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Abstract

Well-defined covalent surface functionalization of diamond is a crucial, yet non-trivial, matter
because of diamonds intrinsic chemical inertness and stability. Herein, we demonstrate a two-
step functionalization approach for H-terminated boron-doped diamond thin films, which can
lead to significant advances in the field of diamond hybrid photovoltaics. Primary diamond
surface functionalization is performed via electrochemical diazonium grafting of in situ
diazotized 4-iodoaniline. The freshly grafted iodophenyl functional moieties are then
employed to couple a layer of thiophene molecules to the diamond surface via two well-
established Pd-catalyzed cross-coupling reactions, i.e. Stille and Sonogashira. X-ray
photoelectron spectroscopy analysis indicates a dense coverage and successful cross-coupling
in both cases. However, we find that the Stille reaction is generally accompanied with severe
surface contamination, in spite of process optimization and thorough rinsing. Sonogashira
cross-coupling on the other hand provides a clean, high quality functionalization over a broad
range of reaction conditions. The protocols employing Sonogashira reactions thus appear to
be the method of choice toward future fabrication of high-performance dye-functionalized

diamond electrodes for photovoltaic applications.



1. Introduction

Since early human history, diamond is publicly known as a precious gemstone. However, it’s
purely scientific value has strongly increased after the development of techniques such as
chemical vapor deposition (CVD).t CVD allows the growth of diamond thin films on various
substrates at a reasonably low temperature and with a minimized cost.> Combined with the
many appealing properties of diamond, i.e. an extreme hardness,® high optical transparency,*
excellent thermal conductivity,> a wide electrochemical potential window,® chemical
inertness’ and a good biocompatibility,® it has become a very attractive material from a
scientific point of view.® Furthermore, synthetic diamond films show p-type conductivity
upon doping with boron. High doping ratios can afford up to metallic conductivities with a
specific resistivity as low as 0.005 Q,'° paving the way for numerous applications. For
instance, boron-doped diamond (BDD) thin films have been employed as electrodes for
electro-catalytic reactions!* and in (bio)sensors.’>** Because of its p-type conductivity,>®
BDD is also attractive as an alternative photocathode material for dye-sensitized solar cells
(DSSCs).1e17

Nevertheless, one of diamonds core advantages — a chemically inert surface — also causes
some important limitations and challenges. The low reactivity of the diamond surface, and H-
terminated surfaces in particular, complicates direct functionalization. For the
functionalization of H-terminated diamond surfaces, a two-step approach is generally
required, wherein functional groups are initially introduced via spontaneous or
electrochemical diazonium grafting of an (in situ generated) aryl diazonium salt,8-20
photochemical grafting under illumination with UV light (254 nm)?12? or plasma treatment of
the surface.?22?* Subsequently, the freshly introduced functional handles can be employed to

attach a variety of (bio)molecules utilizing several coupling reactions, such as EDC-NHS,?°



thiol-ene/yne,?® Cu-catalyzed azide-alkyne cycloaddition?’~?° or Pd-catalyzed Suzuki cross-
coupling.163031

By employing a combination of diazonium grafting and Pd-catalyzed Suzuki cross-
coupling, organic molecules can be readily attached to the diamond surface via stable carbon-
carbon bonds in a fully conjugated fashion. These developments opened up the possibility for
BDD electrodes to become relevant photovoltaic materials. This was first demonstrated by
Zhong et al. in 2008 by coupling two organic molecules, i.e. bithiophene-Ceo and
bithiophene-dicyanovinyl, to a phenylboronate functionalized diamond surface.’® However,
extremely low currents were generated, which is related to the limited amount of organic dye
molecules being coupled to the surface. Therefore, scientists are continuously looking for
methods to improve the surface coverage of diamond electrodes. This can for instance be
achieved by increasing the surface area of the electrodes using mesoporous diamond foams,*2
nanowires®® or fibers®* instead of regular thin films. An alternative approach is the careful
optimization of existing types of diamond functionalization chemistry® or the development of
novel functionalization strategies.®*3" Ideally, efforts in both directions are combined, which
has recently led to the development of a champion BDD foam electrode generating currents of
ca. 500—-700 nA cm2 at —0.2 V bias under white light illumination.®®

Despite promising results in previous research, diamond-based DSSCs are still far from
being competitive with their NiO counterparts. The current NiO p-type DSSCs generate
currents of approximately 2.0 mA cm, which is 4 orders of magnitude higher than the top
performing diamond photocathodes.3®*4° This difference is even more pronounced when
compared to state of the art n-type DSSCs.*! One of the major reasons behind these low
currents of diamond-based photovoltaics still remains, amongst others, the challenging
surface functionalization of diamond. Hence, in this work we contribute to improving the

overall diamond surface functionalization chemistry by expanding the range of reactions on a



(H-terminated) diamond surface, using a two-step protocol. Initial surface functionalization is
performed via electrochemical diazonium grafting of 4-iodoaniline. During this grafting
procedure, an actual carbon-carbon bond is formed between the diamond electrode and the
organic compound. Apart from an improved stability compared to traditional DSSCs — having
a weaker coordination bond — the charge transfer between the light-harvesting compound and
the diamond electrode can be enhanced since a direct pathway is constructed. The first Pd-
catalyzed reaction optimized in this work is the Stille cross-coupling, which is currently the
most established reaction for C-C (aryl-aryl) bond formation in complex organic compounds
and (in particular) semiconducting polymers because of its high selectivity, broad scope,
tolerance toward most functional groups and excellent reaction yields.*** For this
optimization study, rather simple stannylthiophenes were employed instead of expensive dyes
and the influence of the reactants, catalysts, ligands and concentration was analyzed.
Additionally, the Sonogashira cross-coupling was examined as well, since the
(hetero)arylethynyl derivatives are more easily prepared and purified than their stannyl
analogues.** Apart from maximizing the surface coverage, a second key factor in obtaining
efficient diamond photovoltaics is to minimize the presence of surface impurities. With this in
mind, the diamond surface was analyzed by X-ray photoelectron spectroscopy (XPS) during
the screening of the optimal reaction conditions for both the Stille and Sonogashira cross-

coupling protocols.

2. Experimental Section

2.1 Materials

All purchased chemicals were of the highest quality and they were used without further
purification. Sodium nitrate, 4-iodoaniline, 2-ethynylthiophene, 2-dicyclohexylphosphino-
2',6'-dimethoxybiphenyl  (SPhos),  2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl

(XPhos) and copper(l) iodide were purchased from Sigma-Aldrich. Triethylamine (TEA),



diisopropylamine (DIPA), dry toluene, dry N,N-dimethylformamide (DMF) and dry
tetrahydrofuran (THF) were purchased from Acros Organics. 2-(Tributylstannyl)thiophene
was purchased from J&K  Scientific.  Tris(dibenzylideneacetone)dipalladium(0),
tetrakis(triphenylphosphine)palladium(0), tri(ortho-tolyl)phosphine, trans-
dichlorobis(triphenylphosphine)palladium(Il) and palladium(Il) acetate were purchased from
Strem Chemicals. All solvents employed for rinsing were of HPLC grade.
2.2 Synthesis

Trimethyl(thiophen-2-yl)stannane: A solution of n-BuLi in n-hexane (2.5 M; 8.10 mL)
was added dropwise to a solution of 2-bromothiophene (18.4 mmol, 3.00 g) in dry THF (30
mL) at =78 °C. After stirring for 1 h at this temperature, a solution of trimethyltin chloride in
THF (1.0 M; 22.1 mL) was added rapidly at =78 °C. The reaction mixture was brought to
room temperature and after stirring overnight, diethyl ether (100 mL) was added. The mixture
was washed with water (3 x 75 mL) and brine (75 mL), dried over MgSQsg, filtered and
concentrated in vacuo. The crude product was purified by a combination of preparative gel
permeation chromatography and Kugelrohr (60 °C, 5 mbar), yielding the product as a
colorless oil (2.15 g, 47%). *H NMR (400 MHz, CDCls, 8): 7.68—6.62 (m, 1H), 7.28—7.21 (m,
2H), 0.37 (s, 9H).*°

4-lodobenzenediazonium chloride: 4-lodoaniline (10.9 mg, 50 umol) was diazotized 5
min prior to the electrografting protocol by adding an equimolar amount of NaNO: (3.45 mg,
50 pumol). 4-lodoaniline was dissolved in an Ar-purged HCI solution (0.5 M; 9.5 mL) and a
NaNO: solution (0.1 M; 0.5 mL) in HCI (0.5 M) was added, resulting in a final concentration
of 5 mM. After vigorously shaking the solution, it was used for electrochemical grafting via

cyclic voltammetry.



2.3 Diamond Growth

150 nm thick B:NCD films were grown on (100)-oriented 10 mm x 10 mm Si p-type
conductive substrates by microwave plasma enhanced chemical vapor deposition
(MWPECVD), with trimethylborane (TMB) as the boron source.*® Characterization
performed on samples grown in the same reactor under similar growth conditions indicate that
the B:NCD films have boron concentrations of approximately 5 x 10%* cm~3and resistivity (p)
below 5 mQ cm.>* For FTIR analysis, a 190 nm B:NCD film was grown on an Au mirror on
a 10 mm x 10 mm Corning Eagle glass substrate. Full details of the deposition processes and
field emission gun - scanning electron microscope (FEG-SEM) images are given in the
Supporting Information.
2.4 Diazonium Electrografting

The B:NCD surfaces were functionalized with 4-iodophenyl moieties by means of
electrochemical diazonium grafting of the in situ generated 4-iodobenzenediazonium chloride
with cyclic voltammetry.?® The electrografting reactions were performed with an Autolab
PGSTAT30 potentiostat (Eco Chemie B.V.) and were controlled by the GPES Manager
program. A one-compartment electrochemical cell was used in a three-electrode
configuration. Hydrogen-terminated B:NCD was employed as the working electrode, a
platinum wire as the counter electrode and a Ag/AgCI/KCl(sat) electrode as the reference. All
potentials are reported versus this reference electrode at room temperature. Diamond working
electrodes were functionalized in two steps by immersing each half of the sample in the in situ
generated 4-iodobenzenediazonium chloride solution. Optimization of the electrografting
process was performed by cyclic voltammetry scanning at two different potentials (+500 to
—1500 mV and +500 to —600 mV vs. Ag/AgCl) at a scan rate of 100 mV s™ for ten scans.

After grafting, the B:NCD samples were sonicated in MiliQ water and subsequently rinsed



with ultrapure n-hexane, tetrahydrofuran, ethanol and MiliQ water before drying with a
nitrogen flow.
2.5 Palladium-Catalyzed Cross-Coupling

All Stille and Sonogashira cross-coupling reaction mixtures were prepared in a glovebox to
ensure an inert atmosphere. In all cases, a schlenk vial equipped with a stirring bar was loaded
with the Pd source, ligand, diamond substrate, thiophene derivative and solvent (and base and
Cul in case of the Sonogashira reactions). The vial was then closed off with a rubber septum,
removed from the glovebox and placed in an oil bath at 110 or 60 °C for the Stille and
Sonogashira cross-coupling reactions, respectively. After the cross-coupling, all B:NCD
samples were subsequently sonicated in ultrapure n-hexane, acetone, ethanol and MiliQ water
before drying with a nitrogen flow. Detailed information on the employed reaction conditions
can be found in the footnotes to the Tables 1—4.
2.6 XPS Analysis

The chemical composition of the diamond surfaces was analyzed by X-ray photoelectron
spectroscopy using an XPS spectrometer (Kratos, AXIS Supra) equipped with a
hemispherical analyzer and a monochromatic AlKa X-ray source (1486.6 eV). The XPS
spectra were acquired from an area of 0.7 x 0.3 mm? with a take-off angle of 90°. The survey
XPS spectra were recorded with a pass energy of 80 eV, whereas the high-resolution
spectrum scans were recorded with a pass energy of 20 eV. The obtained XPS spectra were
calibrated on 283.8 eV binding energy (sp® carbon phase).*” The CasaXPS software with
implemented linear baseline and Gaussian line shapes was used for spectra processing. XPS
peak positions were determined with an accuracy of £0.2 eV. The high resolution S 2p peaks
were decomposed into three different peaks with binding energies of 163.9 (S 2pazs2), 165.0 (S
2p12) and 168.5 eV (SOx), respectively.*®4° The weak peak located at 168.5 eV is attributed to

oxidized sulfur groups.



2.7 FTIR Analysis

GAR-FTIR (grazing angle reflectance Fourier transform infrared) spectra were measured
using a N2-purged Thermo Nicolet 870 spectrometer equipped with a KBr beam splitter and
an MCT detector cooled by liquid nitrogen. The optical absorbance was calculated in standard
absorbance units as A = —log(R/Ro), where R is the spectrum of the analyzed material and Ro
is the reference (background) spectrum recorded using a 190 nm B:NCD thin film that was
grown on an Au mirror on a 10 x 10 mm Corning Eagle glass substrate (details provided in
Supporting Information). In all cases, the spectra represent an average of 128 scans recorded
with a resolution of 4 cm .
2.8 Electrochemical oxidation thiophene

Sonogashira cross-coupling of the iodophenyl functionalized B:NCD surface with 2-
ethynylthiophene was confirmed by cyclic voltammetry using an Autolab PGSTAT30
potentiostat (Eco Chemie B.V.), controlled by the GPES Manager program. A one-
compartment electrochemical cell was used in a three-electrode configuration. Thienyl
functionalized B:NCD was employed as the working electrode, a platinum wire as the counter
electrode and a Ag/AgNO:s electrode as the reference (silver wire dipped in a solution of 0.01
M AgNOs and 0.1 M NBusPFs in anhydrous acetonitrile). All potentials are reported versus
this reference electrode at room temperature. Oxidation of the thienyl moieties was performed
by partially submerging the electrode in a solution of 0.1 M NBusPFs in anhydrous
acetonitrile and cycling the potential between 0 and +1500 mV vs. AgNOs at a scan rate of

100 mV s for five scans.



3. Results & Discussion

3.1. Electrochemical Diazonium Grafting of a 4-lodophenyl Layer

Initial surface functionalization of a H-terminated boron-doped nanocrystalline diamond
(B:NCD) thin film was performed via the electrochemical diazonium grafting of 4-
iodobenzenediazonium chloride, as shown in Scheme 1. The diazonium salt was generated via
the in situ diazotization of a solution of 4-iodoaniline in hydrochloric acid by adding an
equimolar amount of sodium nitrate. 4-lodoaniline was chosen over 4-bromoaniline as the
subsequent Pd-catalyzed reactions typically show higher efficiencies due to improved
oxidative addition rates. Additionally, it can also be expected that the “bulkiness” of the
iodine groups might hinder the formation of multilayers to some extent, as was demonstrated

for the grafting of trimethylsilyl-protected 4-ethynylaniline.>

( 7 B:NCD Electrode ] 1

Scheme 1. Overall strategy for the functionalization of H-terminated B:NCD: (i) In situ

diazotization; (ii) Electrochemical reduction of the corresponding diazonium salt; (iii) Pd-
catalyzed Stille (a) and Sonogashira (b) cross-coupling using 2-(trimethylstannyl)thiophene or

2-ethynylthiophene, respectively.

To get a general idea on the behavior of 4-iodoaniline during the electrochemical grafting
procedure, a broad potential scan from +500 to —1500 mV (versus an Ag/AgCl reference

electrode) was initially performed. This was done by immersing a homegrown B:NCD
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working electrode in an aqueous (HCI) solution of the mentioned diazonium salt while
cycling to a reductive potential. From the cyclic voltammogram (Figure 1, top), one can
clearly see a first broad irreversible reduction peak at —190 mV, which corresponds with the
electroreduction of the diazonium salt, resulting in the formation of phenyl radicals. However,
upon reaching a more negative potential of approximately -850 mV, a second reduction peak
appears, which relates to further reduction of the previously generated aryl radicals to
anions.!® Since the formation of anions is an undesired process for the diazonium grafting
procedure, a second potential scan was run from +500 to —-600 mV (Figure 1, bottom). Here,
only a reduction of the diazonium salt to the corresponding radical was observed during the
first scan. In subsequent scans, the reduction peak disappeared, indicating successful grafting
of the envisaged iodophenyl layer, which leads to passivation of the diamond surface.
Functionalization of the B:NCD thin films with iodophenyl groups was then confirmed by
XPS. The corresponding | 3d signals appear in the survey spectrum at 627 eV (Figure 2, top).
Integration of the | 3d peak revealed a mean relative iodine concentration (measured over 4
samples) on the diamond surface of 0.6 + 0.1 at.% (Table S1). However, it should be noted
that the attenuation length of the employed X-rays (1486.6 eV) is approximately 3.5 nm for
carbon.® Therefore, the iodine concentration on the topmost surface is significantly higher.
Considering the thickness of one carbon layer vs. the whole volume probed by XPS, one can
estimate an increase by about one order of magnitude, which then yields 6 at.% of iodine on
the topmost surface. This is similar to the 5% coverage reported for dense diazonium layers
electrochemically grafted to BDD.>? Additionally, Fourier transform infrared (FTIR)
spectroscopy (Figure 2, bottom) revealed a signal related to the C-H stretch vibrations of the
aromatic rings at 3011 cm™. The signal at 2270 cm™ can likely be attributed to aromatic

overtones.>?
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Figure 1. Cyclic voltammograms showing the electrochemical grafting of in situ generated 4-
iodobenzenediazonium chloride on H-terminated B:NCD thin films with applied potentials
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Figure 2. XPS survey spectrum (top) and FTIR spectrum (bottom) of an iodophenyl

functionalized B:NCD thin film.

3.2. Palladium-Catalyzed Cross-Coupling Reactions: Stille & Sonogashira

The iodine functionalized diamond surface provides an excellent platform for further
functionalization via Pd-catalyzed cross-couplings. Accordingly, a broad range of reaction
conditions, i.e. catalysts, ligands and organostannyl reagents, were screened for the Stille
cross-coupling reaction (Table 1, 2). The resulting coupling efficiencies were analyzed by
means of XPS. For this optimization study, two simple stannylthiophene derivatives, 2-
(trimethylstannyl)thiophene and 2-(tributylstannyl)thiophene, were selected as model
compounds as they are inexpensive and more easily synthesized when compared to the more
complex light-harvesting molecules required for the final photovoltaic devices. 2-
(Trimethylstannyl)thiophene was synthesized from 2-bromothiophene via the generation of an
organolithium derivative and subsequent reaction with trimethyltin chloride.*® 2-
(Tributylstannyl)thiophene is commercially available and has a somewhat lower reaction rate
compared to the methyl variant for steric reasons.>* This lower reactivity is, however,
compensated by a higher stability. Through this initial screening using relatively simple
catalyst/ligand systems, the balance between reactivity and stability of the organostannyl

reagents was investigated.
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Table 1. Optimization of the Stille cross-coupling conditions on B:NCD thin films through
analysis of the chemical composition of the diamond surface by XPS: (i) 2-

(trimethylstannyl)thiophene versus 2-(tributylstannyl)thiophene.

O Cc B Pd S Sn

Entry Catalyst/Ligand Reagent at% at% at% at% at% at%
1 Pd(PPhz)4 (6 mol%) 2-(trimethylstannyl)thiophene 16 73 5 4 1 1
2 Pd(PPhs)4 (6 mol%) 2-(tributylstannyl)thiophene 46 3 - 11 2 10
3 Pd(PPhz)2Cl2 (6 mol%) 2-(trimethylstannyl)thiophene 12 79 4 2 1 2
4 Pd(PPhs)2Cl2 (6 mol%) 2-(tributylstannyl)thiophene 29 58 - 6 2 5
Pdzdbas (3 mol%) / . .
5 P(o-tolyl)s (12 mol%) 2-(trimethylstannyl)thiophene 8 85 4 1 1 1
0
6 Pdzdbas (3 mol%) / 2-(tributylstannyl)thiophene 26 58 - 7 1 8

P(o-tolyl)s (12 mol%)

General reaction conditions: 0.1 mmol stannyl reagent, dry toluene (6 mL), dry DMF (2 mL), 110 °C, 18 h.

Table 1 shows the employed reaction conditions and the relative atomic concentrations of
the different chemical elements on the diamond surface after reaction, as obtained by XPS
analysis of the functionalized BDD films. The sulfur concentration was calculated based on
the intensity of the S 2p signal in the survey spectrum and was used for comparing the
efficiency of the coupling reactions. Furthermore, the detected Pd 3d and Sn 3d signals were
employed to estimate the surface contamination, whereas the B 1s signal gives an indication
of the layer thickness on top of the diamond film. Since the penetration depth of an X-ray
beam is limited to a few nanometers, a very thick surface layer results in disappearance of the
boron signal, whereas thinner layers still allow B 1s detection. Based on the results, it appears
that for the three different catalyst systems (Table 1), larger Pd and Sn contaminations are
obtained when employing 2-(tributylstannyl)thiophene, even after thorough rinsing of the
samples. Additionally, the B 1s signal was no longer detectable in the XPS survey spectrum
for reactions employing 2-(tributylstannyl)thiophene. This indicates that rather thick and
highly contaminated layers are obtained. Hence, the Stille cross-coupling on a B:NCD thin
film is strongly influenced by sterical hindrance of the reagents and proceeds significantly

better when using more reactive, less bulky organostannyl derivatives.
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To further improve the coupling reaction and decrease the amount of contamination,
electron rich and sterically hindered catalyst systems, developed by the Buchwald group, were
investigated.®™® These catalyst systems typically comprise Pd(OAc), or Pd.dbas as the
palladium source and a monodentate biarylphosphine ligand such as 2-
dicyclohexylphosphino-2',6’-dimethoxybiphenyl (SPhos) or 2-dicyclohexylphosphino-
2',4',6'-triisopropylbiphenyl (XPhos), facilitating the oxidative addition step due to their
electron rich nature.®® Moreover, as the ligands are relatively bulky, only a 12-electron Pd
complex will be formed in the transition state, resulting in a higher reactivity and faster
reductive elimination.® Similar catalyst systems have previously been used to optimize the
Suzuki cross-coupling of light-harvesting molecular wires on B:NCD films.®* Encouraged by
these results, some of these conditions were also applied for the Stille functionalization of
B:NCD (Table 2).

Table 2. Optimization of the Stille cross-coupling conditions on B:NCD thin films through
analysis of the chemical composition of the diamond surface by XPS: (ii) sterically hindered

electron rich ligands.

Entry Catalyst/Ligand Oat.% Cat.% B at.% Pd at.% Sat% Sn at.%
Pd(OAC)2 (6 mol%) /
! XPhos (7 mol%) 46 81 i 13 2 8
0,
8 Pd(OAC)2 (6 mol%) / 43 35 i 10 3 9

SPhos (7 mol%)
Pdzdbas (3 mol%) /
XPhos (7 mol%)
Pdzdbas (3 mol%) /
SPhos (7 mol%)

22 67 - 6 1 4

10 40 40 - 11 1 8

General reaction conditions: 2-(trimethylstannyl)thiophene (0.05 mmol), dry toluene (6 mL), dry DMF (2 mL), 110 °C, 18 h.

For the more advanced catalytic systems, high concentrations of Pd and Sn were always
observed, while the signal corresponding to the B 1s peak was not detected. This indicates the
formation of a thick contamination layer instead of a clean surface functionalization.

Surprisingly, the most reactive catalyst systems give inferior results. A possible explanation

15



can be found in the fact that the different reactions steps of the Pd-catalyzed cross-coupling,
i.e. oxidative addition, transmetallation and reductive elimination, are taking place on the
diamond surface rather than in solution, as illustrated in Scheme 2. The rate of the oxidative
addition is generally favored by employing catalyst systems with electron rich ligands,
increasing in the order PPhs < P(o-tolyl)s < XPhos/SPhos. On the other hand, the driving
force for the reductive elimination is influenced by the stability of the generated Pd complex.
More sterically hindered ligands afford complexes with a larger deviation from the most
stable 18-electron configuration. Hence, the rate of reductive elimination will strongly
improve.*? Both XPhos and SPhos are electron rich and bulky ligands, which should favor the
oxidative addition and reductive elimination steps. As a result, the problem for the Stille
cross-coupling on diamond is likely to be found in the transmetallation, which is regarded as
the rate-determining step in many cases.>” Since the Pd complex is immobilized onto the
B:NCD surface, the degree of freedom drastically decreases, rendering steric hindrance of the
ligands an important factor. When relatively small ligands are used, the reaction proceeds
relatively fast. However, when very bulky ligands are employed, the reaction will proceed
significantly slower. Since the employed ligands are electron rich, this also facilitates
oxidation of the palladium complex to palladium black, resulting in severe surface
contamination.®” Therefore, when performing Pd-catalyzed cross-coupling reactions on any
surface, the catalyst system should be chosen in such a way that a good balance is obtained
between the reaction rates of the oxidative addition, transmetallation and reductive
elimination. A solution to the aforementioned problem could be the “inverse’ Stille reaction,
where the stannyl function is situated on the diamond surface, while the Pd complex is formed
on the thiophene reagent. Since the thiophene molecule in such case is still in solution, a

higher degree of freedom is obtained, which can improve the Stille cross-coupling using
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sterically hindered ligands (see Scheme S1). However, due to the instability of organostannyl

derivatives, diazonium grafting of these compounds is rather inconvenient.
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Scheme 2. (i) Oxidative addition, (ii) transmetallation and (iii) reductive elimination for the

Stille cross-coupling on iodophenyl functionalized B:NCD surfaces.

The conditions that previously afforded the best results (Table 1, entry 5) were then further
used for a small concentration screening (Table 3), aiming at a system that combines a decent
surface coverage with minimal contamination. However, regardless whether higher or lower
concentrations of the stannyl reagent were used, the degree of functionalization remained

similar.

Table 3. Optimization of the Stille cross-coupling conditions on B:NCD thin films through
analysis of the chemical composition of the diamond surface by XPS: (iii) influence of the

concentration of 2-(trimethylstannyl)thiophene.

. . (e} C B Pd S Sn

Entry 2-(Trimethylstannyl)thiophene at % at % at % at % at % at %
11 0.025 mmol 19 69 2 4 1 6
12 0.2 mmol 40 48 - 6 1 5

General reaction conditions: Pdzdbas (3 mol%), P(o-tolyl)s (12 mol%), dry toluene (6 mL), dry DMF (2 mL), 110 °C, 18 h.

Despite the fact that some thiophene coupling to the diamond surface certainly occurs, the
Stille cross-coupling was found in general to be rather unreliable, resulting in pronounced

surface contamination. This can partly be ascribed to the fact that relatively unstable
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organotin derivatives are employed. It is assumed that over the course of the reaction these
stannyl compounds degrade and precipitate onto the diamond surface.

Another attractive reaction for diamond surface functionalization is the Sonogashira cross-
coupling, wherein the reaction between an organohalide and an alkyne is catalyzed using Pd
and Cu is employed as a co-catalyst.** The different steps involved in the catalytic cycle of a
Sonogashira reaction on the diamond surface are illustrated in Scheme 3. This reaction
resembles the Stille cross-coupling, but in this case a more stable arylalkyne reagent (in casu
2-ethynylthiophene) is used instead of an organotin derivative. Different Sonogashira cross-
coupling conditions were investigated using a combination of several catalysts, ligands and
bases. Furthermore, a concentration screening was also performed (Table 4). Based on the
results for the Stille cross-coupling, catalyst systems involving bulky ligands were excluded,

as well as the least reactive Pd(PPhs)s catalyst.
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Scheme 3. (i) Oxidative addition, (ii) transmetallation and (iii) reductive elimination for the

Sonogashira cross-coupling on iodophenyl functionalized B:NCD surfaces.
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Table 4. Optimization of the Sonogashira cross-coupling conditions on B:NCD thin films

through analysis of the chemical composition of the diamond surface by XPS.

Entry Catalyst/Ligand Base Ethynylfhiophene at(.)% atc.f)/o atl.?%) af.g/o at.S% af‘l;) at.l%
1 Pd(PPh;),Cl, (5 mol%)  TEA 0.1 mmol 6.0 83.6 4.0 0.3 4.0 0.1 0.2
2 Pd(PPh;),Cl, (5 mol%)  DIPA 0.2 mmol 5.8 89.4 2.5 0.2 1.9 0.1 0.1
3 Pd(PPh;),Cl, (5 mol%)  DIPA 0.1 mmol 4.7 89 4.0 - 2.0 0.1 0.2
4 Pd(PPh;),Cl, (5 mol%)  DIPA 0.075 mmol 45 90 35 0.3 1.5 - 0.2
5 Pd(PPh;),Cl, (5 mol%)  DIPA 0.025 mmol 5.0 89.6 35 0.4 1.3 - 0.2
6 Pd(PPr:;)li/f)'z @5 pipa 0.1 mmol 50 84 40 08 35 01 02
7 Pd,ba, (2.5 molk) TEA 0.1 mmol 5.3 84 5.0 1.0 4.0 0.2 05

P(o-tolyl), (10 mol%)
Pd,dba, (1.25 mol%) /
8 TEA 0.1 mmol 4.0 89.3 4.2 0.3 15 0.2 0.5

P(o-tolyl), (5 mol%)

General reaction conditions: Cul (10 mol%), dry THF (6 mL), base (3 mL), 60 °C, 18 h; TEA = triethylamine, DIPA =
diisopropylamine.

Functionalization of the B:NCD surfaces employing Sonogashira cross-coupling resulted in
similar chemical surface compositions, regardless of the catalyst system, base and
concentration. For all substrates, distinct S 2p and even S 2s signals were detected in the XPS
survey spectra. The latter were not observed in the case of functionalization via Stille
reactions, which can be seen in Figure 3, where both reactions are being compared.
Deconvolution of the S 2p peaks and comparison with other reports confirmed that the sulfur
signal is consistent with that for thiophene.®® Furthermore, in the case of the Sonogashira
cross-coupling, the relative atomic concentrations of Pd and Cu on the surface are very low (<
1 at.%). Combined with the detection of the B 1s signal, it can safely be assumed that
relatively thin organic layers with minor surface contamination are obtained. Actual cross-
coupling was confirmed by performing a control experiment where Pd and Cul were excluded
(Figure S1). It is worth mentioning that after Sonogashira cross-coupling, the 1 3d peak is still
present and reaches concentrations up to 0.5 at.%, which is similar to the values obtained after
diazonium grafting of 4-iodoaniline. The presence of this signal is most likely a combination

of residual iodine from the Cul co-catalyst and remaining iodophenyl groups on the diamond
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surface, which have not reacted. Finally, successful Sonogashira cross-coupling was
confirmed by oxidation of the thiophene molecules present on the surface, as previously

demonstrated by Wang et al. (see Figure S2).°

High resolution High reschrtion Cis
Pd3d Sn3d
344 342 34 35 T4 430 435 a1 af3 asc Az

Intensity, a.u.

Binding energy, eV

High resolution Pd 3d  |High resolution Cu Zp Cls

[,

High resolution 5 2p
B2
E 2P,

| ntsnsity, a.u.

=0,

I3l

FLRET T TR T

L Zp

Binding energy, eV

Figure 3. Comparison of the XPS spectra for the Stille (top; Table 1, entry 3) and

Sonogashira cross-coupling (bottom; Table 4, entry 2) on a B:NCD thin film.

4. Conclusions

In summary, we have demonstrated successful electrochemical diazonium grafting of a thin
iodophenyl layer on H-terminated boron-doped nanocrystalline diamond thin films via in situ
diazotization of 4-iodoaniline. Optimization of the Pd-catalyzed Stille cross-coupling
provided fundamental insights on the negative influence of both sterically hindered reagents

and catalysts for further diamond surface functionalization. By employing a combination of 2-
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(trimethylstannyl)thiophene as reagent and Pd.dbasz / P(o-tolyl)s as catalyst system, a surface
coverage of 1.0 at.% S was obtained. However, due to the formation of (thick) contamination
layers and stability issues with the organostannyl derivatives, this reaction seems little
suitable for the development of real diamond based devices toward sensing or photovoltaic
applications. On the other hand, the Sonogashira cross-coupling afforded an average surface
coverage of 2.0 at.% S, whereas the relative atomic concentration of any surface contaminant
was considerably smaller (< 0.5 at.%) than for the Stille cross-coupling. Similar results were
obtained, regardless of the employed catalyst system and concentration, proving the
robustness of the reaction. As a result, the Sonogashira reaction is currently being investigated
for the coupling of donor-acceptor type light-harvesting molecules to B:NCD thin films with

the perspective of developing ‘all carbon’ hybrid photovoltaics.

Supporting Information

XPS data on the diazonium grafting of 4-iodoaniline, alternative Stille cross-coupling
protocol, XPS survey spectrum of the Sonogashira control experiment, cyclic voltammograms
showing oxidation of the coupled thiophene molecules, and experimental details on the

growth of boron-doped diamond on Si and Au substrates.
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