 (Sup-
porting Info) summarize the individual surface concentrations. In
most cases, diagnostic for the P1 + linker (i.e. N and S) are expect-
edly attenuated for the 90◦ geometry, confirming that N and S are
localized on the outermost surface layer. The found concentration
of Si is regularly larger for the 9◦ takeoff angle (Tables S1, S2) indi-
cating its enhanced occurrence on the surface. This contradicts the
assignment to the Si-substrate (cf. Raman spectrum, Fig. 1) indicat-
ing rather the surface contamination of our samples. An alternative
assignment would be to a species inside the diamond film, e.g. SiC
which is known to occur in the diamond growth [35] though at
different experimental conditions.

In agreement with our earlier work [7] the anchoring of P1 to
the diamond surface manifests itself by the attenuation of the B1s
signal from ca. 2.5 at% in unmodified BDD (4000 ppm doping) to
nearly undetectable levels in all of the samples. In addition, the

Fig. 4. XPS spectra of the P1-modified BDD at various doping levels B/C. Spectra
were measured at 90◦ takeoff angle. Curves are offset for clarity, but the intensity
scale is identical for all spectra.

modification of the diamond surface by the P1-dye is confirmed by
the appearance of S 2p and N 1 s photoemission lines. The surface
concentrations of S are between 1–3 at%; which is in good accord
with the previously reported data [7]. As anticipated, the N concen-
trations are larger, though stoichiometric proportion (N/S = 3 which
is expected for the P1 + linker species) is observed only rarely. The
observed N/S ratios are mostly smaller than stoichiometric (excep-
tions are 1000-ppm-90◦ and 4000-ppm-9◦, see Tables S1, S2, Supp.
Info), which again matches the earlier observations [7].

It is interesting to note that the S and N concentrations are
relatively smaller for the 250 ppm sample, which – on the other
hand – exhibited the best photoelectrochemical performance, see
below. Furthermore, this particular sample has a significantly lower
content of oxygen. This leads to a hypothesis that an oxygen-rich
diamond surface is unfavorable for photoelectrochemical perfor-
mance. The theoretical surface stoichiometry for P1-modified BDD
is O/S = ½; but the experimental values (Table S1) are significantly
larger. The obvious reason is that oxygen is present even in pris-
tine as-grown BDD surfaces in non-negligible concentrations [7].
Notably, the surface oxygen drop is quite systemically observed in
almost all our XPS measurements (Tables S1, S2).

The surface morphology of BDD deposited on substrate A was
investigated by AFM (Fig. 5).

While images of as-received BDD surface show well-defined
nanocrystals with a smooth surface (Fig. 5 left), modification with
P1 dye creates well resolved nano-grains on the BDD surface (Fig. 5
right). Nano-grains of P1 dye with a diameter of ∼20 nm are clearly
visible on the detailed AFM image of a sensitized BDD surface
(Fig. 6).

No remarkable difference in the surface morphology of P1-
modified BDD was found for the various levels of doping by
AFM (Fig. S6). Top view SEM images for BDD films with various

Table 2
Characterization of the prepared nanodiamond particles: content of accessible amino groups on surface (Kaiser test), overall fluorine content after combustion of NDs and
dependence of zeta-potential on pH.

ND type NH2 content (Kaiser test) CF3 content Zeta-potential [mV]

[mmol/g] Surface coverage [%] [mmol/g] Surface coverage [%] pH

3.6 5.6 10.2

ND-H – – 0.01 0.61 – – –
ND-CF3 – – 0.20 13.4 −7 −17 −41
ND-NH2 0.38 ± 0.07 25.7 ± 4.8 0.04 2.7 21 4 −45
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J. Bartoň et al. / Applied Materials Today 12 (2018) 153–162 159

Fig. 5. AFM topography/height images: 2D (top) and 3D (bottom) of BDD surface (doping level B/C 1000 ppm) as deposited on substrate type A (left) and modified with P1
dye  (right).

Fig. 6. AFM image (tapping, top-view height) and corresponding profile (line) analysis of BDD surface (doping level B/C 1000 ppm) modified by P1 dye deposited on substrate
type  A. Nano-grains of P1 dye with diameter ∼20 nm are clearly visible.

doping levels (B/C): 250 ppm, 500 ppm, 1000 ppm, 2000 ppm and
4000 ppm also confirmed no remarkable differences (Fig. S7).

3.4. Electrochemical characterization

Fig. 7A shows cyclic voltammograms of the BDD electrodes
(substrate A) measured in 0.1 M Na2SO4 solution with 5 mM
dimethylviologen, pH7 electrolyte solution. Cyclic voltammograms
of the same electrodes measured in pure 0.1 M Na2SO4 solution
without MV2+ are shown in Fig. 7B. The peak at −0.55 V clearly
indicates the oxidation of reduced form of methylviologen. Similar
results were obtained for samples deposited on substrate B.

3.5. Photoelectrochemical characterization

Fig. S8 (Supp. Info) shows I–V plots of sensitized BDD electrodes
upon illumination with chopped white light with an intensity of
100 mW cm−2 (1 sun). This test was carried out in an aqueous elec-
trolyte solution containing dimethylviologen (MV2+) as an electron
carrier. This electrolyte solution was chosen to mimic  experimental
conditions, which were used in the earlier tests of dye-sensitized
diamond electrodes [21,22,42]. We  observed cathodic photocur-
rents occurring at potentials negative to ca. 0.5 V. The occurrence

of cathodic photocurrent confirms the standard light harvesting
mechanism typical for dye-sensitized p-semiconductors. The light
excitation generates electron-hole pair in the donor-�-bridge-
acceptor molecule (P1). Subsequently, the exciton dissociates
efficiently and the separated electrons flow to the MV2+ as an elec-
tron carrier present in the electrolyte solution, which is finally
regenerated by dark charge transfer at the counter electrode. Photo-
excited holes move to the cathode surface and are injected into the
valence band of BDD [21,22,42].

Fig. S9 shows the chopped light polarization curve for dye
sensitized BDD (B/C 250 ppm) deposited on substrate type B in
the electrolyte with and without methyl viologen. The presence
of methyl viologen redox mediator has significant positive influ-
ence on photocurrent density, e.g. at potential −0.2 V (vs. Ag/AgCl)
the photocurrent density increases about five times, from 1.5 to
7.5 �A cm−2. A similar trend was  observed also for BDD films of
higher B/C ratios (500–4000).

Fig. S10 shows the response of a dye-sensitized BDD (B/C
1000 ppm) electrode deposited on substrate type B to white light
(100 mW cm−2) at various applied potentials (from 0 to −0.4 V).
After reaching equilibrium in dark, the light source was switched
on/off every 10 s for several cycles. At time = 0 s, the electrode was  in
the dark and each light-on trigged the cathodic photocurrent. The
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Fig. 7. Cyclic voltammograms (steady state) of BDD samples deposited on substrate type A. Electrolyte was (A) 0.1 M Na2SO4 + 5 mM methyl viologen and (B) 0.1 M Na2SO4

without methyl viologen. Scan rate 100 mV/s. Curves are offset for clarity, but the scale is identical for all plots in the respective chart.

Fig. 8. Long-term chronoamperometric curves for dye-sensitized BDD samples with
different levels of B/C. 250 ppm (B/C level) deposited on a substrate type B and
500,  1000, 2000 and 4000 ppm deposited on substrate type A. Chopped white light
illumination (100 mW cm−2; simulated AM 1.5G solar spectrum, 20 s 1:1 dark/light
interval). Electrolyte 0.1 M Na2SO4 + 5 mM methyl viologen.

process was fully reversible and was stopped after ≈350 s when
the electrode relaxed again in the dark. As expected the absolute
value of photocurrent increases with applied potential from 0 to
−0.3 V. For the potential of −0.4 V, photocurrent was not stable due
to coincidence of electroreduction of MV2+, therefore the long term
stability curves were measured at an applied potential where com-
peting reactions did not occur. Similar behavior was observed also
for other dye-sensitized BDD films with different levels of boron
doping.

Fig. S11 shows the time dependence of current at the chopped
light conditions (10 s light and 10 s dark) and applied potential
−0.3 V. For dye-sensitized BDD of various B/C ratios the absolute
value of photocurrent density decreases with an increased level of
B/C. For B/C 250 ppm the photocurrent density is three times higher
than for 4000 ppm.

For further experiments, the optimal applied potential for
achievement of the highest photocurrents was used for all elec-
trodes.

Fig. 8 shows the long term dependence of photocurrent den-
sities of the dye-sensitized BDD samples with various levels of
B/C (250 ppm, 500 ppm, 1000 ppm, 2000 ppm and 4000 ppm). The
effect of Si-substrate (A or B) is, as expected, most pronounced for
the lowest B-doping (250 ppm). Similarly as for short term depen-
dence (Fig. S11) in both cases (samples deposited both on substrate

Fig. 9. Short-term chronoamperometric curves for dye-sensitized B/C 250 ppm BDD
layers deposited on substrate type A (black curve) and substrate type B (red curve).
Chopped white light illumination (100 mW cm−2; simulated AM 1.5 G solar spec-
trum, 20 s 1:1 dark/light interval). Electrolyte 0.1 M Na2SO4 + 5 mM methyl viologen.
Curves are offset for clarity, but the scale is identical for all plots in the chart. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

A and substrate B) a decrease in photocurrent densities with an
increasing level of boron doping was  observed. All samples show
good long-term stability.

To illustrate the Si substrate effect more clearly, we compare
in Fig. 9 the photo-response for B/C 250 pm doped P1-BDD. In the
case of highly-conductive substrate (substrate B) the photocurrent
response is fast, the decay with irradiation time is very small and
very quickly the photocurrent reaches a stable value. In the case
of a low-conductive substrate (substrate A), current response to
light is also fast and the initial photocurrent is larger than in the
case of highly-conductive substrate. This suggests that more holes
are trapped in BDD (i.e. they are not taken away by the highly-
conductive substrate) but these holes undergo recombination with
photogenerated electrons as indicated by the decrease in photocur-
rent. The photocurrent thus decreased to about a 50% lower value in
comparison with BDD on the high-conducting substrate B and this
value did not reach steady state and would decrease even more in
the case when the dark/light interval was extended.

Sharp current decays at the light on/off are assumed to be
caused by the recombination of electron and holes of the low-doped
(semi-conductive) material deposited on a low-conductive sub-
strate. With higher levels of boron doping this problem disappeared
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Fig. 10. IPCE spectrum for B/C 250 ppm P1-BDD film deposited on substrate type
B.  Experiments were carried out in 0.1 M Na2SO4 as an electrolyte + 5 mM methyl
viologen. Applied potential −0.3 V.

and differences between the photocurrent densities of the samples
with the same level of boron doping deposited on different sub-
strates were minimal. Under the applied experimental conditions
(white light of 100 mW cm−2 power and optimal applied potential)
the best stable photocurrent (6.6 �A cm−2) was given by the B/C
250 ppm P1-BDD sample deposited on substrate type B.

Fig. 10 shows the plot of incident photon-to-current conver-
sion efficiency (IPCE) of a B/C 250 ppm P1-BDD film deposited on
substrate type B. IPCE is defined by the equation:

IPCE = iphhv
eP

= �inj(1 − 10� Rε)

where iph is the photocurrent density, h is Planck’s constant, v is
the photon frequency, P is the incident light power, e is electron
charge. For a flat sensitized surface, the maximum accessible IPCE is
a product of quantum yield of hole injection (or electron injection in
the case of n-semiconductors) from the photoexcited dye, �inj, and
the light-harvesting efficiency, which is given by the dye extinction
coefficient ε and the dye surface coverage � .

Our experimental IPCE (Fig. 10) for with B/C 250 ppm P1-BDD
(after several hours of experiments) is 0.14%. This value is more
than three times larger than IPCE values obtained in our previous
work [7] and corresponds to the increased current densities of the
P1-BDD electrodes optimized in this work.

4. Conclusions

The first systematic study of P1-dye attachment to a H-
terminated diamond surface was carried out using both nanocrys-
talline diamond particles and flat B-doped films with five different
doping levels. In the first case, details about surface anchoring
chemistry were explored. In the second case, the optimization of
electronic properties of BDD was made on electrodes ranging from
semiconducting to quasi-metallic ones by tuning of the B-doping
level. Samples were analyzed by advanced chemical analysis, zeta-
potential, IR and TEM (nanoparticles), Raman, XPS, AFM, SEM,
Hall-effect and by in-depth photo/electrochemical studies (films).

An improved photochemical grafting protocol was  developed
leading to a factor of 3 enhanced photocurrent on dye-sensitized
BDD films. The observed photocurrent at 1 sun illumination (from
2.5 to 3.2 �A cm−2 for B/C 4000 ppm) compares favorably to the
previously reported value of 1 �A cm−2 found for the same BDD
film. Our champion electrode (B/C = 250 ppm) provided at 1 sun

illumination a photocurrent of 6.6 �A cm−2, which is the best value
ever reported for flat BDD electrodes.
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Figure S1: ATR-IR spectra of BDD samples (doping level B/C 4000 ppm) as deposited on a 

substrate (blue curve, BDD) and modified with P1(red curve, BDD-P1). For reference the 

spectrum of  P1 dye powder is also shown (black curve; intensity attenuated by a factor of 7). 

The vertical line labels IR features assignable to BDD [1].  
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Figure S2: TEM image of ND-H. 

 

 
Figure S3: TEM image of ND-CF3. 

 

123



3 
 

 
Figure S4: TEM image of ND-NH2. 

 

 

 

Table S1: Results of the XPS surface analysis (concentrations in atom %). Photoelectron takeoff 

angle 90°. 

Sample (doping level) C 1s O 1s N1s S 2p Si 2p 

250 ppm 94.7 2.9 1.3 1.1 - 

500 ppm 82.0 10.0 2.3 1.6 4.1 

1000 ppm 77.9 10.9 6.0 1.7 3.5 

2000 ppm 74.8 12.3 4.4 2.9 5.6 

4000 ppm 75.2 13.0 3.9 2.3 5.6 

 

 

 Table S2: Results of the XPS surface analysis (concentrations in atom %). Photoelectron takeoff 

angle 9°. 

Sample (doping level) C 1s O 1s N1s S 2p Si 2p 

250 ppm 92.2 4.6 1.9 1.3 - 

500 ppm 76.2 12.5 2.4 1.7 7.2 

1000 ppm 68.0 15.8 5.2 3.3 7.7 

2000 ppm 69.4 14.3 5.2 2.2 8.9 

4000 ppm 62.3 14.2 7.9 2.2 13.4 
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Table S3: Results of the XPS surface analysis (binding energies in eV). Photoelectron takeoff angle 

90°. 

Sample (doping level) C 1s O 1s N1s S 2p Si 2p 

250 ppm 284.0 532.0 399.6 164.0 - 

1000 ppm 284.4 532.0 399.6 164.0 101.6 

2000 ppm 284.4 531.6 399.2 164.0 101.6 

4000 ppm 284.4 532.0 399.6 164.4 101.6 

 

 

 

 

 

 

 

Figure S5: XPS spectra of the P1-modified BDD at various doping levels B/C. Spectra were 

measured at 9°. Curves are offset for clarity, but the intensity scale is identical for all spectra. 
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Figure S6: AFM topography/height 3D images of P1-sensitized boron doped diamond with various 

doping level (B/C): 250 ppm (A),500 ppm (B), 2000 ppm (C) , 4000 ppm (D). BDD was deposited 

on substrate A.  

 
 

 

Figure S7: Top-view SEM images of BDD samples with various level of B/C doping. 
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Figure S8: Linear sweep voltammograms of dye-sensitized BDD films with various B/C 

ratios deposited on substrate B. Experiments were carried out under chopped white light 

irradiation (intensity 1 sun) in 0.1 M Na2SO4 as an electrolyte + 5 mM methyl viologen. 

 

 

 
Figure S9: Linear sweep voltammograms of dye sensitized B/C 250 ppm BDD film 

deposited on substrate B. The experiments were carried out under chopped white light 

irradiation (100 mW cm-2; simulated AM 1.5G solar spectrum, 10 s 1:1 dark/light interval) in 

0.1 M Na2SO4 as an electrolyte + 5 mM methyl viologen (full line) and 0.1 M Na2SO4 

without methyl viologen (dash line). 
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Figure S10: Short-term chronoamperometric curves for dye-sensitized B/C 1000 ppm BDD 

layer deposited on a substrate B. Chopped white light illumination (100 mW cm-2; simulated 

AM 1.5G solar spectrum, 10 s 1:1 dark/light interval). Curves are offset for clarity, but the 

scale is identical for all plots in the chart. Electrolyte 0.1 M Na2SO4 + 5 mM methyl viologen. 

The curves were measured with different values of applied potential (0 V = red, -0.1 V = 

yellow, -0.2 V = green and -0.3 V = blue, -0.4 V = black).  

 

 

 
Figure S11: Short-term chronoamperometric curves for dye-sensitized BDD layer (with 

different levels of B/C) deposited on a substrate B. Chopped white light illumination (100 

mW cm-2; simulated AM 1.5G solar spectrum, 10 s 1:1 dark/light interval). Electrolyte 0.1 M 

Na2SO4 + 5 mM methyl viologen, applied potential -0.3 V. Curves are offset for clarity, but 

the scale is identical for all plots in the chart. 
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Republic
§First Faculty of Medicine, Charles University, Katerǐnska ́ 32, 121 08 Prague, Czech Republic
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ABSTRACT: Manipulating nanoscopic objects by external stimuli is
the cornerstone of nanoscience. Here, we report the implementation
of dynamic covalent chemistry in the reversible binding and
directional motion of fluorescent nanodiamond particles at a
functionalized graphene surface via imine linkages. The dynamic
connections allow for controlling the formation and rupture of these
linkages by external stimuli. By introduction of pH gradients, the
nanoparticles are driven to move along the gradient due to the
different rates of the imine condensation and hydrolysis in the two
environments. The multivalent nature of the particle-to-surface
connection ensures that particles remain attached to the surface,
whereas its dynamic character allows for exchange reaction, thus
leading to displacement yet bound behavior in two-dimensional
space. These results open a pathway for thermodynamically controlled manipulation of objects on the nanoscale.
KEYWORDS: dynamic covalent chemistry, graphene functionalization, fluorescent nanodiamonds, directional nanoparticle motion,
2D materials

Dynamic covalent chemistry (DCC),1−3 thriving on
reversible covalent bonds,4,5 conveys to chemical
systems the features of self-organization,6−8 adapta-

tion,9,10 responsiveness to stimuli,11−13 and self-replica-
tion.14,15 Such systems typically stem from simple components
that by virtue of ongoing bond formation, breaking, and
exchange generate higher degrees of dynamic complex-
ity.10,16,17 Advancing the field further toward “evolutive”
chemistry,10,18,19 an important challenge is to create systems
that are capable of energy transformation,20 for example, to
synthesize specific components21,22 or to generate mo-
tion,23−27 whereas the controlled motion of nano-objects is
particularly attractive.28−31

Motion, regarded as a displacement of one moiety with
respect to another, can occur according to several mechanisms:
(a) non-oriented Brownian motion allowed by null change of
Gibbs free energy and dynamic equilibrium fluctuations,17,32

(b) cleverly designed molecular ratchets based on sequential
adjustment of transition states,24 (c) informed ratchet
synthesized a priori,33 or (d) motion along an external
gradient applied.23,34,35 However, it remains an important
and critical challenge to extend the demonstrated motion on a
molecular level to larger objects, such as nanoparticles.
An obstacle preventing broader exploration of nano-object

motion is a limited choice of techniques that would enable
their real-time tracking, which was recently dominated by
scanning probe microscopies.20 On the other hand, epifluor-
escence microscopy also provides very high spatial and
temporal resolution with real-time detection, which makes it
a well-suited tool for observation of fluorescent objects in
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motion. In addition, total internal reflection fluorescence
(TIRF) illumination dramatically enhances sensitivity of this
method by reducing a background noise due to a narrow
illumination field (only ∼200 nm from an optical surface).
Fluorescence microscopy is widely used in cell biology and
related fields,36 but it typically relies on organic fluorescent
dyes that suffer photobleaching, thus dramatically limiting the
observation times.
The integral part of the two-dimensionally (2D) confined

“nanomotion” is the substrate. To observe chemically driven
motion by fluorescence microscopy, the substrate must be
transparent, flat, patternable, and stable, yet available for
chemical functionalization. Recently, the field of 2D materials
has flourished with an abundance of available monolayers,
among which only graphene37−39 meets all the aforementioned
requirements.
In this work, we implement the concept of oriented dynamic

covalent motion23 at chemically functionalized graphene.40

The motion is achieved by external pH gradients acting on an
amino-functionalized surface, thus inducing directional dis-
placement of an aldehyde-decorated nanoparticle (Figure 1).

To track the motion in real time, we used functionalized
fluorescent nanodiamonds (fNDs) with nitrogen-vacancy
(NV) centers that exhibit stable luminescence over several
hours of laser irradiation.41 Graphene was functionalized,
among others, via the diazonium protocol38,42 followed by a
mild reduction of the aromatic nitro groups to amines. The pH
gradient was generated in a microfluidic channel in a viscous
solvent to suppress diffusion effects, and the nanoparticle
motion was followed by epifluorescence and TIRF microscopy
(Figure 1) in real time. We have thus combined unique
properties of nanodiamonds, graphene, and fluorescence
microscopy to demonstrate directional motion of nano-objects
driven by a proton gradient acting on dynamic covalent bonds
(imines).

RESULTS AND DISCUSSION

Among reversible covalent linkages, imines provide several
advantageous features,5 such as formation and exchange under
very mild biocompatible conditions, being easily available and
chemically stable functionalities (amine and carbonyl), and
sp2−sp3 transformation during the exchange process, preserv-
ing the constant connection with the substrate in the case of
multifunctional polyamines.17,23 The mechanism of imine
formation and exchange43,44 is affected by pH, which acts
along two opposite trends: (i) low pH accelerates the reaction
but also protonates amino groups, thus decreasing the overall
conversion; and (ii) conversely, high pH liberates a non-
protonated amine that can undergo condensation but slows
down the proton-catalyzed dehydration step of the hemiaminal
intermediate. Therefore, we designed a system in which a pH
gradient at an amino-functionalized surface drives imine
formation on its high pH end and accelerates imine hydrolysis
at the low pH side (Figure 1). This configuration was achieved
by preparing nanoparticles decorated with salicylaldehyde
functional groups, previously found to be one of the most
suitable derivatives for imine DCC.17

For core nanoparticles, we utilized high-pressure high-
temperature fNDs of about 30 nm diameter bearing highly
photostable NV centers. The fNDs are colloidally stable in
water after oxidative treatment,45 but they tend to aggregate in
aqueous electrolytes. Therefore, we coated fNDs with an
extensively optimized mixed poly(methacrylamide) thin layer
(5 nm, see Supporting Information (SI) Figure S8)46,47 to
prevent aggregation, increase colloidal stability in polar
solvents and buffers, and suppress nonspecific adsorption of
fNDs on solid−liquid interfaces. Then we grafted salicylalde-
hyde moieties to the fND surface using the “click” reaction.
These particles give stable dispersion in aqueous solvents while
having ζ-potential close to zero. To estimate the number of
available aldehyde groups, the amino-oxy-modified sulfonated
BODIPY dye (B1) was synthesized (see SI), reacting
quantitatively with aldehydes, which then can be quantified
spectrophotometrically. For the intrinsically polydisperse
fNDs,48 we estimated an average of 2500 salicylaldehyde
moieties per particle (see SI).
We have employed two approaches for amino groups

grafting onto graphene, either with diazonia or by nucleophilic
substitution of fluorinated graphene. Strong nucleophiles such
as thiols react readily to replace fluorine atoms with sulfur,49 as
in the case of cysteine, but this functionalized graphene was
not stable in buffered solutions and collapsed (see SI Movie
S5). Next, the diazonium salt of 4-aminobenzylamine was
prepared using dynamic protection of the aliphatic amino
group by salicylaldehyde16 and grafted to graphene, thus
providing a stable monolayer of benzylamine moieties. To
obtain a material with lower pKa of the amino group, radical
functionalization of graphene with 4-nitrobenzene diazonium
tetrafluoroborate followed by a mild reduction with tin(II)
chloride in ethanol was performed, providing aniline-grafted
graphene. The covalent functionalization was unambiguously
confirmed by Raman spectroscopy, surface-enhanced Raman
spectroscopy, and X-ray photoelectron spectroscopy
(XPS).39,50,51 The results are summarized in Figure 2 (see
also SI for additional data), and functionalization density of
about 1 nm−2 was determined consistently by XPS and Raman
from the D/G ratio by calculating LD (mean distance between
defects, calculated using a previously established model50).

Figure 1. Aldehyde-decorated fluorescent nanodiamond particle is
multivalently attached to the amino-functionalized graphene
surface via dynamic covalent imine linkages, which are prone to
hydrolysis at the low pH of the medium. A pH gradient is
introduced into a microfluidic channel, forcing the nanoparticle to
move from areas with low pH, where covalent linkages are
hydrolyzed, toward the high pH end, where new imine bonds are
constantly forming.
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Figure 2. Characterization of the functionalized graphene (Gr) substrates. (a) Raman spectra of pristine graphene (red), graphene
functionalized by aniline (green), and benzylamine (blue) moieties. Significant D mode (at around 1350 cm−1) appears due to covalent
grafting. (b) XPS spectrum of 4-nitrobenzene diazonium-functionalized graphene showing a C/N ratio of 1:0.06. (c) Fluorescence
microscopy image of benzylamino-functionalized photolithographically patterned graphene reacted with fluorescein isothiocyanate.
Fluorescence emission is visible only on the graphene stripes. (d) Scanning electron microscopy image at the edge of 4-nitrophenyl-
functionalized graphene reduced with SnCl2 with aldehyde-decorated fNDs covalently linked to the monolayer. Individual particles (∼30 nm
in diameter) are only observed on graphene sheet.

Figure 3. Reversible binding of aldehyde-decorated fNDs to benzylamino-functionalized graphene. (a) From left to right: almost no particles
are present at the surface when it is in its protonated form, whereas the addition of a base leads to very fast condensation and appearance of
many particles on the surface. Addition of an acid causes hydrolysis of the linkage, and thus, particles are released into the supernatant. The
cycle can be repeated several times until the salinity of the solution “precipitates” the nanoparticles from the solution, forming aggregates.
(b) Particle count from image analysis of the video sequence with indicated points of addition of either base (OH−) or acid (H+). Fraction of
fNDs does not unbind after first attachment, possibly due to aggregation.
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Apart from the pKa, both materials show very similar and
suitable properties for DCC on graphene.
The responsiveness of the imine bond to pH was used to

demonstrate reversible binding−unbinding of aldehyde-deco-
rated fNDs to amino-functionalized graphene. The as-prepared
substrate was protonated to avoid reaction with atmospheric
CO2 and also to prevent reaction with aldehyde groups on
fND. As Figure 3 shows, fNDs do not attach to graphene
under acidic conditions, but when the pH is increased by the
addition of a base (NaOH solution), very fast condensation
populates the surface with an increasing number of fluorescent
nanoparticles. Note that in Figure 3, the graphene surface is in
the focal plane; hence, the particles are detected only when
attached to graphene due to employment of TIRF mode which
illuminates only a narrow (∼200 nm) field above the optical
surface (graphene). Because the effect of pH is reversible,
subsequent acidification (HCl) leads to hydrolysis of the
covalent linkage and detachment of fNDs from the surface (see
SI Movie S1). The pH cycle can be repeated several times
before the increased amount of NaCl in the solution leads to
nonspecific adsorption on the surface due to the high ionic
strength of the solution. In a control experiment with
nonfunctionalized graphene, no binding to the surface was
observed (SI, section 4.4).
The binding between fNDs and graphene is realized via a

multivalent reversible covalent linkage, resulting from the
density of amino groups on the surface (∼1 nm−2, by Raman
and XPS)39,50 and the similar density of aldehyde moieties on
each fluorescent nanoparticle (about 2500; see SI for details).
The multivalent connection through a large number of imine
bonds means that even if some imine bonds are hydrolyzed,
the fND stays bound to the surface due to the remaining C
N connections. However, the recondensation reaction does not
necessarily need to take place between exactly the same atoms
that were just hydrolyzed, but instead, a new bond at a
different location can be formed. As a result, the fND
nanoparticle undergoes random (Brownian) displacement at
the 2D surface, and its path even can be tracked.52 Indeed,
when the fNDs were attached to functionalized graphene
bearing p-aminomethylphenyl moieties (i.e., benzylamine
derivative) in phosphate buffer pH 9.4, which is close to the
pKa of benzylamine, random motion of the fluorescent
particles was observed (Figure 4; see SI Movie S2). It is
noteworthy that basically no particles were observed to detach,
or vice versa, to attach to the surface during the observation
period of about 30 s, which compared with the almost instant
reversible binding described above clearly shows that indeed
multivalent linkage53 maintains the dynamic connection
between the substrate and fNDs.
Advancing the random to oriented displacement, the

generation of directional motion requires a driving force
such as anisotropy of the environment. Given the properties of
the imine bond, a pH gradient would lead to enhanced imine
hydrolysis at the low pH side and enhanced condensation on
the other, whereas multivalent binding ensures permanent
covalent binding of the fNDs to the surface via constantly
exchanging dynamic bonds. For the detection by fluorescence
microscopy, we have used a microfluidic channel and a syringe
pump to introduce low pH solvent into the channel
equilibrated at higher pH in a controlled manner.
We have prepared the functionalized graphene sheet on a

microscopic cover glass, applied the fND dispersion in
phosphate buffer (pH 9−10, 20 mM), and placed it on top

of a microfluidic channel (Figure 1) with dimensions of 0.1
mm height, 5 mm width, and 25 μL volume. The initial
experiments in water, water/acetonitrile, or water/methanol
solvents failed because of the extremely fast motion of particles
(see SI Movie S6) and fast smearing of the pH gradient by
diffusion. To slow down the particle motion and gradient
diffusion, we used a viscous water/glycerol mixture (1:9 v/v)
as a solvent. The pH gradient was introduced into the field of
view of the fluorescence microscope by pumping in the acetate
buffer solution (pH ≈ 5, 20 mM) at a low flow rate (2 μL
min−1). When the pH gradient reached the field of view, the
syringe pump was switched off, and the motion of the
fluorescent particles in stop-flow mode was recorded over time
using a highly sensitive EM-CCD camera at 20 Hz with an
observation times of 30−120 s.
As shown in Figure 5 and in the movies provided in the SI

Movies S3 and S4, we have been able to detect individual
particles at the graphene surface and track their motion in
time. In all cases, the fNDs exhibited directional motion along
the gradient from low pH region to high pH region with only
small path variation in the lateral direction (Brownian). The
particles remained covalently bound to the functionalized
graphene surface over the full period of detection (10−20 s)
and traveled a distance of about 30 μm. This value is, however,
only limited by the field of view size of the microscope, and the
actual traveling distance can be much longer. Importantly, no
particle displacement was observed before the device dead
volume was flushed out and the gradient introduced,
confirming that the solvent flow is not dragging the particles
on the surface.

Figure 4. Random displacement of fNDs bound to benzylamino-
functionalized graphene via imines at pH adjusted close to the pKa
of the amino group (pH 9.4). The multivalent interaction ensures
constant binding to the surface, whereas particular imine bonds
are constantly breaking and re-forming, thus leading to Brownian
displacement at the surface. The motion of particles was tracked
for 30 s, and their paths are depicted as gradient-colored traces
(start of the observation = blue, to cyan, to green, to yellow, to
orange, to red = end of the observation). In the purple rectangle,
one out of many particles on the surface is separated for clarity.
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CONCLUSIONS

In this study, we have demonstrated the process of dynamic
covalent motion of fNDs at a functionalized graphene substrate
observed by fluorescence microscopy. Multiple imine DCC
linkages were formed between aldehyde-decorated nano-
particles and monolayer graphene grafted with amino groups.
Periodic pH changes led to reversible binding−unbinding of
the particles to the monolayer, whereas 2D random Brownian
motion of particles was observed in a buffer of pH matching
the pKa of the used amines. Induction of a linear pH gradient
allowed controlled directional motion of the fNDs owing to
multivalent binding to the surface and to the sensitivity of the
imine bond to cleavage in acidic conditions. The presented
work thus provides a promising pathway to control the
displacement of individual species on the nanoscale in 2D
space, which is a critical challenge in nanoscience, in general.
Further investigation is needed to introduce other ways to
manipulate the nanoparticles, ideally in orthogonal fashion to
the pH gradient described here, such that more complex
motion tracks can be created. Exploitation of the concept holds
potential for controlled positioning of individual nano-objects
to arrays, for particle sorting and cargo delivery, or for
addressing the energy conversion of external stimuli to
mechanical motion.

METHODS
Graphene Synthesis and Functionalization. Graphene was

synthesized by the chemical vapor deposition method described
earlier54 and transferred onto a glass substrate using the nitrocellulose
method.55 Graphene quality and functionalization extent were
determined by Raman spectroscopy.50 Functionalization of graphene
was performed according to several protocols.
4-Aminomethylphenyl Grafting. p-Aminobenzylamine was

protected on the aliphatic amino group using dynamic protection
by salicylaldehyde16 to prevent side reactions and polymerization.
First, equimolar amounts of salicylaldehyde and p-aminobenzylamine
were stirred in acetonitrile overnight in the presence of Na2SO4 to
remove water. The solution was then filtered and concentrated on a
rotary evaporator, giving almost pure 4-(N-[salicylidene]amino, and 1
equiv of sodium nitrite (15 mg) in 5 mL of water was added, followed
by 100 μL of trifluoroacetic acid. Graphene on a cover slide substrate
was immersed in this solution for 2 h. Then, it was removed and
repeatedly washed with methanol and 1 M aqueous HCl (3 × 5 mL

each). Samples were stored under argon and used within 12 h to
prevent chemisorption of atmospheric CO2.

4-Aminophenyl Functionalization. Graphene on a substrate
was immersed into 5 mM aqueous solution of 4-nitrobenzenediazo-
nium tetrafluoroborate for 2 h at room temperature. Then it was
removed and washed with methanol and deionized water (>18 MΩ
cm−1, 3 × 5 mL each) and dried in a stream of argon to provide
nitrophenyl-functionalized graphene. SnCl2 (1 g, 5.3 mmol) was
dissolved in 50 mL of absolute ethanol at elevated temperature; 5 mL
of 2 M aqueous HCl was added, and nitrophenyl-functionalized
graphene on a substrate was immersed into the solution, which was
then heated at 50 °C. After 4 h, the graphene was removed and
thoroughly washed with diluted HCl, methanol (spectroscopic grade),
and deionized water.

Fluorescent Nanodiamond Particles. Nanodiamond particles
(MSY 0−0.05, Microdiamant, Switzerland) were oxidized by air and a
mixture of HF and HNO3 (2:1) and irradiated for 21 h with a 16.6
MeV electron beam (1.25 × 1019 particles cm−2) in a MT-25
microtron according to the previously described procedure.56 The
irradiated material was annealed at 900 °C for 1 h,57 oxidized, coated
with a methacrylate-terminated thin silica layer, and modified with N-
(2-hydroxypropyl)methacrylamide (HPMA) and 3-azidopropylme-
thacrylamide, providing a copolymer shell containing 5 mol % of azide
groups.56 The steric density of the copolymer layer was increased by
the introduction of poly(2-methyl-2-oxazoline)-based macromono-
mers, which will be described in detail elsewhere.

Polymer-coated nanodiamonds were further modified with 2-
hydroxy-4-propargyloxybenzaldehyde using azide−alkyne cycloaddi-
tion catalyzed by Cu(I) ions. Stock solutions for copper(I)-catalyzed
azide−alkyne cycloaddition reactions were prepared in water, except
for the 2-hydroxy-4-propargyloxybenzaldehyde stock, which was
prepared in DMSO. The solutions of CuSO4·5H2O and tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA, synthesized according
to a literature procedure58) were premixed (in a 1:2 concentration
ratio) before they were added to the reaction mixture to yield final
concentrations of 0.32 and 0.64 mM, respectively. The reactants were
mixed in the following order and final concentrations: colloid of
poly(HPMA)−azide-modified fNDs (6 mg in a final reaction volume
of 7680 μL), 2-hydroxy-4-propargyloxybenzaldehyde (20 μM), Cu
catalyst solution (see above), and a freshly prepared solution of
sodium ascorbate (5 mM). The mixture was filled to the final volume
with 50 mM HEPES buffer (pH 7.4). The reaction mixture was well
sealed, mixed, and left for 3 h with no stirring. Modified fNDs were
isolated by centrifugation (15 000 rcf for 15 min and again at 30 000
rcf for 15 min) and washed three times with 1 mL of water.

Figure 5. Directional motion of fNDs at the functionalized graphene surface along the pH gradient. Two representative experiments are
shown with particle paths marked with color-coded tracks (blue = start, red = end). The orientation of the pH gradient in both cases is such
that the bottom is acidic and the top is basic. Tracks were recorded in a stop-flow mode.
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1 Instrumentation 

1.1 Raman spectroscopy 
The Raman spectra were measured with a WITec alpha300 R spectrometer equipped with a piezo stage 

with 532 nm and 633 nm excitation laser wavelengths. The laser was focused on the sample with a 100 

objective to a spot with a diameter of <1 μm. To obtain the wavenumber, full width at half-maximum 

(FWHM) and peak area of individual signals, the spectra were fitted with Lorentzian functions. 

1.2 Fluorescence microscopy 
A customized setup built on an inverted optical microscope (IX71, Olympus) was used for imaging of fND 

particles on functionalized graphene. A 150 mW 488 nm laser (Sapphire, Coherent) provided the 

excitation light controlled by an acousto-optic tunable filter (AOTFnC-400.650-TN, AA Optoelectronics) 

and focused into the back focal plane of an objective (UApoN 100x, NA=1.49, Olympus) via Di01-R488 

(Semrock) dichroic filter. Total internal reflection was achieved with a commercial TIRF module (IX2-

RFAEVA-2, Olympus) and the fluorescence emission was detected after emission filter (Bright Line 

525/45 emission filter (Semrock)) by a pre-cooled (-80°C) EM-CCD camera (iXon DU-897, Andor) with a 

quantum efficiency >92% for a single chromophore detection. The acquisition was performed at 20 Hz 

using full frame (512 x 512 pixels; 1px = ~100 nm) of the camera with EM gain set to 200 for high 

sensitivity. Imaging was performed either in water or in mixtures of water with acetonitrile, methanol or 

glycerol. Alcohols under the conditions used (aqueous environment, close to neutral pH) cannot form 

acetals with aldehydes. 

Images were processed using Fiji software,1 analyzed with QuickPALM plugin2 and particle tracking was 

performed using TrackMate plugin.3 

1.3 Electron microscopy 
The TEM images were recorded on JEOL JEM-2100 Plus in bright field at 200 kV acceleration voltage and 

beam current 106 uA. The SEM images were recorded using a Hitachi S-4800 I microscope equipped 

with NORAX 7 EDX system. 
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2 Synthesis 

 

Figure S1 Scheme of graphene functionalization pathways used in this work. Reference numbers under arrows link to the 
corresponding paragraph either in the main text or in the SI. 

2.1 General methods and reagents 
Chemicals and solvents used were supplied by Sigma-Aldrich, Penta, Lachema, Fluka, Acros Organics and 

used as received. Solvents (e.g. toluene, dichloromethane, MeOH) were dried by 3Å sieves or bought dry 

(DMF) and then used without further purification. 2 M stock solution of triethylammonium bicarbonate 

(TEAB) was prepared by bubbling triethylammonium solution with CO2. Reactions were performed 

under standard inert atmosphere techniques with argon (99.996%). Reported compounds were 

identified by NMR spectroscopy, high-resolution mass spectroscopy (HR MS), and their purity was 

determined by HPLC. 

Phosphate buffers were prepared by mixing Na3PO4·12H2O and K2HPO4 stock solutions, titrated by HCl 

to the required pH value and diluted to the final concentration, 20 mM. Acetate ion buffer was prepared 

from sodium acetate and glacial acetic acid, titrated by NaOH to pH  5.0 and diluted to the final 

concentration, 20 mM. pH measurements were performed on Almemo 4390 (Ahlborn) equipped with 

combined glass electrode and thermometer. Calibration was performed with a Metrohm buffer solution 

set. 

The compounds B1-B4 were purified on HPLC Waters 515 (flow rate 15 mL/min) with preparative 

column Reprosil-Gold 120 Å C18, 10 μm, 250 x 20 mm with gradient 5-30% acetonitrile in 40 minutes. 

Aqueous phase was modified with 100 mM TEAB buffer. The purity of compounds was determined on 
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Agilent 1260 Infinity HPLC using Kinetex 5 μm C18 100 Å column (100 x 4.6 mm, particle size: 5 µm, flow 

rate 1.5 mL/min, gradient 2-100% acetonitrile in water:acetonitrile with 0.1% TFA). HR MS spectra were 

measured in LTQ Orbitrap XL (Thermo Fisher Scientific) instrument. NMR spectra were recorded at room 

temperature in methanol-d4 solutions using Bruker Avance I™ spectrometer operating at 401.0 MHz 

for 1H and 100.8 MHz for 13C. The spectra were referenced to the solvent signal δ = 3.31 and 49.00 ppm 

for 1H and 13C, respectively. For structure elucidation, 1D and 2D correlation NMR experiments (HSQC, 

HMBC) were used. All chemical shifts δ are given in ppm and coupling constants in hertz [Hz]. 

2.1 Nucleophilic substitution of fluorinated graphene 

2.1.1 Ethylenediamine 

Graphene on a cover slide substrate was fluorinated in the gas phase using XeF2 as described earlier.4 In 

the second step, the sample was immersed in 2% (v/v) solution of ethylenediamine in methanol and left 

to react for 30 minutes. Then it was removed and washed with methanol and deionized water. 

Unfortunately, the washing led to drastic damaging of graphene and in many cases also to washing off 

the graphene sheet from the substrate, because of which this functionalization was rejected. 

2.1.2 Cysteine 

Fluorinated graphene as in the previous example was immersed into the water:acetonitrile (7:3 v/v) 

solution of cysteine (10 mg/mL) and reacted under ambient conditions for six hours. Then the sample 

was removed and washed with deionized water (3 x 5 mL). 

2.2 Synthesis of aminooxy-modified sulfonated Bodipy dye (B1) 

Scheme S1 Synthetic scheme to B1. Reaction conditions: i) HSO3Cl, DCM; ii) NH3 (l), trimethylamine (TEA); iii) TEA, DMF. 

2.2.1 Compounds B2, B3, and B5 

Compounds B2 and B3 were prepared according to literature by condensation of 2,4-dimethylpyrrole 

followed by sulfonation in strictly inert conditions.5,6 Compound B5 was prepared according to 

literature.7 

2.2.2 Compound B4 

Compound B3 (260 mg, 0.353 mmol) in form of TEA salt was added into dry ice cooled pressure tube 

with 10 mL liquid ammonia. Cooling was removed and the reaction mixture was stirred at r.t. overnight. 

Ammonia was removed and the residual was separated on preparative HPLC system using conditions 

described above, concentrated and lyophilised. TEA salt of B4 was obtained as orange powder (169 mg, 

93 %).  
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1H NMR (401 MHz, methanol-d4): δ 7.67 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 4.24 (s, 2H), 2.80 (s, 

6H), 1.66 (s, 6H). 13C NMR (101 MHz, methanol-d4): δ 156.92, 145.67, 143.19, 136.88, 136.23, 136.02, 

131.55, 131.34, 130.22, 49.00, 43.92, 14.50, 13.71. HR MS (ESI): (–) m/z calc. for [(C20H21BF2N3O6S2)
–]: 

512.09384, found: 512.09392; m/z calc. for [(C20H20BF2N3O6S2)
2–]: 255.54328, found: 255.54350. HPLC 

purity: 95% (see Figure S1). 

2.2.3 Compound B1 

Compound B4 (50 mg, 0.097 mmol) was transferred in a 4 mL vial with stirrer, dried, secured under Ar 

and suspended in 300 µL DMF. 2,5-dioxopyrrolidin-1-yl 2-((1,3-dioxoisoindolin-2-yl)oxy)acetate B5 

(62 mg, 0.195 mmol) was dried and suspended in 300 µL DMF in a separate vial. Suspension of B5 was 

transferred to suspension of B4 and triethylamine (70 µL, 0.490 mmol) was added. The suspension 

cleared within 5 minutes and complete conversion was verified by HPLC. Reaction mixture was 

concentrated under vacuum without heating and then purified using preparative HPLC using conditions 

described above. The phthalimide protecting group was cleaved in the TEAB buffer during purification. 

The product was pre-concentrated on rotary evaporator and dried by lyophilisation. Yield (35 mg, 

61%). 1H NMR (401 MHz, methanol-d4): δ 7.56 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 4.60 (s, 2H), 

4.19 (s, 2H), 2.79 (s, 7H), 1.68 (s, 6H). 13C NMR (101 MHz, methanol-d4) δ 173.26, 156.59, 154.96, 150.17, 

146.63, 143.38, 142.03, 135.95, 134.71, 131.76, 129.59, 129.41, 75.48, 43.08, 14.47, 13.62. HR MS (ESI): 

(–) m/z calc. for [(C22H24BF2N4O8S2)
–]: 585.11022, found: 585.11034; m/z calc. for [(C22H23BF2N4O8S2)

2–]: 

292.05147, found: 292.05156. HPLC purity: 96% (see Figure S2). 

3 Spectrophotometric determination of aldehyde content in fNDs 

Scheme S2 Determination of aldehyde content on fND using B1 dye. The structure of the formed colloidally stable aldoxime is 
shown as well as the structure of B6 dye, which was used for preparation of the calibration curve.  

The polymer-coated fNDs (1 mg/mL in ethanol, 500 µL), B1 (20 µL, 10 mg/mL) and trifluoroacetic acid 

(TFA, 10 µL, 2.5% v/v aqueous solution) were mixed and the reaction was incubated for 5 hours at r.t. 

fNDs were washed by water using centrifugation (5x, 20 min 20,000 rcf) to remove the unreacted dye. 

fNDs were redispersed in water and the absorbance of the solutions at 504 nm was determined 

spectrophotometrically (Specord 250 plus, Analytic Jena). The concentration of aldehydes was estimated 
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using a calibration curve prepared from conjugate B6 (Scheme S2), which was synthesized from 2-

hydroxy-4-propargyloxybenzaldehyde and B1 in a separate reaction (see below). The polymer-coated 

fNDs without aldehydes were treated with the dye in the same way and were subtracted as a blank. The 

precise concentration of fND in the analyzed solution (3.3·1011 particles/mL) was determined using 

nanoparticles tracking analysis (NanoSight NTA, Malvern). The estimated loading was ~2500 

aldehydes/particle.  

Conjugate B6 was prepared as follows: 5 mg of B1 was mixed with 1.67 mg of 2-hydroxy-4-

propargyloxybenzaldehyde (1.5 molar excess) in 500 µL of ethanol. 10 µL of 2.5 % TFA solution in water 

was added. Reaction proceeded for 30 minutes. Ethanol was evaporated by the flow of nitrogen and the 

sample was diluted in water. 2-Hydroxy-4-propargyloxybenzaldehyde, which is not soluble in water, was 

centrifuged and the product in supernatant was lyophilized. The identity and purity (>95%, measured at 

190 nm) of the product was analyzed by UPLC MS equipped with diode array detector (Waters LC/MS 

Acquity Arc, QDa). 

 

Figure S2 HPLC chromatogram of compound B4 at 500 nm. 
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Figure S3 HPLC chromatogram of compound B1 at 500 nm. 
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Figure S4 
1
H and 

13
C spectra of compound B4 in methanol-d4. 
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Figure S5 
1
H and 

13
C spectra of compound B1 in methanol-d4. 
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4 Spectroscopy and microscopy of graphene and nanoparticles 

4.1 Surface-enhanced Raman spectroscopy of graphene 
Surface-enhanced Raman spectra were recorded after deposition of 12.5 nm thick silver film on top of 

the functionalized graphene substrate using 1.96 eV excitation laser (633 nm). 

 

Figure S6 Benzylamino-functionalized graphene (green trace) compared with the starting 4-aminobenzylamine (purple trace). 
2D, G and D modes of graphene are visible at 2630, 1602 and 1323 cm

-1
, respectively. Characteristic vibration bands of the 

grafted moiety are (in cm
-1

) at 2917, 2851 (CH2 stretching), 1613 (C=C stretch, overlapping with G mode), 1383 (CH2 wagging), 
1276, 1191 and 1133 (CH2/NH2 rocking+wagging + CN stretch), and 856 (NH2 wagging). These bands can be compared with the 
parent reagent and only small shift of the wavenumber is observed. 
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4.2 Scanning electron microscopy of nanoparticles on graphene 

 

Figure S7 SEM images of fNDs on functionalized graphene at different magnifications. fNDs were deposited from a 0.1 µg/mL 
(first row) or 1 mg/mL (second row) solution at pH = 9.4 and then rinsed with deionized water. The picture show selective 
binding of the fNDs to the functionalized surface, rather low tendency to aggregation and homogeneous dense coverage at 
higher concentration. 

4.3 Transmission electron microscopy of fNDs 

 

Figure S8 TEM image of fNDs. The diamond particles are naturally polydisperse with sizes in the range of about 30 – 50 nm, the 
polymer surface coating is indicated by arrows, amounting to approximately 5 nm.  

4.4 Fluorescence microscopy blank experiment 
Nanoparticles were deposited on non-functionalized surface and no adsorption has been observed upon 

addition of a base, in sharp contrast to amino-functionalized graphene in its protonated form. 

Subsequent cycles of acid/base addition on the non-functionalized surface then led to precipitation of a 

fraction of particles from the solution, ultimately leading to full precipitation upon addition of saturated 
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MgSO4 solution. This is a different behavior than on amino-graphene where fNDs were immediately and 

repeatedly binding/unbinding to the surface as a function of pH cycling (followed by some precipitation 

in later stages of this experiment). 

5 Movies 
Movie S1: Reversible binding-unbinding events upon addition of base (00:03, 00:26) and acid (00:18, 

00:33), respectively. 

Movie S2: Real-time Brownian motion of fNDs bound to graphene at pH close to the pKa of the amine. 

Movie S3: Observed directional motion of a single particle (left part of the field of view) along the pH 

gradient (acidic on the bottom, basic on the top). Recordings before the gradient reaches the field of 

view do not show any particle movement, thus showing that the solvent flow cannot drag the particles 

bound to the surface. 

Movie S4: Another example of an individual particle motion observed along the pH gradient. The typical 

observation slot was ranging from 30 to 120 seconds after the pH gradient was introduced – at 

prolonged recording times no displacing particles were observed anymore and in general very few 

particles were present at the surface. This is due to the smearing of the gradient and generally acidic pH 

leading to particle unbinding from the surface, similarly to the situation in the Movie S1 after addition of 

acid. 

Movie S5: Video of collapsing cysteine-functionalized graphene layer upon addition of a base. 

Movie S6: Displacement of nanoparticles in pH gradient in water. The observed motion is too fast to be 

followed by the technique used. 
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Abstract 

Biocompatible nanoscale probes for sensitive detection of paramagnetic species and molecules 

associated with their (bio)chemical transformations would provide a desirable tool for a better 

understanding of cellular redox processes. Here, we describe a novel analytical tool based on 

quantum sensing techniques. We magnetically coupled negatively charged nitrogen-vacancy (NV) 

centers in nanodiamonds (NDs) with nitroxide radicals present in a bioinert polymer coating of the 

NDs. We demonstrated that the T1 spin relaxation time of NV centers is very sensitive to the 

number of nitroxide radicals, with a resolution down to ~10 spins per ND (detection of 

approximately 10–23 mol in a localized volume). The detection is based on T1 shortening upon the 

radical attachment and we propose a theoretical model describing this phenomenon. We further 
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show this colloidally stable, water-soluble system can be used dynamically for spatiotemporal 

readout of a redox chemical process (oxidation of ascorbic acid) occurring near the ND surface in 

an aqueous environment under ambient conditions. 

KEY WORDS: quantum sensing, nanodiamond, nitrogen-vacancy center, radical, chemical 

reaction, T1 spin relaxation time 

 

Recently, novel quantum optical approaches for localized detection of molecular and cellular 

processes at nanoscale have emerged, including optically detected magnetic resonance using 

negatively charged nitrogen-vacancy (NV) centers in diamond1,2. Quantum sensing with NV 

centers is based on the interaction of the NV electronic spin with its surroundings3. The NV acts 

as a room-temperature qubit that can be polarized with high efficiency and readout optically. Many 

innovative applications exploiting NV centers have been developed in the past decade4–12. For 

example, engineered covalent binding of a spin label on the surface of a single crystal diamond 

enabled detection of the attached radicals by means of Hahn echo and double electron-electron 

resonance (DEER)13. For localized sensing inside living cells, nanodiamond particles (NDs) are 

particularly well suited and have become one of the most studied systems for nanoscale quantum 

sensing and metrology4,12, thanks to their biocompatibility and the favorable spectral properties of 

NV centers14.  

Sensing with the NV centers can be achieved by T1 relaxometry measurements, as the T1 

longitudinal spin relaxation time strongly depends on the fluctuations of the surrounding spin 

density, even more than T2 relaxation time15. Additionally, T1 relaxometry can be used as an all-

optical technique without the need for microwave (MW) excitation, which is commonly used in 

APPENDIX E. NANOSCALE DYNAMIC READOUT OF A CHEMICAL REDOX
PROCESS USING RADICALS COUPLED WITH NV−CENTERS IN NANODIAMONDS

154



 4 

NV quantum-sensing protocols. MW-free measurements are advantageous for detection in 

biological systems as the heating effects and other interferences with the biological sample due to 

MW irradiation are avoided. The readout time for T1 relaxometry is determined by the number of 

repetitions of the measurement sequence needed to acquire a sufficient number of detected 

photons. Depending on the NV concentration in the optical focus, the execution of measurements 

can range from milliseconds for NV ensembles to about a minute for a single NV16. Detection of 

magnetic noise using relaxometry has been demonstrated for a range of paramagnetic species, 

including ferritin17–20, gadolinium16,21–25, manganese ions20,26, and superparamagnetic 

nanoparticles27 with the possibility of ND-based sensing inside living cells28. This method has high 

sensitivity, as evidenced by the detection of a few ferritin molecules17 or approximately 

5 gadolinium spins per Hz1/2 in a model biological environment22. Recently, relaxometry has been 

shown useful for pH sensing29, and the T1 protocol has been enhanced to take into account 

ionization and recharging of the NV− centers30. Additionally, a similar approach for dynamic 

quantum sensing of paramagnetic species based on spin-dependent emission of photoluminescence 

was recently established31. Specific detection of chemical events using T1 relaxometry is also 

possible but requires a chemical16 or mechano-chemical transducer32,33.  

Chemical reactions of great scientific interest are cellular oxidation-reduction (redox) processes. 

Redox reactions play a vital role in maintaining metabolic and other functions in living cells34,35. 

These include energy production, cellular respiration, proliferation, differentiation, and 

apoptosis34. Localized monitoring of redox reactions is essential for understanding the cellular 

processes responsible for cell viability36. Detection of free radicals using fluorescent NDs has 

previously been proposed37 but has not yet been demonstrated. Despite the high sensitivity of 

quantum optical approaches, their use to detect antioxidants has also not been established. 
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In this work, we present a novel tool that enables sensitive characterization of radical species and 

spatiotemporal detection of redox reactions in an aqueous environment under ambient conditions. 

This tool is based on quantum sensing techniques, using so-called solid state qubits, and utilizes 

the electron spin of NV centers in NDs. Specifically, we developed a polymer architecture that 

allowed us to covalently attach nitroxide radicals near the surface of NDs containing NV centers 

(Scheme 1). We used a specific quantum sensing methodology employing the T1 relaxation time 

measurements, where the laser beam is focused on a single ND particle in an aqueous environment. 

This methodology enables the quantitative determination of the concentration of nitroxide radicals 

bound on the ND surface with high sensitivity. Our technique is based on the shortening of T1 

relaxation time of NV centers when they are exposed to a fluctuating magnetic field of the radicals. 

We calibrated the new method with a bulk electron paramagnetic resonance (EPR) method, and 

theoretically modeled the results based on detection of the quantum magnetic noise induced by the 

presence of nitroxide electron spins on the ND surface. Finally, we demonstrated the use of this 

ND system as a highly sensitive relaxometric nanosensor with dynamic readout. We monitored 

reaction kinetics of the nitroxides with a major natural antioxidant, ascorbic acid, by measuring 

the T1 time recovery at the single-particle level.  
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Scheme 1: Structure of ND nanosensor and experimental methods used for optical relaxometric 

sensing. A) Schematic of the ND coated with a polymer shell containing spin probes coupled 

magnetically with NV centers. The radicals in nanosensor are gradually reduced by a redox 

reaction until they are all removed. B) Structure of modified poly(glycerol) shell bearing 

TEMPO-based nitroxide spin probes. The structure of the polymer is shown schematically; many 

branching points are present in the final dendritic structure of poly(glycerol). C) Redox reaction 

of the nitroxide radical with L-ascorbate, providing a diamagnetic cyclic hydroxylamine and 

dehydroascorbic acid. D) Cryo-TEM micrograph obtained from an aqueous solution of ND5. The 

dark objects are NDs; the contours of the polymer shell (red) were detected automatically. The 

average thickness of the polymer layer was 17.0 ± 8.8 nm. For larger micrographs, see Figure S4 

in Supporting Information. E, F) Processes used for radical quantification and detection of 

ascorbate: EPR in bulk solution and optical T1 relaxometry of NV centers at the single-particle 

level. 
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RESULTS AND DISCUSSION 

Nanosensor design, preparation, and structure. Our design of a relaxometric nanosensor is 

based on the central hypothesis of a highly sensitive magnetic coupling between NV centers in 

NDs and electron spins of radicals present in proximity to the NDs. Previous reports indicate a 

strong spin interaction between NV centers in bulk diamond and the radicals TEMPO13 and 2,2-

diphenyl-1-picrylhydrazyl38 immobilized on the diamond surface. These findings suggest that free 

radicals located outside a diamond lattice can be used as an external probe to sense molecular 

electron and nuclear spins present in nanometric proximity to the diamond surface. For example, 

EPR detection of an individual, nitroxide-labeled DNA duplex attached to NDs was recently 

achieved using a single NV center39 and sensitive detection of ~10–19 mol radicals was achieved 

using quantum probe relaxation microscopy40. However, measurements presented to date have 

focused on the detection of an equilibrium state. In other words, no chemical processes have been 

monitored using NV centers coupled with a radical spin probe.  

To achieve the goal of dynamic monitoring of chemical redox processes, we developed a polymer 

architecture that anchors nitroxide radicals on the ND surface and colloidally stabilizes the NDs 

(Scheme 1). We found that magnetic coupling between nitroxide radicals and NV centers can be 

utilized for selective relaxometric optical sensing of ascorbate in an aqueous environment with 

diffraction-limited resolution. We used TEMPO-based nitroxides, which are shelf-stable 

compounds that can be stored under ambient conditions. T1 relaxometry measurements on a single 

ND particle with a few NV centers required ~1 min readout, which is negligible compared to the 

half-life of TEMPO-based nitroxides in an aqueous environment. 
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Nitroxides have natural chemical reactivity as selective oxidants. Specific redox reactions between 

target reducing species and nitroxides thus in principle would enable direct relaxometric detection 

of the reducing analytes. This is an important advantage compared to paramagnetic 

Gd3+-complexes and magnetic nanoparticles, which must be embedded in a structurally responsive 

chemical transducer present on NDs to ensure distance control for T1 or T2 sensing16,32,33. 

Additionally, the smaller volume occupied by nitroxide probes compared to bulky Gd3+-complexes 

and magnetic nanoparticles allows for more flexible tuning of the nitroxide concentration range 

embedded in a polymer matrix.  

The hydrophobicity of TEMPO-based nitroxides requires efficient colloidal stabilization of the 

nanoparticles intended for biologically relevant sensing41. Previous studies simply modified the 

diamond surface using silica13,42,43. However, silica coating without additional polymeric coating 

does not sufficiently stabilize NDs in a biological environment44,45, especially in combination with 

the hydrophobic molecules46 such as TEMPO. Our approach is based on i) increasing the solubility 

of TEMPO by attaching a hydrophilic linker and ii) creating a branched, structurally dense 

protecting layer of alkynated hydrogel poly(glycerol)47,48 that can accommodate TEMPO on the 

ND surface (Scheme 1B). Details on synthesis of the modified cyclic hydroxylamine 3 (precursor 

of TEMPO radical) are described in Supporting Information. Polymer coating and modification of 

NDs by TEMPO radical are summarized in Scheme 2 and described in Materials and methods.  
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Scheme 2: Surface modification of NDs. The oxidized fluorescent ND0 is first coated with 

poly(glycerol) and modified by alkyne moieties, providing ND0-PG reactive intermediate. The 

cyclic hydroxylamine is introduced using click chemistry and converted by air oxidation in 

ultrasound to TEMPO-type nitroxide radicals present on particles ND1-5. 

 

We prepared NDs containing 64 weight % poly(glycerol) (Figure S1 in Supporting Information) 

modified with alkyne moieties. Using different concentrations of nitroxide precursor, we obtained 

a series of five NDs with gradually increasing loads of nitroxide radicals (ND1-5). Covalent 

attachment of the nitroxide using click chemistry was validated by infrared spectroscopy (decrease 
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in the alkyne band and appearance of an amide I band present in the TEMPO molecule; Figure S2 

in Supporting Information). We analyzed aqueous solutions of NDs using dynamic light scattering 

(DLS). All prepared particles showed excellent colloidal stability without a shift in size 

distribution even at the highest nitroxide load (ND5) (Figure S3 and Table S2 in Supporting 

Information).  

Next, we studied the properties of the polymer layer using cryo-TEM, which enables the 

observation of macromolecules and nanoparticles in their native solution state. We analyzed the 

actual thickness of our polymer shells on NDs, which is essential for calculating the concentration 

of free spins around NDs. The polyglycerol layer appeared in cryo-TEM as a geometrically 

irregular, 17.0 ± 8.8 nm thick structure enveloping the NDs (Scheme 1D; Figure S4 in Supporting 

Information). The presence of the poly(glycerol) caused a natural steric separation of the particles 

in aqueous solution, which corresponds to the colloidal stability observed by DLS (Figure S3). 

Interestingly, the polymer layer was also detectable using TEM after sample staining with tungstic 

acid (Figure S5 in Supporting Information). The structural collapse of the layer caused by 

dehydration in vacuo led to the contraction of the polymer thickness to 5.7 ± 1.6 nm, corresponding 

to a reduction in the original volume occupied by the polymer to 17%. The observed collapse 

demonstrates the crucial role of water in the stabilization of the polymer structure. It further 

suggests the magnitude of errors that could be caused by artifacts from inappropriate TEM 

characterization and highlights the general importance of using cryo-TEM for characterization of 

polymer structures on nanoparticles.  

Radicals on NDs: quantification using EPR. To determine the sensitivity of the detection 

scheme and the magnetic coupling between nitroxides and NV centers in our system, we first 
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estimated the number of radicals covalently attached to the NDs. We used a complementary set of 

methods: EPR, cryo-TEM, TEM image analysis, nanoparticle tracking analysis (NTA) and 

thermogravimetry (TGA). 

First, we quantified the concentration of radicals in all the samples using EPR executed on 

macroscopic volumes at low microwave power to avoid saturation effects. We deconvoluted the 

EPR spectra into omnipresent “sub-surface” radicals (overlapping signals of P1 centers and non-

saturated dangling carbon bonds carrying unpaired electron spin49) and nitroxide radicals (see 

Supporting Information and Figure S6 for details) and quantified the absolute amount of each type 

of radical in the samples (Table S1 in Supporting Information). The ratios of nitroxide/“sub-

surface” radicals ranged from 0 (ND1) to 2.75 (ND5), reaching a maximum concentration of 

nitroxide radicals of 4.6∙1018 g–1.  

To determine the radical concentration in the polymer layer and the number of radicals attached to 

an average ND particle, we combined the EPR data with other methods. From TEM image 

analysis, we obtained the volume-weighted distribution of ND core sizes in spherical 

approximation (without the polymer layer; Figure S7A in Supporting Information). Cryo-TEM 

enabled us to estimate the average native thickness of the polymer layer (17.0 ± 8.8 nm), which 

was independent of particle size (Figure 1C and Figure S4 in Supporting Information). In our 

geometric model, we formally added this polymer thickness to each individual particle identified 

by TEM image analysis. The total volume of polymer present in the sample was obtained as a sum 

of volume contributions from all individual particles. The concentration of nitroxide radicals 

obtained from EPR was recalculated to this volume for each ND sample (Table S2 in Supporting 

Information). Based on this number and known concentrations of both polymer and diamond in 

solutions analyzed thermogravimetrically (Figure S1 in Supporting Information), we estimated a 
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number-weighted average nitroxide concentration per particle for each sample (Table S2 in 

Supporting Information). The highest average value was 134 nitroxide radicals per particle for 

ND5. Interestingly, the natural polydispersity of the samples results in a non-linear, approximately 

one-order-of-magnitude span of individual loads from ~70 to ~500 nitroxide radicals per particle 

for 10 to 60 nm core particles (Figure S7C in Supporting Information). Finally, these data showed 

a non-linear dependence of conjugation yield on the concentration of the radical precursor (Figure 

S7B in Supporting Information).  

Interaction of nitroxide radicals with NV centers: optical relaxometry at the single-particle 

level. To quantify the influence of the radicals attached to NDs on the NV spin longitudinal T1 

relaxation time, we used a confocal microscope equipped for T1 spin relaxometry. NDs in aqueous 

solution were deposited onto a cover glass, and the system was sealed to avoid evaporation, which 

could cause a collapse of the polymer layer. We characterized single particles using a pulsed T1 

sequence (Figure 1A) consisting of repetitive laser pulses without application of MW (see 

Materials and methods for more details), probing spin relaxation from the ms = 0 spin state to the 

thermally mixed state21. We carried out the relaxometry measurements on randomly selected 

single particles and we averaged the resulting T1 constants for each sample. The T1 decreased with 

an increasing amount of nitroxide radicals attached to the polymer shell (Figure 1B). For the 

sample with maximal radical load (ND5), the average T1 time reached a minimum of 24 µs. The 

mean T1 time of ND2 (with 10 radicals per particle on average, corresponding to 1.7∙10–23 mol) 

was approximately 15% lower compared to that of ND1, for which no radicals were detected by 

EPR. These results clearly demonstrate the exceptional potency of NV relaxometry to directly 

sense the presence of only a few radicals on the ND surface. However, even though the particles 

in this study were selected randomly, a few of the brighter NDs were skipped. These particles 
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exhibited NV charge-switching as expected for high NV-density NDs50–52. Better uniformity of 

NDs in terms of particle size and NV content53–55 would help reduce the dispersion of the observed 

T1 times. A high T1 spread, especially for ND samples with low or no radical load, is expected. 

Some NVs can experience a shorter T1 time due to factors not relevant to the presence of radicals, 

such as interactions with the ND surface. 

 

 

Figure 1: A) Two representative determinations of the T1 relaxation time of single ND1 and ND5 

particles. The pulse sequence is shown in the inset. Consecutive laser pulses are used for spin-

initialization and readout, while the waiting time τ is increased. The spin-contrast signal is detected 

optically at the beginning of the laser pulses (S) and is referenced to the polarized state signal 

(REF) at the end of the laser pulses. B) Dependence of the average T1 relaxation time of NV- 

centers on the load of stable nitroxide radicals on the polymer interface of NDs. The dashed line 

shows a linear fit of the data. 
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Simulation of T1 distribution. To understand in-depth the relation between the T1 spin relaxation 

and the number of radicals present in the polymer layer on NDs (Figure 1), we derived a theoretical 

model describing their interaction. The T1 of a central NV electron spin in an ND is determined by 

its intrinsic NV relaxation and the relaxation caused by environmental noise. For the latter, the 

radicals in the polymer sensed by the NV generate a fluctuating magnetic field at the location of 

the NV center. This statistically fluctuating magnetic field can be described approximately by an 

amplitude variance 𝐵⊥
2 and the temporal correlation time 𝜏𝑐 of the magnetic fluctuations, 

increasing the NV relaxation rate by the amount23  

1

𝑇1
radical

= 3(𝛾𝑒𝐵⊥)2
𝜏𝑐

1 + (𝜔𝑁𝑉𝜏𝑐)2
,         (1) 

where 𝜔𝑁𝑉 ≈ 2𝜋 × 2.87 GHz represents the NV electron spin resonance frequency and 𝛾𝑒 is the 

electron gyromagnetic ratio. In our analysis, we also considered intrinsic relaxation processes. For 

example, phonons in the diamond cause relaxation rate 1/𝑇1
i, which can be estimated from the 

values of NVs in bulk diamond. The electromagnetic noise from the surface of the ND also 

decreases the relaxation times of NV electron spins, resulting in smaller relaxation time for a 

smaller ND particle. To model this relaxation process, we included relaxation rate 1/𝑇1
noise 

associated with a layer of electron spins on the surface of the ND. From the total relaxation rate of 

each NV center, 

1

𝑇1
=

1

𝑇1
i

+
1

𝑇1
noise

+
1

𝑇1
radical

        (2) 

we obtained a simulated distribution of T1 (see Materials and methods for details). The results of 

simulation including the size distribution obtained from TEM images revealed an excellent 

correlation between the distribution of experimentally measured T1 and the corresponding 
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calculated values (Figure 2). The simulation confirmed a broad natural distribution of T1 for 

particles without nitroxide radicals (ND1), ranging mostly from around 50 to 150 µs with some 

extremes at 200 µs. The distribution was broadened by size and shape polydispersity of NDs, 

different numbers of lattice defects in individual particles,53 and potentially by other factors such 

as variations in individual polymer thicknesses. In the presence of radicals, a much narrower 

distribution was obtained (ND5) with the T1 time peaking at approximately 20 µs. These broad 

distributions are reflected in the relatively large error bars in Figure 1B.  
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Figure 2: T1 histograms for samples ND1 (without nitroxide radicals) and ND5 (134 radicals per 

particle on average). T1 values measured on single particles are shown as bars. Histograms 

obtained from the corresponding theoretical simulations appear as dashed lines. 

 

Dynamic monitoring of a redox chemical process. The experimental results and theoretical 

simulations confirm the possibility of sensitive detection of a small number of radicals in the ND 
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vicinity. We further focused on employing these NDs as a probe for dynamical detection of a 

biologically relevant redox reactions (e. g. products of redox homeostasis) by monitoring the T1 

change during the radical reduction in the ND polymer shell. Cells maintain redox homeostasis by 

a series of different mechanisms56 that depend on enzymatic and non-enzymatic antioxidants such 

as ascorbic acid (vitamin C), glutathione, and melatonin34. Ascorbic acid is a particularly important 

natural antioxidant occurring in plants and is an essential component of human nutrition. Ascorbate 

anions, the dominant form of ascorbic acid under physiological conditions, function as a redox 

buffer to maintain homeostasis of eukaryotic cells57. Ascorbate is also involved in a range of other 

processes, including tissue regeneration, regulation of enzyme activities,58 and regulation of 

epigenomic processes59.  

Developing biocompatible and bioinert nanoscale tools for sensitive detection of ascorbate could 

aid understanding of the role of ascorbate within the cells60–62. Because ascorbate itself does not 

have a free spin electron, selective chemical reactions are needed for its detection. Paramagnetic 

nitroxide radicals, especially TEMPO-based structures, react with ascorbate in a well-defined 

manner, providing diamagnetic cyclic hydroxylamines (Scheme 1C)63. Reactions of ascorbate with 

nitroxides have been used to construct analytical tools for fluorescent64,65 and EPR detection66–68 

of ascorbate. Although fluorescent probes enable sensitive and localized detection of ascorbate 

both in cells65,69 and in vivo64,70–73, they have certain disadvantages, such as photobleaching and a 

pH-dependent response. EPR-based methods are very sensitive, but their resolution is 

fundamentally limited74 to measurements of large volumes. In contrast, our technique provides 

detection with high spatiotemporal resolution (individual NDs, minute time-scale) without 

photobleaching (NV centers have nearly unlimited photostability75). 
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To mimic the intracellular sensing events of nitroxides magnetically coupled with NV centers in 

NDs, we investigated the redox reaction occurring between nitroxide radicals present in the 

polymer layer and free ascorbate (Scheme 1C). In this proof-of-concept experiment at the single-

particle level, we measured by our nanosensor temporal progression of T1 after the addition of 

ascorbate to the liquid medium. We drop-casted an aqueous solution of ND5 on a clean cover glass 

mounted on a confocal microscope. We selected a random ND5 particle and optically measured 

T1. Immediately after this initial measurement, ascorbic acid was added to the droplet, and changes 

in T1 caused by reduction of nitroxide radicals to diamagnetic hydroxylamines (Figure 3A) were 

measured over time (see Materials and methods for details). By using an approximately 220 µM 

concentration of ascorbate, we could monitor the gradual completion of the redox reaction at the 

ND surface within a few minutes. The reaction proceeded with first-order kinetics and a rate 

constant k of 0.012 s–1 (Figure 3B). Data presented in Figures 3A and 3B are representative results 

from measurements on one single ND. Similar results were obtained when the experiments were 

repeated for other ND5 particles. These measurements demonstrate the possibility of monitoring 

redox reactions in real-time on a minute scale by means of stable radical probes coupled with NV 

centers. 

To confirm that the observed changes in T1 were caused by nitroxide reduction, we independently 

measured bulk solutions of ND5 using EPR before and 1 h after the reaction with ascorbate. While 

ND lattice spin defects, which are inaccessible to the reductant, remained unchanged, we observed 

a complete disappearance of the characteristic nitroxide triplet (Figure 3C) after ascorbic acid 

addition. 

APPENDIX E. NANOSCALE DYNAMIC READOUT OF A CHEMICAL REDOX
PROCESS USING RADICALS COUPLED WITH NV−CENTERS IN NANODIAMONDS

168



 18 

  

 

Figure 3: A, B) Response of NV– T1 relaxation time to reduction of polymer-bound nitroxide 

radicals with ascorbic acid to diamagnetic hydroxylamine. A) Determination of T1 relaxation time 

of a single ND5 particle at different time points after the addition of ascorbic acid. The counts 

were normalized. B) Gradual development of T1 after the addition of ascorbic acid. C) EPR spectra 

of ND5 with attached nitroxide radicals before and after the addition of ascorbic acid. While the 

nitroxide radical triplet completely disappears, the stable lattice spin defects in ND occurring at 

351.4 mT remain unchanged.  

 

CONCLUSION 

Improving the understanding of the role of redox processes in maintaining cell homeostasis is of 

key importance and requires the development of novel, sensitive tools that provide spatial and 

temporal information. To address this need, we designed and constructed a first-generation 

relaxometric nanosensor based on colloidally stable ND particles bearing a polymer layer with 

nitroxide radicals. We used confocal T1 electron spin relaxometry based on magnetic interaction 

between NV centers and nitroxides in single individual NDs. Our results revealed that T1 NV 

relaxometry is capable of detecting the presence of stable nitroxide radicals covalently bound to a 
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single ND particle. We reached a sensitivity of ~10 single radical spins per ND particle, which 

corresponds to a localized readout of approximately 10–23 mol of radicals. Additionally, to mimic 

a cellular environment and demonstrate a crucial step of dynamic readout of a chemical reaction, 

we applied our method to quantitatively assess the reduction of nitroxide radicals on NDs by 

ascorbate in aqueous solution at ambient temperature. We monitored the reaction with a minute 

resolution, thus validating the potential to use colloidally stabilized ND-radical conjugates as a 

sensitive nanosensor for localized detection of antioxidants. To further accelerate measurement 

time and therefore increase the temporal resolution of the dynamic measurements, additional ND 

surface chemistry modifications could be made to increase the NV coherence time76, a recently 

demonstrated77 enhanced readout method utilizing spin-to-charge conversion could be employed, 

and/or NDs with an ultrahigh concentration of NV centers could be used. Further improvement in 

sensitivity can be achieved using double electron-electron resonance sensing which is capable to 

detect a single electron spin13. 

 

MATERIALS AND METHODS 

Preparation of fluorescent NDs. NDs (MSY 0–0.05, Microdiamant, Switzerland) were treated 

according to a previously described procedure78. Briefly, NDs were oxidized by air in a furnace at 

510 °C for 4 h; treated with a mixture of HF and HNO3 (2:1) at 160 °C for 2 days; and washed 

with water, 1 M NaOH, water, 1 M HCl and 5x water until all remaining acid was completely 

washed out. Purified ND powder was irradiated in an external target holder for 21 h with a 16.6 

MeV electron beam (1.25 × 1019 particles cm-2) extracted from an MT-25 microtron79. The 

irradiated material was annealed at 900 °C for 1 h 80 and subsequently oxidized for 4 h at 510 °C. 

The resulting powder was again treated with a mixture of acids and washed with NaOH, water, 
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HCl and 5x water, providing a grey powder upon lyophilization of oxidized fluorescent NDs 

(ND0s).  

Purification of NDs after surface modifications. The following general procedure was used 

for ND washing: particles were spun down at 15,000-35,000 g for 25-40 min in 1.5-ml Eppendorf 

tubes. After reactions, NDs were spun down at 15,000-20,000 g for 20-30 min, and the rotational 

force and time were increased with decreasing concentration of reagents. Centrifugation was 

followed by checking with a green laser pointer for remaining particles in solution. If no laser trace 

was observed, the supernatant was removed, 1.4 ml of solvent (water, DMSO, or MeOH) was 

added and particles were resuspended by sonication in the cup horn. 

Polymer coating terminated with alkyne functional group (Scheme 2). A 20-mg portion of 

ND0s was weighed into a 2-ml Eppendorf microcentrifuge tube. Glycidol (1.44 ml), freshly 

distilled under reduced pressure (1.5 mbar, 50 °C), was pipetted into the tube with ND0s. The tube 

was sealed and sonicated for 1 h in pulse mode (2/2 s on/off) inside of a water-cooled cup horn. 

The colloid solution was transferred into a pressure tube stirred at 200 rpm on a magnetic stirrer 

with an oil bath heated at 130 °C. After 3 h, glycidyl propargyl ether (990 µl) was added to the 

reaction mixture. The reaction was heated for 16 h under the same conditions. The reaction mixture 

was cooled down to approximately 60 °C and diluted with MeOH. The tube content was split into 

20 microcentrifuge tubes (1.5 ml). The ND0s were washed 3x in MeOH and 3x in water. The 

stable colloid solution of polymer-modified ND0-PG was obtained and stored in the dark at 4 °C 

at a concentration of 10 mg/ml without apparent loss of colloidal stability for approximately one 

year. 

Attachment of nitroxide radical to ND0-PG  (Scheme 2). Polymer-coated ND0-PG were 

modified with 3 (see Supporting Information for synthesis) using Cu(I)-catalyzed azide−alkyne 
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cycloaddition (click chemistry). The degree of modification was controlled by different 

concentrations of 3 in the reaction mixture (5/50/150/500/1000 mM), while the remaining 

conditions were kept constant. The reaction was performed in MilliQ water with 40% DMSO. 

Compound 3 was dissolved in DMSO; the remaining stock solutions were prepared in water. The 

reactants were mixed in a 1.5-ml Eppendorf tube in the following order to a final volume of 500 

µl with the following final concentrations: 0.5 mg ND0-PG with alkyne-terminated polymer 

(1 mg/ml), DMSO, 3 (5/50/150/500/1000 µM), premixed aqueous solutions of CuSO4·5H2O and 

BTTES (0.1 mM and 0.5 mM), water, aminoguanidine (1 mM), 10x PBS (1x PBS, pH 7.4), and 

freshly prepared solution of sodium ascorbate (1 mM). The reaction mixture was mixed and left 

without stirring in a sealed tube for 20 min. The reaction was stopped by addition of 120 µl of 20 

mM of EDTA, pH 7.4, into 500 µl reaction volume. The NDs were washed in a 1.5-ml Eppendorf 

tube with 40% DMSO at 15,000 g for 15 min and 20,000 g for 20 min. Then, 24 µl of 20 mM 

EDTA was added into the tube and after 10 min, NDs were washed two times with 40% DMSO 

and four times with 0.1 mM phosphate buffer, pH 7.4. Modified NDs were stored in 0.1 mM 

phosphate buffer, pH 7.4, at a concentration of 10 mg/ml. The covalently bound diamagnetic 3 

was converted to nitroxide radical by open-air sonication of modified NDs for 20 min (pulse 2/2 s 

on/off) in a water-cooled cup horn (Cole-Parmer), providing nanodiamonds ND1-5.  

Nanoparticle characterization. The hydrodynamic diameters and colloidal stability of NDs 

were determined by DLS (Zetasizer Nano ZSP, Malvern Instruments) and processed with 

Zetasizer Software 7.13. Prior to dilution, the samples were centrifuged for 1 min at 1000 g. The 

samples were then diluted to a concentration of 0.05 mg/ml with MilliQ water or PBS (1X, 7.4 

pH). Hydrodynamic peak size was calculated from the intensity autocorrelation function using the 

general-purpose algorithm in the Zetasizer software. DLS data were collected at a backscatter 
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angle of 173° (NIBS system) at 25 °C; viscosity was set at 0.9236 and 0.8872 cP for PBS and 

water (Figure S3 and Table S2 in Supporting Information). Each sample was measured three times 

with an automatic duration; the reported size represents an average value of Z-average size. 

Particle size distribution is displayed by intensity. The particles were stored at 4 °C in the dark for 

1 year without apparent loss of colloidal stability. 

Particle concentration was determined using NTA with a NanoSight NS300 (Malvern 

Instruments) equipped with a low-volume cell and 405 nm laser. For data analysis, built-in 

Malvern software (NTA 3.4 - Sample Assistant Build 3.4.003-SA) was used. Before dilution, 

samples were sonicated in the cup horn and centrifuged for 1 min at 1000 g. ND samples 

(approximately 10 mg/ml) were diluted 100,000 times in three steps with MilliQ water and injected 

using an integrated autosampler. Dilution was optimized to obtain an average of 35-90 particles 

per frame with 1500-5500 valid tracks per 60 s measurement at a temperature of 25 ± 0.1 °C. Each 

sample was diluted in duplicate and each diluted sample was measured for 10 x 60 s with syringe 

pump speed 100. Captured data were analyzed using a finite track length adjustment (FTLA) 

particle size distribution algorithm. The camera level was set to auto with the following parameters 

of level/shutter/gain: 11/890/146, 12/1200/146, 13/1232/219 or  14/1259/366. The detection 

threshold was set to level 3, maximum jump distance was between 14.20-17.50; the blur, 

maximum jump mode, and minimum expected particle size (MEPS) were set to "auto."  

TGA was performed at the Laboratory of Thermogravimetric Analysis, UCT Prague, using a 

Stanton-Redcroft TG750 thermobalance. The sample (1-2 mg) was placed on a platinum pan as a 

solution (10 mg/ml), dried by heating overnight at 80 °C, and heated from room temperature to 

900 °C at a rate of 10 °C/min under air purge (20 ml/min). 
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Oxygen sensitive operations with NDs were performed inside a Sekuroka glove bag. The 

oxygen concentration in the protective argon atmosphere in the bag during sample handling was 

under 300 ppm according to continual measurement with an O2 Gas sensor (O2-BTA, Vernier) 

connected to a LabQuest2 monitoring unit (Vernier). Before use, all solvents were deoxygenated 

by three freeze-thaw cycles. Oxygen sensitive sample handling outside the glove bag 

(centrifugation and sonication) was performed in Eppendorf tubes with the opening covered by 

parafilm to reduce possible sample oxidation. 

Infrared spectra were measured on a Fourier Transformer Infrared Spectrophotometer (FTIR) 

Nicolet 6700FT-IR spectrometer (ThermoScientific, USA) with a standard MIR source, KBr 

beamsplitter, and MCT/A detector. The spectrometer was purged with dry nitrogen. Spectra were 

acquired in attenuated total reflection mode (ATR) using ATR-MIRaclTM – a triple-reflection ZnSe 

horizontal ATR prism (Pike Technologies, USA) in the spectral region 3800 – 600 cm−1, with 

spectral resolution of 4 cm−1 and 512 scans. A Happ-Genzel apodization function was used. Data 

processing was performed using OMNIC software. 

Transmission electron microscopy (TEM) and image analysis. Bright-field TEM 

experiments were performed with a JEOL JEM-1011 electron microscope operated at 80 kV 

equipped with a Tengra bottom-mounted camera. Particles for TEM samples were placed on 

copper grids (SPI) with a home-made Parlodion membrane and carbon coating. TEM sample 

preparation: For naked ND0 particles, the grid was pre-treated with a droplet of 

poly(ethyleneimine) solution (MW = 2.5 kDa, 0.1 mg ml-1). The droplet was removed with a piece 

of tissue after 10 min incubation. Then, the grid was placed on a droplet of deionized water for 1 

min and dried once again. For ND0-PG polymer-coated samples, the grid was used without any 

pre-treatment. The grid was placed on a droplet of an aqueous solution of ND0 or ND0-PG (0.1 
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mg ml-1) and the solution was removed with a piece of tissue after 3 min incubation. 

Phosphotungstic acid solution (PTA, 2%, pH 7) was used for negative staining. Samples for 

staining were placed without drying twice on 50 µl droplets of PTA solution for 5 min. All samples 

were then washed two times on a 50 µl droplet of water for 1 min and dried with a piece of tissue. 

The polyglycerol shell thickness was analyzed with ImageJ software from 50 particles and 

estimated to be 5.7 ± 1.6 nm.  Each thickness was measured at one or two positions, depending on 

the TEM micrograph quality. 

For cryo-TEM, samples were prepared as previously described82. Briefly, 3 µl of sample 

solution (2 mg/ml) were deposited on a QUANTIFOIL® C-flat CF-4/2-2C-50 grid, previously 

treated with glow discharge (2x10-1 Torr, 10 mA, 30 s). The excess solution was removed by 

blotting with Whatman No 1 filter paper, and the grid was plunged into liquid ethane held at -183 

°C using an EMS-002 semiautomatic plunger (Electron Microscopy Science, Hatfield, PA, USA). 

The samples were observed under an FEI G20 Sphera electron microscope operated at 120 kV. 

Images were recorded using low dose mode (less than 20 e/Å2) on a Gatan US2000 slow-scan 

CCD camera at 29,000x direct magnification. 

For image analysis – the polyglycerol layer detection – the images were first band-pass filtered 

(1-400 px window) to remove gradients and then Gaussian blurred with σ level adjusted to 6 

(ImageJ v. 1.48 software83). The contours of the polyglycerol layer were then automatically 

detected using NIS software (NIS Elements 5.02, Nikon). The thickness of the layer 

(17.0 ± 8.8 nm) was determined from 30 independent measurements. 

EPR spectroscopy. The EPR spectra of aqueous solutions of ND1-5 functionalized with 

nitroxide radicals, as well as of unmodified ND0 powder, were recorded on a Bruker EMXplus 

10/12 CW (continuous wave) EPR spectrometer equipped with a Premium-X-band microwave 

175



 25 

bridge (both Bruker). Reduction of nitroxide radicals on the ND-surface (change from 

paramagnetic to diamagnetic state) was monitored on an ELEXSYS E580 6/1 FT (Fourier 

transform)/CW (Bruker) EPR spectrometer under CW-conditions. The giso of the studied radicals 

was determined using a built-in spectrometer frequency counter and an ER-036TM NMR-

Teslameter (Bruker). Hirschmann ringcap capillaries (inner diameter 78 mm, Hrischmann 

Laborgärete GmbH, Germany) were used as sample tubes for quantitative EPR measurements. 

The capillaries were calibrated for a volume of 50 µl with an accuracy of ≤ ± 0.25% and precision 

of ≤ 0.5%. Finally, the capillaries were inserted into the high-sensitivity EPR cavity (ER-4119HS, 

Bruker), which was applied throughout the quantitative experiments. Samples ND1-5 in aqueous 

solution were each measured 3- to 4-times to assess the reproducibility and calculate the mean 

value of the total double integral and/or the absolute number of spins (see EPR calculations). For 

such quantitative measurements, the following instrumental parameters were applied: 

frequency = 9.867 GHz, central field = 351 mT, sweep width = 12 mT, power = (1.26-2.52) mW, 

modulation amplitude = 0.072 mT, resolution = 2500 points, conversion time = 5.8 ms, time 

constant = 2.6 ms. The EPR spectra of the solid ND0 sample (the precursor used in next steps for 

polymer coating and nitroxide attachment; see section 3.1) were recorded eight times using the 

following parameters: frequency = 9.869 GHz, central field = 352 mT, sweep width = (28-32) mT, 

power = (0.63-3.17) mW, modulation amplitude = (0.064-0.120) mT, resolution = 1900 points, 

conversion time = 18.0 ms, time constant = 5.1 ms. No saturation effects were observed for either 

aqueous or powder samples. 

EPR calculations. Spectra were acquired and preprocessed with Xenon 1.1b.159 software 

(Bruker, Germany). The preprocessing included baseline correction and double integration (DI) of 

the EPR spectrum. Additional analysis, within the above-described software, covered the 
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calculation of the absolute amount of spins in samples. With the known tube geometry and 

including all the quantitative relevant instrumental parameters, the total amount of spins/cm3 could 

be calculated based on the double integral of the EPR spectrum84. The DI requires a high signal-

to-noise ratio of the experimental spectrum to achieve a well-defined spectrum integration curve, 

and this requirement was fulfilled for all recorded EPR spectra. 

Afterwards, deconvolution/decomposition of spectra of aqueous samples into a “sub-surface” 

radical centered at g = 2.00254 ± 0.00006 (see also85) and nitroxide radical (centered at 

g = 2.00555 ± 0.00004) components was done using MATLAB toolbox EasySpin v. 5.1.86. The 

analysis involved fitting/simulation of the experimental EPR spectra by varying parameters such 

as g-factor, 14N hyperfine coupling constants (HFCCs, A), rotational correlation time, and spectral 

linewidth as well as spectral weights (double integral ratios) of the “sub-surface” and nitroxide 

radical components. For this purpose, the “garlic” fitting function was used, because the EPR 

spectra of nitroxides fall into the region of fast-motion regime86. The observed lack of a P1 center 

(substitutional nitrogen, termed also N0 or Ns center) conventional hyperfine pattern87 and its shift 

and overlap with milling-induced defects (carbon dangling bonds carrying unpaired electron spin) 

is typical for NDs smaller than ~80 nm 88 and results in a single spectral signature of “sub-surface” 

radicals49. Although the “sub-surface” signal at g = 2.00254 ± 0.00006 comes from the solid-state 

paramagnetic centers within ND particles, their one-line signal could be thus accurately simulated 

like a radical component without any hyperfine splitting/coupling, and its line-form did not change 

within the sample series (Figure S6 in Supporting Information).  

Optical characterization of the particles. A custom-built confocal microscope was used to 

probe the NV- spin dynamics. To excite the NV- centers, a solid-state laser with a wavelength of 

532 nm was pulsed using an acousto-optic modulator (Crystal Optics, 3200). The laser beam was 
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focused onto the sample using an oil-immersion objective (Olympus UPlanSApo 60x oil, N.A. = 

1.35). Collected fluorescence was filtered by a long pass 650 nm detection filter and then detected 

by an avalanche photodiode with single-photon resolution (Excelitas Technologies).  

The laser pulse sequence for the T1 time measurements was applied using an Arbitrary 

Waveform Generator (Tektronix AWG70001A). The T1 measurement pulse sequence consisted of 

two 10-μs laser pulses. During the first pulse, the NV- spin was polarized into its ms = 0 state. After 

a variable waiting time (τ), a second laser pulse was applied to read out the NV- spin state. The 

measured fluorescence data were plotted with respect to τ duration and fitted with a mono-

exponential function to extract the T1 longitudinal relaxation time. To increase the signal-to-noise 

ratio of the measurements, the sequences were repeated multiple times, amounting to a total 

acquisition time of 3-8 minutes for a single site, depending on the fluorescence intensity. 

The glass slides were cleaned with acetone, ethanol and water, and the cover glasses were plasma 

cleaned to minimize background fluorescence. For T1 time statistics, the samples were prepared 

by placing a 4 µl drop of 0.05 mg/ml ND solution in ultra-pure water between the cover glass and 

the glass slide. Cover glass edges were sealed with tape to avoid water evaporation. Measurements 

were performed in aqueous solutions immediately after sample preparation. 

Determination of particle concentration. The precise weight concentration of the particles 

(and the corresponding amount of polymers) used for EPR measurements was estimated by a 

combination of TGA and NTA analyses. First, the precise weight concentration and the 

polymer/ND weight ratio was estimated using TGA. A known volume of ND0-PG stock solution 

was concentrated to approximately 20 mg/ml (of known weight). A 50-µl aliquot of this solution 

was placed in a balanced thermogravimetric cup, slowly dried overnight at 80 °C, and subjected 

to TGA (RT to 800 °C; 10 °C/min; Figure S3).  
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For NTA analysis, stock solutions of ND1-5 and ND0-PG (approximately 10 mg/ml) were 

diluted 100,000 times and measured. The obtained number-weighted concentration of NDs 

(typically in the range: 3.9-4.9·1013 particles/ml) was then recalculated using the volume-weighted 

distribution of ND based on TEM image analysis81, providing the weight concentration of the ND 

component of ND0-PG (mg/ml). The final weight concentration of the particles was determined 

from the known weight ratio of polymer and ND component in ND0-PG estimated by TGA. 

Determination of radical concentrations in NDs. The concentrations of radicals in ND1-5 (g–

1) were obtained by recalculating the radical volume concentration determined by EPR (cm–3) to 

weight concentration in the individual samples estimated by a combination of NTA and TGA. 

Values are listed in Table S1 in Supporting Information. As a control for our results from an 

aqueous environment, in which discrimination of the P1 signal can potentially occur89, EPR spectra 

of a solid ND0 sample were recorded. The concentration of paramagnetic centers (centered at 

g = 2.00258 ± 0.00007) was estimated as (2.53 ± 0.08)·1018 g–1. This value correlates well with the 

concentration range determined in water (Table S1 in Supporting Information). The EPR 

simulations as well as comparison of the solid-state and aqueous spectra are shown in Figure S6 

in Supporting Information. 

The nitroxide radical loads in ND1-5 (number of radicals per particle). As estimated by 

cryo-TEM, the average thickness of the polymer layer on ND0-PG (17.0 ± 8.8 nm) was 

independent of the particle sizes (Figure S4). In our geometrical model, this thickness was formally 

added to each individual particle used for calculation of NTA/TEM distribution. The total volume 

of polymer present in the sample was obtained as a sum of volume contributions from all individual 

particles. The radical concentration obtained from EPR was recalculated to this volume and used 

for other considerations (Figure S7 and Table S2 in Supporting Information).  
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Reaction of ND5 with ascorbic acid and related T1 and EPR measurements. For 

measurements of T1 time recovery, the sample was prepared by placing 4 µl of ND solution directly 

on a cover glass without sealing. After the initial T1 measurement, 3 µl of the 0.1 mg/ml solution 

of ascorbic acid was added to the ND solution droplet on the cover glass without moving the 

sample. T1 measurements were repeated on the same ND particle for different waiting times to 

inspect the T1 time-dependency and continued until the T1 stabilized (Figure 3A, B). 

For control EPR measurement, 75 µl ND5 solution (10 mg/ml) was transferred into an Ar-filled 

glove bag and thoroughly degassed. 25 µl ascorbic acid (500 mM) was added and quickly mixed. 

An EPR measurement was started within 5 min after mixing the sample with ascorbic acid (Figure 

3C and Figure S6B in Supporting Information). The following instrumental EPR settings were 

used: frequency = 9.851 GHz, central field = 351 mT, sweep width = 12 mT, power = 2.993 mW, 

modulation amplitude = 0.075 mT, resolution = 1024 points, conversion time = 14 ms, time 

constant = 2.6 ms. 

Simulations. Using the results of Tetienne et al.90, we considered the variance of radical-induced 

magnetic field B⊥
2 = ∑ B⊥,𝑗

2
𝑗  to be a sum of the terms  

𝐵⊥,𝑗
2 = (

𝜇0𝛾𝑒

4𝜋
)

2 𝑆(𝑆 + 1)

3
(
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from all fluctuating radicals. Here, spin 𝑆 =
1

2
, and 𝑟𝑐,𝑗�̂�𝑐,𝑗 (with |�̂�𝑐,𝑗| = 1) is the position of the 

radical relative to the NV center. We chose �̂�  as the unit axis along the NV symmetry axis, and 

the summation in B⊥
2  became an integral by assuming a volume density 𝜌 of the radicals. Following 

the procedure of Tetienne et al.90, we obtained 
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, 
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for the correlation time of the temporal fluctuations of the magnetic field generated by the radical 

spins at the position of the NV center, where 𝑟min is the minimum allowed distance between the 

radicals.  

Similar to the case of a fluctuating magnetic field from radicals, the spin noise from the surface 

of the ND was given by  

1

𝑇1
noise

= 3(𝛾𝑒𝐵⊥
noise)2

𝜏𝑐
noise

1 + (𝜔𝑁𝑉𝜏𝑐
noise)2

,  

using the variance (𝐵⊥
noise)2 and the correlation time 𝜏𝑐

noise of the magnetic field from the 

surface electron spins.  

To simplify our Monte Carlo 𝑇1 simulation, we assumed all the NDs to be spherical, with size 

distribution given by the experimentally measured values. Because NV centers are not stable when 

they are very close to the surface, we introduced a depletion zone of 1 nm close to the surface82,91. 

NV centers that contribute to the detected signal can be anywhere in the diamond except the 

depletion zone. We assumed that the noisy surface electron spins are distributed homogeneously 

on the surface of the ND with a 1-nm-thick shell. For radical sensing, we added a polymer layer 

of 10 nm surrounding the ND closely with a homogeneous radical density. Because the radicals 

couple randomly to the NV via dipolar interactions, the relaxation is dominant for the radicals 

close to the NV center (see the expression of 𝐵⊥,𝑗
2 ). This is consistent with our observation that the 

simulation had a similar result when a thicker homogeneous polymer layer was used (not shown).  

In the simulation, we used 𝑟min = 0.15 nm, following Tetienne et al.90, and 𝑇1
i = 1 ms, which 

is close to the typical NV lifetime in bulk diamond at room temperature. We found that the trend 

of 𝑇1 distribution is not sensitive to these values. For simulations without the polymer layer, the 

density of the noisy electrons on the ND surface was chosen to be 0.51 nm−3 to make the simulated 
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𝑇1 distribution fit the experimental data. The same density of the noisy electrons was also used for 

simulations including a polymer layer. A radical density of 1.1 nm−3 was used for the polymer 

layer to obtain the distribution shown in Figure 2 in the main text. These densities are similar to 

those obtained by Tetienne et al.90 Because experimental settings include noise sources such as 

surface-modified phonons that increase the relaxation rate of NV centers in a form similar to the 

expression of 1/𝑇1
noise 92, we expect the electron densities used for our simulation to be higher than 

experimentally determined electron densities. 
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Chemical synthesis 
General 
Chemicals and solvents used for organic synthesis were supplied by Sigma-Aldrich, Penta, Lachema, 
Fluka, and Acros Organics and used as received unless stated otherwise. (2,2,6,6-Tetramethyl-4-
piperidinyl)acetic acid hydrochloride was obtained from Chembridge Corporation. Inert operations 
were performed under a protective atmosphere with nitrogen or argon gas (99.999%), using vacuum 
line and Schlenk techniques. Water was purified using a MilliQ system.  
Chromatography purifications were performed by HPLC using a 515 HPLC pump with 2996 PDA 
(Waters) and TOY18DAD800 compact preparative system (ECOM spol.). The following reverse phase 
columns were used: ReproSil Gold 120 C18, 10 µm, 250 x 20 mm (length x inner diameter) with guard 
30 x 20 mm (column volume (CV) = 60 ml, flowrate 20 ml/min) and ReproSil Gold 120 C18, 10 µm, 250 
x 40 mm with guard 50 x 40mm (CV = 250 ml, flowrate 80 ml/min). Compounds were detected by UV-
absorption at 210 nm, and their identity was confirmed by MS. The purification started with 95% MilliQ 
water with 0.1% TFA and 5% HPLC methanol; the sample was injected onto the column in DMSO. The 
purification gradient (in % of MeOH) is described by CV and is independent of systems or columns. 
Methods: isocratic 2CV at 5% MeOH; step 0.5CV to 15%; then gradient 20CV to 30% (Method 30%) or 
50% (Method 50%); followed by step 0.5CV to 100%  and regeneration wash 2CV at 100%. 
The nanoparticles were dispersed using a Cole Parmer Cup Horn Ultrasonic Processor Sonicator or 
Elmasonic P60H bath. Centrifugations were performed with Eppendorf centrifuge 5430, Sigma 3-30KS, 
and Eppendorf MiniSpin. 
 
Abbreviations used in the text: rt (room temperature), DMSO (dimethyl sulfoxide), MeOH (methanol), 
TFA (trifluoroacetic acid), ND (nanodiamond), N.A. (numerical aperture). 
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Chemical analysis 
HPLC-MS analysis was performed using a Waters Acquity system with a QDa detector with an Acquity 
UPLC BEH C18 column, 1.7 µm (100 x 2.1 mm), flow 0.5 ml/min, using 6 min gradient from 100% 
aqueous phase with 0.1% formic acid to acetonitrile (1.25 min). 
HR MS spectra were measured on an LTQ Orbitrap XL (Thermo Fisher Scientific) instrument. 
NMR spectra were recorded at room temperature in methanol-d4 solutions using a Bruker Avance III™ 
spectrometer equipped with a Prodigy cryo-probe operating at 401.0 MHz for 1H and 100.8 MHz for 
13C. For structure elucidation, 1D and 2D correlation NMR experiments (HSQC, HMBC) were used. All 
chemical shifts (δ) are given in ppm and coupling constants in hertz [Hz]. For 1H and 13C NMR 
measurements in CD3OD, spectra were referenced to the solvent peak (δH = 3.310, δC  = 49.00). The 
following abbreviations are used to express signal multiplicities: s (singlet), d (doublet), t (triplet) and 
m (multiplet). Data were processed with Mestrenova (v. 14). 
 
Synthesis of 1 and 2 
 

 
 
Scheme S1: Synthetic scheme for the preparation of TEMPO-type stable nitroxide radical 2 bearing an 
azide for click attachment. Nitroxide 2 can be reversibly converted to diamagnetic hydroxylamine 3. 
Reaction conditions: a) HBTU coupling reagent; diisopropylethylamine (DIPEA); b) 
3-chloroperoxybenzoic acid (mCPBA); c) sodium ascorbate; d) mCPBA. 
 
N-(2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethyl)-2-(2,2,6,6-tetramethylpiperidin-4-yl)acetamide (1). 
To a 20-ml vial equipped with a magnetic stirrer, 2-(2,2,6,6-tetramethylpiperidin-4-yl)acetic acid 
hydrochloride (499 mg, 2.12 mmol, 1.00 eq), 1-[2-(2-aminoethoxy)ethoxy]-2-(2-azidoethoxy)ethane 
(591 mg, 2.71 mmol, 1.28 eq) and dry DMSO (10.0 ml) were added, followed by addition of HBTU (924 
mg, 2.44 mmol, 1.15 eq). The vial was purged with argon and dry N,N-diisopropylethylamine (1.5 ml, 
8.47 mmol, 4.00 eq) was added via septum. The reaction was stirred overnight at rt. The crude reaction 
mixture was diluted with 3 ml of acetic acid and filtered over a 0.22-µm PTFE filter. The crude product 
was purified by HPLC using Method 50%. Pooled fractions were lyophilized, yielding 1 (530 mg, 62.7%) 
as a light-yellow oil.  
1H NMR (Methanol-d4, 401 MHz) δ 3.71 – 3.58 (10H, m), 3.56 (2H, t, J = 5.4 Hz), 3.42 – 3.33 (4H, m), 
2.51 – 2.35 (1H, m), 2.20 (2H, d, J = 7.0 Hz), 1.87 – 1.78 (2H, m), 1.47 (6H, s), 1.41 (6H, s), 1.26 (3H, t, J 
= 13.2 Hz). 13C NMR (Methanol-d4, 101 MHz) δ 173.77, 71.67, 71.59, 71.49, 71.21, 71.11, 70.52, 58.18, 
58.12, 51.77, 49.64, 49.42, 49.21, 49.00, 48.79, 48.58, 48.36, 42.85, 42.31, 40.37, 30.69, 26.73, 25.02. 
HR MS (ESI): (+) m/z calc. for [C19H38O4N5]+: 400.29183, found: 400.29185.   
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N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-2-(1-hydroxy-2,2,6,6-tetramethylpiperidin-4-
yl)acetamide (3) and intermediate  
(4-{[(2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethyl)carbamoyl]methyl}-2,2,6,6-tetramethylpiperidin-
1-yl)oxidanyl (2). 
Compound 1 (100 mg, 250 µmol, 1.00 eq) in a 20-ml vial with a magnetic stirrer was dissolved in 4 ml 
dichloromethane, followed by addition of 3-chlorobenzene-1-carboperoxoic acid (mCPBA; 86 mg, 501 
µmol, 2.00 eq). The reaction mixture was stirred overnight and the presence of 2 was confirmed by LC-
MS and HR-MS.  
MS (ESI): (+) m/z calc. for [C19H37N5O5

.]+: 415.279, found: 415.279, HR MS (ESI): (+) m/z calc. for 
[C19H36O5N5Na]+: 437.26087, found: 437.26088. 
Excess sodium ascorbate (88.2 mg, 0.500 mmol, 2.00 eq) in a mixture of water and MeOH was added 
to the reaction mixture. It was concentrated after 1 h, dissolved in DMSO, and filtered over a 0.22-µm 
PTFE filter. The crude product was purified by Method 30%. Pooled fractions were lyophilized, yielding 
pure 1 (26.1 mg, 26.1%) and 3 (41.2 mg, 39.6%) as a light-yellow oil.  
1H NMR (Methanol-d4, 401 MHz) δ 3.70 – 3.58 (10H, m), 3.55 (2H, t, J = 5.4 Hz), 3.42 – 3.33 (6H, m), 
2.58 – 2.40 (1H, m), 2.19 (3H, d, J = 7.0 Hz), 2.00 – 1.91 (3H, m), 1.57 (3H, t, J = 13.4 Hz), 1.46 (17H, s), 
1.42 (5H, s). 13C NMR (Methanol-d4, 101 MHz) δ 173.69, 71.66, 71.59, 71.49, 71.21, 71.11, 70.50, 69.23, 
51.76, 49.64, 49.42, 49.21, 49.00, 48.79, 48.58, 48.36, 43.71, 42.22, 40.36, 28.25, 25.98, 20.26.  HR MS 
(ESI): (+) m/z calc. for [C19H38O5N5]+: 416.28675, found: 416.28687, [C19H37O5N5Na]+: 438.26869, found: 
438.26877.    
 
NMR spectra 
Compound 1 

 
1H NMR spectra of 1.  
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13C NMR spectra of 1. 
 

Compound 3 
 

 
1H NMR spectra of 3. 
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13C NMR spectra of 3. 
 

LC-MS chromatograms and mass fragmentation  
HPLC-MS chromatogram of 1-3 with different retention times (RT) on a reverse phase C18 column using 
a short 8 min run. 
 
Compound 1 
 

 
Compound 1 HPLC-MS chromatogram (RT = 3.100 min) and mass adducts [M+H]+ and [M+Na]+. 
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Compound 2 
 

 
Compound 2 HPLC-MS chromatogram (RT = 3.656 min) and a more complex fragmentation 
corresponding to reactive radical species with adducts [M+H]+ and [M+Na]+. 
 

Compound 3 
 

 
Compound 3 HPLC-MS chromatogram (RT = 3.250 min) and mass fragmentation corresponding to 
[M+H]+ and [M+Na]+ adducts. 
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Additional particle characterization 
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Figure S1: Thermogravimetric curves of ND0 and ND0-PG. Decomposition of the polyglycerol layer in 
ND0-PG occurred between 200-600 °C; 64% of particle weight was assigned to the polymer. NDs 
decomposed in both samples between 600-800 °C. 
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Figure S2: IR spectra (ATR) of ND0 before polymer modification, ND0-PG with polymer, and ND5 with 
nitroxide attached to the polymer. The wide and intense band at 3500-3200 corresponds to the –OH 
stretching band of polyglycerol and the band at 3000-2830 cm-1 corresponds to C-H stretching band of 
polymer14,15. Also note significant changes in the fingerprint region (C-O vibrations around 1060 cm-1). 
Furthermore, a weak peak at 2112 cm-1 corresponds to alkyne in the polymer, which decreases after 
azide-alkyne cycloaddition (see inset for detail). The presence of TEMPO radical in the polymer is 
evidenced by the amide I (1653 cm-1) band; a weaker signal of the amide II band was not observed. 
Inset: detail showing the peak at 2112 cm-1 (magnified by a factor of 10). The lower intensity of this 
peak in ND5 corresponds to the reaction of accessible alkyne groups in ND0-PG with azide group in 3. 
All spectra are offset for clarity.  
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Figure S3: Hydrodynamic diameters of NDs analyzed by DLS. ND0: naked fluorescent NDs; ND0-PG: 
fluorescent NDs coated with polyglycerol-bearing propargyl moieties; ND1-5: ND0-PG particles with 
attached increasing amounts of the nitroxide radical. The size of the ND0 increased by ~30 nm after 
polymer modification (see Table S2), while the attachment of nitroxide radicals did not cause a 
significant change. 
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Figure S4: Cryo-TEM analysis of (A) naked ND0 and (B, C, D) polymer-coated ND5 particles used for 
detection of the thickness of the polymer layer on NDs. (A-B) are the original micrographs, (C) shows 
the image (B) processed by a band-pass filter and Gaussian blur for image analysis, (D) shows the 
automatically detected contours of the polyglycerol layer on selected particles in (C) using NIS software 
(for details, see section 1.3). Note the difference in the thickness of the polymer layer recorded in 
vacuo (Figure S5D) and in a “native” state observed by cryo-TEM (B-D). The scale bar represents 50 
nm. 
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Figure S5: TEM images of (A, B) ND0 and (C, D) ND0-PG particles. The micrographs were taken without 
(A, C) and with (B, D) tungstic acid staining. The thin shell present on particles in (D) corresponds to a 
5.7 ± 1.6 nm thick polyglycerol layer stained with tungstic acid. Note the layer is collapsed due to strong 
dehydration caused by sample exposure to high vacuum. The scale bar represents 50 nm. 
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Figure S6: A) Simulation of nitroxide radical EPR spectrum obtained by MATLAB toolbox EasySpin5. The 
main three lines (centered at g = 2.00555 ± 0.00004) represent the hyperfine splitting from the 14N 
nucleus. The arrow “1” shows ND “sub-surface” radicals centered at g = 2.00254 ± 0.00006. B) 
Comparison of EPR spectra of unmodified ND0 powder (g = 2.00258 ± 0.00007; no nitroxides on the 
surface) and ND5 reduced by ascorbate (no nitroxides on the surface) and measured in an aqueous 
environment. This signal corresponds to the one marked “1” in A). Note the missing hyperfine splitting 
from 14N, which is characteristic for NDs smaller than ~80 nm 7. 
 
 
 
 
Table S1. Concentrations of nitroxide and “sub-surface” radicals in ND1-5 determined in aqueous 

solutions. See section “EPR calculations” for details. The gradual decrease of the “sub-surface” radical 

concentration was most likely caused by an increased number of nitroxide radicals in the samples. The 

broadening of the spectral lines caused by magnetic noise from nitroxides resulted in underestimation 

of the “sub-surface” radical concentration for samples with high nitroxide loads. The average value for 

ND1-5 (2.47 ± 0.52)·1018 g–1 corresponds well to the value (2.53 ± 0.08)·1018 g–1 obtained from EPR of 

solid ND0. 

 

Nanodiamond Nitroxide 
radicals  

(g–1) 

“Sub-surface” 
radicals  

(g–1) 

Nitroxide/sub-
surface radicals 

ratio 

ND1 0.00E+00 3.15E+18 0.00 
ND2 3.57E+17 2.80E+18 0.13 
ND3 1.58E+18 2.62E+18 0.61 
ND4 3.03E+18 2.09E+18 1.45 
ND5 4.62E+18 1.68E+18 2.75 
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Figure S7: A) ND size distribution without the polymer layer obtained from TEM image analysis. B) The 
nitroxide load on the particles ND1-5 as a function of the concentration of reagent 3 in the reaction 
mixture. After attachment, the diamagnetic 3 was converted to 2 using 20 min of sonication in cup 
horn in a vial exposed to air. The concentration of 2 on particles after oxidation was determined using 
a combination of EPR, thermogravimetry, TEM, and cryo-TEM image analysis, and NTA (for details, see 
section 1.3). The dashed line is shown as a guide for the eye only. C) Dependence of radical load on 
particle size for ND5. 
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Table S2: Characterization of the samples: nitroxide radical loads, the corresponding T1 relaxation 
times, and hydrodynamic diameters in water determined by DLS.  
 

Sample 
Hydrodynamic 
diameter (nm) 

Stable nitroxide 
radicals: average 

per particle 

T1 relaxation 
time (µs) 

“naked” ND0 (no polymer) 81 0 N.D. 

ND0-PG 112 0 N.D. 

ND1 108 0 99.0 

ND2 109 10 78.6 

ND3 108 46 70.6 

ND4 113 88 45.0 

ND5 112 134 22.0 

ND5 after reduction N.D. 0 100 

 
N.D. – not determined 
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