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Abstract

Bromination of high-pressure, high-temperature (HPHT) nanodiamond (ND) surfaces has not 

been explored and can open new avenues for increased chemical reactivity and diamond lattice 

covalent bond formation. The large bond dissociation energy of the diamond lattice–oxygen 

bond is a challenge that prevents new bonds from forming, and most researchers simply use 

oxygen-terminated NDs (alcohols and acids) as reactive species. In this work, we transformed a 

tertiary-alcohol-rich ND surface to an amine surface with ~50% surface coverage and was limited 

by the initial rate of bromination. We observed that alkyl bromide moieties are highly labile on 

HPHT NDs and are metastable as previously found using density functional theory. The strong 

leaving group properties of the alkyl bromide intermediate were found to form diamond–nitrogen 

bonds at room temperature and without catalysts. This robust pathway to activate a chemically 

inert ND surface broadens the modalities for surface termination, and the unique surface properties 

of brominated and aminated NDs are impactful to researchers for chemically tuning diamond for 

quantum sensing or biolabeling applications.

Graphical Abstract

Melendrez et al. Page 3

J Phys Chem Lett. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The addition of bromine to small molecules, macro-molecules, and carbon nanomaterials 

typically includes a bromine source such as Br2, HBr, or N-bromosuccinimide and can 

lead to bromine bonds with sp3- or sp2-hybridized carbon atoms. Bromine bound to carbon 

serves as a good leaving group and enables a catalogue of reactions to be performed.1 

Powerful demonstrations include Ullman coupling and Sonogashira reactions that use the 

enhanced leaving group properties of halogens in general and bromine in particular to form 

new chemical transformations.2,3 The synthesis of highly ordered nanoarchitectures with 

halogenated porphyrin rings takes advantage of the temperature-dependent dissociation of 

iodine and bromine to direct assembly on metal surfaces with a high level of fidelity.4,5 

Bromine-functionalized graphene and carbon nanotubes have allowed robust chemical 

routes to be used for band engineering and sensing applications.6–9 In contrast, bromination 

on the surface of bulk diamond and detonation nanodiamonds (NDs) has not been widely 

explored—for good reason.10,11 Bromine has an atomic radius of 112 pm,12 which is large 

compared to the densely packed facet of the 111 diamond surface with 18 atoms/nm2.13 

For that reason, bromination of Si and Ge is more common due to the increase in crystal 

lattice spacing and decreased steric hindrance.14–16 One previous bromination protocol 

with N-bromosuccinimide or NBS in CCl4 was used with detonation NDs, and a single 

X-ray photoelectron spectroscopy (XPS) spectrum is recorded with water being used during 

purification cycles.17 The XPS in Martin et al. shows broad Br 3d features from 67.5 to 77.5 

eV and has low signal-to-noise, maybe due to the near-complete rehydroxylation of their 

sample during purification. In this work, we show the following: alkyl bromide formation 

on high-pressure, high-temperature (HPHT) NDs is possible using thionyl bromide (SOBr2); 

it displays enhanced chemical reactivity compared to that of brominated small molecule 

analogues, and the reaction products must be carefully handled under inert conditions to 

retain alkyl bromide moieties. This work addresses the difficulty in chemically activating 

HPHT ND surfaces, provides a new platform for atomic and molecular control, and will be 

of interest to researchers using diamond and other ultrahard materials for quantum sensing 

applications.18–20

Understanding this work is based on the knowledge that open-air aerobic oxidation of 

HPHT ND powders results in alcohol (hydroxyl) groups terminating the surface in a fashion 

similar to that for bulk diamond on the {111} facet and not carboxylic acid termination 

as found on detonation NDs.21,22 Alcohol termination of bulk diamond is widely accepted 

within the diamond research community, but this fact has not been widely accepted by 

researchers studying HPHT NDs. Kono, Wang, and Loh discuss and reference evidence for 

alcohol termination on bulk diamond based on surface energy, crystallographic structure, 

and sterics.23–25 This conclusion is supported by spectroscopic data and is rationalized 

by the understanding that the {111} facet is predominantly exposed in HPHT NDs due 

to ball milling. Similar to bulk diamond, {111} facets are single-dangling-bond surfaces 

and may form one sp3-hybridized bond per surface carbon atom.26 HPHT of 30–50 

and 5 nm detonation NDs does not have the same surface termination after aerobic 

oxidation and must be addressed separately. The differences between HPHT and detonation 

NDs are a result of the production method, their resultant surface-to-volume ratio, and 

exposed crystallographic facets. HPHT NDs of 30–100 nm are produced in a top-down 

approach through ball milling of bulk single-crystal diamonds by manufacturers such as 
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Microdiamant (Switzerland) and are commercially sold for polishing applications.27 Ball 

milling predominantly cleaves the {111} crystallographic planes based on facet strength and 

in turn exposes the single-dangling-bond surface.28 The dangling sp3 bond can then support 

alcohol bond formation during aerobic oxidation, as seen in bulk 111-terminated diamond.26 

In handling bulk diamond, a jeweler cleaves a rough diamond stone along the (111) direction 

to produce a well-cleaved diamond, and this phenomenon has been empirically known 

for centuries.29 Density functional theory (DFT) calculations by Telling clearly showed 

that diamond cleavage proceeds as a function of strain from {111} → {110} → {100} 

with maximum strengths of 90, 130, and 225 GPa, respectively, and is caused by strength 

anisotropy.30 Electron microscopy of 30–100 nm HPHT NDs has verified the cleavage 

process, with irregularly shaped particles that resemble shards of broken crystallites.31 In 

contrast, detonation NDs are produced through a bottom-up approach wherein hexogen 

or trinitrotoluene (TNT) is ignited in stainless steel vessels, resulting in faceted spherical 

particles with diameters of ~5 nm.32 Detonation NDs have a larger surface area (270–315 

m2/g)33 than HPHT NDs (57–140 m2/mg), a diverse range of carbon–oxygen moieties from 

ethers to acid anhydrides,34 and a high concentration of sp2 groups formed by dangling 

bonds,35 as confirmed via Raman spectroscopy.36 Only very recent comparative studies 

of sub-5 nm HPHT and detonation NDs at the same oxidation conditions (450 °C for 30 

min) showed similar surface structures, which were a mixture of C–O and C=O bonding 

environments.37,38

In most settings where surface control is required, HPHT NDs (ranging from 30–100 

nm) are first aerobically oxidized to remove amorphous carbon from the surface and 

produce an alcohol-rich surface (ND–OH).22 Chemical modification of the tertiary alcohol 

surface is a critical step for the construction of functional sensors using nitrogen vacancy 

centers (NVCs) or as a catalytic substrate, but modifying or removing the C–O–H bonds 

is challenging. The difficulty in modifying oxidized diamond surfaces is due to the large 

carbon–oxygen bond dissociation energies (1442 kJ/mol),39 high atomic surface density 

(18.2 atoms/nm2 on the 111 facet), and steric hindrance. In contrast, chemical modifications 

of detonation NDs typically target surface carboxylate groups via amidic coupling or 

reactive sp2 structures, which can be created by thermal annealing of detonation NDs. 

Much work has been accomplished with the more reactive 5 nm detonation materials and 

has been reviewed thoroughly.32,34,40 HPHT NDs can be converted from tertiary alcohols to 

carboxylic acids with acid–base–acid chemistry and provide a pathway for surface linking 

chemistry;41 however, the surface density of carboxylic acids can reach only a few percent 

of the surface carbon atoms and is inhomogeneous.42 Growth of silica (SiO2) shells on ND 

cores is a demonstrated route for chemical modification of HPHT NDs, and background-free 

cellular imaging, real-time magnetic sensing, and coating with tailored lipidic bilayers 

have been demonstrated.43–46 With silica shell growth, the carbon–oxygen groups are not 

removed from the diamond surface but instead used to form a priming layer to generate 

silica growth in a modified Stöber method.

For long-term advancements with HPHT NDs and ultradense materials such as silicon 

carbide, we frame this work as important, because a reactive surface intermediate is 

prepared at room temperature and could be used for any nucleophilic species to generate 

new diamond lattice covalent bonds. Direct amine bond formation of HPHT NDs has not 
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been demonstrated and is a clear example of a useful surface termination approach for 

biolabeling applications due to the enhanced reactivity of amines. Previously, direct bulk 

diamond lattice–nitrogen bond formation is limited; for example, Stacey and co-workers 

used nitrogen-rich plasma treatment to terminate (001) diamond surfaces and produced a N–

N-rich surface.47 Although these surfaces are expected to induce a positive electron affinity, 

they left behind minimal surface states within the bandgap and allowed the near-surface 

carbon atoms to exhibit bulk-like electronic states. In a related study, Sotowa et al. used 

gas-phase hydrogenation, chlorination, and amination chemistry of diamond powders in a 

tube furnace but yielded low carbon–nitrogen bonding rates that were dominated by the 

formation of imines and not amines.48 Zhu and Hamers converted hydrogen-terminated 

bulk diamond to an amine-terminated form using ammonia plasma and further established 

a negative electron affinity surface similar to hydrogen-terminated diamond.49 Simple wet 

chemistry of oxidized HPHT NDs with bromine and amine termination can open unique 

pathways for low-cost chemical transformations, surface dipole engineering, and NVC 

sensing and as a source of solvated electrons for chemistry.50–52

Here, we demonstrate that room temperature and catalysis-free diamond-lattice-to-nitrogen 

bond formation of aerobically oxidized HPHT NDs is possible through a highly labile 

alkyl bromide (ND–Br) intermediate. Surface analysis of the NDs revealed that ~50% 

of the surface carbon atoms were aminated, which is due to the upper limit of bromine 

termination previously described by DFT.53 We describe a reaction pathway that chemically 

activates the ND–OH, converting the alcohol groups to alkyl bromides; moreover, we found 

that the ND–Br surfaces have enhanced reactivity and that debromination occurs within 

seconds under open-air conditions and at 90 °C under inert conditions. Debromination 

under open-air conditions did not immediately yield new alcohol groups, suggesting that a 

long-lived “radical carbon” or other intermediate is present at the ND surface. Generating 

amine bonds on the diamond lattice is motivated by the enhanced reactivity of amines, the 

vast library of chemical modifications based on amines, and their negative electron affinity 

surface. Conjugation of ND–NH3 with folic acid to form amide bonds was performed, which 

established that reaction of these amine groups with small molecules was successful. By 

using mild nucleophiles (amines), we show that reactions with ND–Br under conditions 

at 25 °C and without catalysts are possible. Additionally, a reaction of ND–Br and 

propargylamine yielded a polyimine-coated ND core via a Sonogashira-type reaction and an 

11-fold increase in the nitrogen content. With these reactive ND–Br constructs, researchers 

in chemistry, bioengineering, and materials science could use a catalogue of nucleophiles to 

generate new diamond–heteroatom bonds. Robust chemical and electronic structure analysis 

of the NDs using overlapping spectroscopic techniques under inert, temperature-dependent, 

and open-air conditions provided definitive characterization. This new surface pathway will 

likely be impactful for researchers using nanoscale diamonds with nitrogen vacancy centers 

(NVCs) for quantum sensing and biolabeling.

Hydrophilic ND–OH surface and water desorption via TPD-DRIFTS.

Key spectroscopic features of aerobically oxidized ND–OH can yield important information 

about hydrophilicity/hydrophobicity and the preparation of ND constructs prior to 

bromination chemistry. Aerobic oxidation of HPHT NDs rendered the 30–50 nm ND–OH 
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particles hydrophilic and tannish in color after removal of dark amorphous carbon. Diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) provided surface vibrational 

modes of the ND–OH samples under open-air, inert atmosphere and temperature-dependent 

conditions. ND–OH samples have a pronounced peak at 1105 cm−1 assigned to the (C–

O)ν band of tertiary alcohols, the bending mode of adsorbed water (O–H)δ at ~1630 

cm−1, a carboxylic acid peak at 1780 cm−1, and a broad O–H stretching band (O–H)ν at 

3000–3500 cm−1 due to adsorbed water and alcohol groups (Figure 1A). Using Kubelka–

Munk transforms, we estimate that there are ~15:1 alcohol groups for each carboxylic acid 

observed after oxidation at 525 °C for 5 h, and this ratio can be estimated via integration and 

the available extinction coefficients of tertiary alcohols and carboxylic acids from NIST.22,54 

Previous work on HPHT NDs mistakenly assigned the 1630 cm−1 peak to C=O-containing 

groups such as ketones, and we wished to clarify that this feature is not due to oxygen-

terminated diamond.55 We confirmed the decrease of the adsorbed water spectral component 

at 1630 cm−1 via temperature-programmed desorption (TPD)-DRIFTS at 25, 100, 200, and 

300 °C under open-air conditions. The observed water stretching band and bending mode 

simultaneously decreased as expected when water left the surface, and the stretching modes 

of (C–O)ν and (C=O)ν on the ND–OH surface remained (Figure 1A). The quantitative 

removal of adsorbed water was found to be 72, 97, and 100% at 100, 200, and 300 °C, 

respectively. Here, the 1630 cm−1 peak was used as a quantifiable signature for the dryness 

of our samples prior to bromination chemistry with SOBr2. During DRIFTS data collection, 

the observation of the adsorbed water band is a key metric in determining the hydrophilicity, 

hydrophobicity, and adsorbed water content during bromination and amination reactions. 

The materials and procedures of all samples are detailed in the Supporting Information (SI) 

and show ND–OH, ND–Br, and ND–NH3 sample preparation.

Synthesis and inert DRIFTS characterization of ND–Br.

The conversion of ND–OH (tertiary alcohols) to ND–Br (alkyl-bromide-terminated) 

constructs was accomplished with SOBr2 at room temperature, wherein the diamond lattice 

bromine bond is likely formed via an SN1 (substitution type 1) mechanism, and the addition 

of pyridine increases the ND–Br rate (see Figure S2 for a mechanism, and the SI for 

materials and procedures). ND–Br formation was confirmed with a strong doublet peak 

arising at 750 cm−1 due to the (C–Br)ν stretching mode (Figure 1B), which was in a 

region that was vibrationally silent in ND–OH. The minor (Br–C=O)ν of an acid bromide 

was also observed with a shift from 1780 → 1815 cm−1 and is understood by the few 

acids on the HPHT ND surface. We predict that the bromination of acid-rich HPHT NDs 

after acid–base–acid chemistry would yield a few percent of acid bromides consistent 

with ref 40, yet would be less reactive than the metastable alkyl bromide bonds based on 

our findings. Mechanistically (see Figure S2 in Supporting Information), ND–Br reactions 

with SOBr2 can proceed via a bromosulfite ether intermediate, a release of bromide ions 

via pyridine nucleophilic attack, and finally carbocation inter-mediate formation, resulting 

in nucleophilic attack by Br− on the diamond surface. Bromination of diamond with an 

SN2 (substitution type 2) mechanism would not be possible due to the saturation of all 

carbon–carbon bonds in the diamond subsurface and therefore should follow an SN1 or E1 

mechanism during bromination with a carbocation intermediate. The mechanism depicted in 
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Figure S2 is hypothetical and depicts the most likely route for bromination. ND–Br bond 

formation proceeded without pyridine within 24 h, with easier purification and a lower ND–

Br yield (Figures 1B,C and S3 in Supporting Information). The use of pyridine produced a 

viscous side product of pyridinium perbromide (NC5H5·HBr·Br2), which was removed with 

a dimethyl sulfoxide (DMSO) washing step. An increased rate of ND–Br formation with 

pyridine was observed when comparing 2 and 24 h reactions and tracking the emergence 

of the (C–Br)ν stretching mode at 750 cm−1 (Figure S3 in Supporting Information). The 

champion ND–Br sample (orange trace in Figure 1C) was produced after only a single 

washing step and remained stable for 24 h, and the (C–Br)ν signal at 750 cm−1 dominated 

the spectra. The champion ND–Br sample lacks reproducibility due to instability associated 

with an increased level of bromination and is under investigation.

There is evidence of a unique intracrystallite Williamson-ether-like reaction occurring as a 

byproduct of the reaction of alkyl bromides and alcohols adjacent to one another on the 

diamond surface. Significant surface features are modified after the bromination reaction, 

including complete removal of the (O–H)ν band at 3000–3500 cm−1 from adsorbed water 

and removal of alcohol groups. While desorption of water was predicted due to desiccating 

the sample prior to bromination, the elimination of alcohol (C–O–H) groups was unexpected 

and suggested that ether functionalities (C–O–C) were formed during the SOBr2 treatment 

through a substitution reaction. The formation of ethers is traditionally understood to 

proceed by an intramolecular Williamson-type ether rearrangement whereby an alkoxide 

reacts with an alkyl halide to yield an ether.56,57 Based on that understanding, ether bridges 

would be formed by adjacent alcohols reacting with nearest neighbor alkyl bromides along 

with the formation of HBr (see Figure S2 for mechanistic details). The evidence includes the 

emergence of a peak at ~1025 cm−1 after bromination, which we assign to the (C–O–C)ν 
stretching mode and lack of (O–H)ν signal from alcohols at ~3200 cm−1; however, the 

details of the chemical kinetics and quantification are beyond the scope of this Letter.

Confirmation of alkyl bromides and surface coverage.

X-ray photoelectron spectroscopy (XPS), a surface-sensitive and element-specific technique 

confirmed the transition from an alcohol-rich surface to an alkyl-bromide-terminated 

surface, in agreement with our DRIFTS results. An inert transfer module was used for 

all XPS data to ensure the retention of alkyl bromide termination and eliminate H2O and 

O2 exposure. The C 1s XPS data of ND–OH showed peaks at 284.5, 286.5, and 288.5 

eV, which were assigned to bulk diamond (C–C), alcohols (C–O), and carboxylic acids 

(COOH), respectively (Figure 2A). Previous quantitative analysis has shown the alcohol-to-

carboxylate ratio to be ~15:1, suggesting that SOBr2 reacts primarily with hydroxyl moieties 

on the diamond surface, in agreement with the DRIFTS results.22 ND–OH treated with 

SOBr2 produced an ND–Br construct that exhibited convolved features attributable to the 

C–C, C–Br, and C–O bonding environments at 284.5, 286.0, and 286.5 eV, respectively. 

We interpret the results as being consistent with a partially brominated surface that retains 

either alcohol or ether moieties due to the intracrystallite Williamson-ether-like reaction. Br 

3d XPS spectra confirmed alkyl bromide formation with convolution of the Br 3d3/2 and 

Br 3d5/2 spin states at 70.0 and 69.0 eV, respectively, with an energy difference of ~1.0 eV 

and a ratio of 0.6 eV (Figure 2B).58 SOBr2 with pyridine from 2 → 24 h reaction times 
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showed an increased Br 3d signal, and peak positions remained consistent at 69.0 and 70.0 

eV, indicating no change in bonding environment (Figures 1B, 2B, and S3). The addition of 

pyridine plays two active roles: harvesting protons generated during the nucleophilic attack 

of the alcohol moiety on the sulfur center and activating the release of bromide ions from 

the intermediate bromosulfite ester complex bound to the diamond surface. The XPS and 

DRIFTS data indicate that the rate of alkyl bromide formation increased by ~60% over the 

course of the reaction with pyridine.

The quantification of surface groups is based on a model in which all C 1s XPS signals 

are from diamond with an inelastic mean free path of approximately 1.87 nm and where 

the N 1s, O 1s, and Br 3d signals originate from only the surface moieties. Based on 

analysis of the XPS survey scans as well as inelastic mean free electron escape depths 

of C, N, O, and Br photoelectrons and their respective ionization cross sections, we 

estimate that 36–52% of all surface sites were brominated in examining three different 

samples (Section 4 in Supporting Information). Br 3d XPS data of ND–Br samples 

were originally underestimated due to spontaneous debromination after synthesis and 

debromination under ultrahigh-vacuum conditions. A typical survey scan with a Tougaard 

background of ND–Br showed C 1s, O 1s, and Br 3d atomic percentages of 73, 23.5, 

and 2.5%, respectively. When originally modeling the surface termination with a 111 

facet (18.2 atoms/nm2), we calculated that ~3 C–Br bonds/nm2 were formed, and without 

the addition of pyridine, the bromination reached ~0.5% or 0.6 C–Br bonds/nm2. The 

bromination rates were corrected when considering the yield of C–N bond formation that 

proceeds after successful bromination. Based on the nitrogen atomic percentage of 5.4–7.8% 

after amination chemistry and a 1:1 alkyl bromide → amine mechanism, we conclude 

that Br levels of 36–52% were achieved (Tables 2 and 3 in Supporting Information). The 

bromination of 36–52% of the surface sites reached the maximum of 50% predicted by 

Tiwari, yet these DFT calculations did not account for the intracrystallite surface chemistry 

of the Williamson-ether-like reaction.53 Previous DFT calculations showed that the addition 

of bromine atoms to a clean C-terminated (001)-(2 × 1) surface at 50% coverage had 

an adsorption energy of 1.82 eV/atom, which was lower than that for the addition of 

hydrogen, fluorine, and chlorine across a (111)-(1 × 1) surface, with 2.17, 4.72, and 2.22 

eV/atom, respectively.53,59 Lower bromination rates are predicted in comparison to those 

with hydrogen (31 pm), fluorine (64 pm), and chlorine (97 pm) due to the large atomic radii 

of bromine (112 pm). For comparison, the C–H, C–F, C–Cl, and C–Br bond distances on 

diamond were calculated to be 110, 136, 171, and 192 pm, respectively.53,59 It should be 

noted that the bromine termination study by Tiwari was carried out on (001) surfaces, yet the 

same authors also conducted the earlier hydrogen, fluorine, and chlorine termination study 

with (111) and showed they were consistent when calculating surface coverage, adsorption 

energies, and bond distance. Our experimental evidence of the upper limits of ND–Br 

coverage are well supported theoretically with DFT.

Diamond–bromine bond dissociation studies in open air.

The ND–Br samples exposed to air resulted in fast alkyl bromide dissociation, representing 

potential evidence of a “radical carbon” on the diamond 111 surface.60 The ND–Br 

surface is extremely labile in comparison to that of many brominated substrates, including 1-
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bromoadamantane. Instantaneous debromination of ND–Br under open-air conditions at 25 

°C was tracked with DRIFTS and showed a t1/2 value of ~12 min when air was allowed into 

an inert atmosphere DRIFTS chamber (Figure S4 in Section 2 of Supporting Information). 

Alkyl bromide dissociation was found to have pseudo-first-order kinetics of k′ = 7.67 × 

10−7 1/s based on the local relative humidity at the time of the experiments. During the 80 

min experiment, there was no evidence that the diamond surface formed new alcohols, as 

no increase in the 1105 cm−1 peak was observed. Notably, the (Br–C=O)ν mode at 1815 

cm−1, which shifted 35 cm−1 from its nominal (C=O)ν position, did not change during the 

air exposure study. We hypothesize that sterically unhindered acid bromides at edges and 

defect sites are more stable than alkyl bromides. Alkyl bromides are sterically hindered 

and energetically destabilizing on the diamond facets as calculated by DFT; therefore, acid 

bromides did not readily undergo debromination during these air exposure experiments. 

Debromination was also observed instantly at 90 °C under inert conditions; it is detailed in 

Figure S6 and further supports our findings of a metastable ND–Br surface.

The prediction of a carbocation-like state with brominated diamond was described by 

Larsson and Lunell in 1997.60 Their DFT calculations showed a surface bond angle of 

112.9° that was interpreted as having sp2 character and described as a “radical carbon.” 

We interpret our findings as a possible conformation of this unique bonding environment 

found on brominated diamond. For small molecules, an analogous system would be that 

of 8,9-dehydro-2-adamantyl with a stable carbocation at −120 °C, as confirmed via 1H 

and 13C nuclear magnetic resonance (NMR) spectroscopy.61 However, tracking carbocations 

with solution or solid-state NMR techniques is not possible due to the lack of sensitivity of 

NMR spectroscopy to trace surface groups on HPHT ND surfaces. The lability of the C–Br 

bond, the unique properties of diamond, and the low concentration of water molecules under 

atmospheric conditions have aided this finding. Based on these observations and analysis, 

the conclusion is that rehydroxylation is slow compared to the debromination kinetics at 

60% relative humidity and 25 °C. The debromination side products are likely HBr and Br2 

but were not analyzed, as the ND surface structure was our primary focus. In a control 

experiment to test the rehydroxylation kinetics of ND–Br, we reacted the ND–Br samples 

with 18 MΩ water [55.5 M] for 1 min, purified by centrifugation and probed with DRIFTS. 

We found the reemergence of an alcohol-rich surface within the 1 min reaction time (Figure 

S5 in Supporting Information). The pseudo-first-order rate was calculated to be k′ = 0.055 

1/s with neat water, an increase of 7.2 × 104 in reaction rate, and we estimate that the 

rehydroxylation reaction is complete in approximately 66 ms under these conditions.

Direct catalyst-free amine formation at room temperature.

Demonstration of amine insertion via nucleophilic attack of ND–Br was accomplished at 

room temperature using ammonia in tetrahydrofuran (NH3·THF) and was found to convert 

all brominated surface species. The use of NH3·THF is rationalized to ensure that all XPS 

and X-ray absorption spectroscopy (XAS) spectroscopic signatures for carbon–nitrogen 

bond formation are a result of new amine moieties. ND–NH3 inner-shell chemistry (covalent 

bonds directly with the diamond lattice) was verified via laboratory and synchrotron-based 

surface-sensitive spectroscopies, as we show with the following evidence. DRIFTS spectra 

showed that the (C–Br)ν stretching mode at 750 cm−1 was completely removed, and new 

Melendrez et al. Page 10

J Phys Chem Lett. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peaks related to amine functionalization appeared at 1025 and 820 cm−1, corresponding 

to (C–N)ν and (N–H)wag modes, respectively (Figure 1B). An unambiguous conversion 

from a hydrophobic ND–Br surface to a hydrophilic ND–NH3 surface after amination 

chemistry was evident through the large increase in both the (O–H)ν and (O–H)δ modes 

of adsorbed water observed at 3000–3500 and 1630 cm−1, respectively. When comparing 

ND–OH versus ND–NH3, the adsorbed water signal increases, and we conclude that the 

hydrophilicity qualitatively increased when amine termination is present at 36–52% surface 

coverage (see SI Section 4). The colloidal solutions of ND–NH3 were stored in 18 MΩ 
water prior to further analysis, and conjugation to folic acid via N-hydroxysulfosuccinimide/

1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (sulfo-NHS/EDC) coupling is described 

in the Materials and Procedures section. Conformation of amide bond formation with ND–

NH3 constructs was a demonstration that surface amines were chemically accessible for 

biolabeling protocols and surface engineering when fluorescent NDs are used.

Ambiguity in assigning chemical moieties with DRIFTS is common, and XPS allowed for 

a definitive confirmation of C–N bond formation after NH3·THF treatments. We found that 

successful amine bond formation was a function of C–Br density (catalyzed and uncatalyzed 

ND–Br) on the ND surface, as observed in Figure 3B, whereby the N 1s photoemission 

spectra show enhanced C–N resonance at 400.3 eV and a minor C=N feature at 402.6 eV, 

consistent with amination of diamond films with NH3 plasma and CN thin films.49,62 The C 

1s photoemission peaks after amination chemistry also show a deconvolved C–N resonance 

at 286.0 eV, C–C resonance at 284.8 eV, and contributions from C–O and C=O at 286.5 and 

288.0 eV, respectively. Based on the XPS atomic % results, we conclude that the conversion 

of ND–Br → ND–NH2 is unity, with a typical survey scan showing C 1s, O 1s, and N 

1s percentages of 69.4, 22.8, and 7.8%, respectively. No Br 3d was detected at the atomic 

concentration sensitivity levels of the XPS of ~0.1%. Among the probed ND–NH3 samples, 

we estimate that 36–52% of surface carbon atoms were aminated, which translates to 6.5–

9.5 amines/nm2 (see SI Section 4). The disparity in the maximum Br 3d/N 1s (2.5%:7.8%) 

signal is due to instantaneous debromination as a function of time after synthesis and under 

ultrahigh-vacuum conditions. No Br 3d photoelectrons were detected in either survey scans 

or high-resolution scans after the amination and purification steps. The rate of C–N bond 

formation was proportional to the concentration of C–Br bonds on the surface, and we 

conclude that catalyst-free amine bond formation is a consequence of the dissociation of 

alkyl bromides and the reactive intermediate that was observed using DRIFTS (Section 2 in 

Supporting Information).

Soft X-ray spectroscopy of ND–OH, ND–Br, and ND–NH3.

XAS measurements of NDs are essential in this work, because they provide simultaneous 

conformation of the presence of diamond (core–hole exciton and second absolute bandgap) 

while examining the surface termination of nitrogen or oxygen moieties independently 

(Figure 3). XAS is an element-specific spectroscopy technique that provides information on 

the electronic structure of molecules and solids, including the chemical state, bond order, 

bond length, and orientation of adsorbates.63 In the soft X-ray regime, when collecting in 

total electron yield (TEY) mode, TEY provides surface and bulk information with a mean 

probing depth of approximately 5–10 nm. Figure 3A shows the C 1s XAS spectra for ND–
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OH and the characteristic features of bulk diamond; we observe little sp2-like carbon near 

285 eV, a strong sp3 core–hole exciton peak at 289.0 eV, and a second absolute bandgap 

at 302 eV.64,65 The C 1s spectra of ND–OH have weak signals associated with π*(C=C) 

(approximately 285.3 eV) due to amorphous carbon and carbonyl (π*(C=O) transitions, 

covering 286.5–288 eV) prior to the large core–hole exciton peak at 289.0 eV. After 

bromination, ND–Br shows new features in the 286–288.5 eV region with strong resonances 

at 287.2 and 288.4 eV and is assigned to the σ*(C–Br) electronic states due to unoccupied Br 

p-orbitals bound to the diamond surface.53 The amplitude of the carbon–bromine resonances 

is increased for a surface species in TEY mode and is due to the larger photon absorption 

cross section of the 1s → p transitions of brominated diamond. O 1s data for ND–OH 

are dominated by the σ*(C–O) at 540 eV due to alcohols and small π*(C=O) transitions 

due to carbonyls at 534 eV. After bromination, minor O 1s features arise at 532 and 542–

550 eV due to π*(Br=O) and σ*(O–Br) and resonances, respectively. Due to the atomically 

dense diamond surface, we consider that both alkyl bromides and different carbon–oxygen–

bromine bonding environments may exist simultaneously.

N 1s XAS presents key signatures of C=N, C–N, and N–H bond formation after catalyst-free 

amination chemistry at room temperature. Challenges exist in performing N 1s XAS on 

diamond due to the large C 1s background at high energy (380–420 eV) that the N 1s 

near-edge features are convolved with. First, we assign the weak low-energy resonance at 

398.5 eV to the π*(N–C=O) of a carboxyamide and reinforce this assignment by probing 

a control sample. An amide was prepared with a silica-coated ND functionalized with 

amines (3-aminopropyl-triemethoxysilane, i.e., APTES), conjugated to folic acid via sulfo-

NHS/EDC coupling, and produced a strong π*(N–C=O) peak at 398.2 eV (Figure 4B and SI 

Section 5). The feature at 398.5 eV is assigned to a carboxyamide on the ND surface and 

has enhanced π-character due to the nitrogen lone-pair delocalization with the carbonyl.66 

Low-energy N 1s peaks (398–400 eV) are typically assigned to 1s → π* transitions, and the 

presence of C=N features has been observed in six-ring heterocycles such as cytosine and 

pyrazinecarboxamide.67 Our findings are consistent with Graf et al., who studied APTES 

on silica and assigned N 1s signals at ~388 eV to π*(C=N) due to radiation damage-induced 

deprotonation, and we observed similar features (Section 5 in Supporting Information). 

The feature at 400.5 eV is assigned to the σ*(N–H) of a primary or secondary amine 

and is consistent across amination with NH3·THF-, hydrazine-, and folic-acid-conjugated 

samples.66,68 The higher-energy features at 404.8 and 407.6 eV are assigned to the σ*(C–N) 

bonding environment. ND–NH3 1s → σ* transitions are due to a primary amine C–N 

and possibly a C–N–C bridging configuration similar to a secondary amine. When ND–

NH3 samples are conjugated to folic acid and amide bond formation occurs, several key 

features change as the nitrogen lone-pair electrons contribute to the delocalized bonding 

environment. The π*(C=N) resonance at 398.5 eV increases in intensity, σ*(N–H) remains 

at 400.5 eV, the σ*(C–N) peak becomes a broadened peak at 407 eV, and double peaks 

are no longer present. These assignments are reinforced by the control experiments with 

amine-functionalized silica bound to folic acid, and the conversion is evident (Section 5 

in Supporting Information). Recent N 1s XAS studies of gas phase and aqueous NH3 and 

NH4
+ show similar resonances to our study and report that distinct lower-energy features at 

401–402 eV are assigned to NH3, while NH4
+ features are not observed until 405 eV and 
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above.69,70 We highlight these new reports, because the N 1s spectra reported in Figure 3B 

may contain contributions of ND–NH2 and ND–NH3 due to a tightly bound water layer and 

hydrogen bonding that may exist on the ND surface. ND–NH3 samples were not desiccated 

at high temperature in vacuo prior to deposition in the same fashion that ND–OH samples 

were prepared.

Transition edge sensor, RIXS, PFY-XAS, and XES.

The transition edge sensor (TES) detector housed at beamline 10–1 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) provides background-free X-ray emission data 

and electronic structure information on the valence (occupied) and conduction (unoccupied) 

density of states (DOS) of both the ND and surface moieties.71,72 Resonant inelastic X-ray 

scattering or RIXS maps provide the complete DOS with extraction of X-ray emission 

spectroscopy (XES) data and partial fluorescence yield X-ray absorption spectroscopy (PFY-

XAS). XES and PFY-XAS spectra are produced with an integration window with a static 

emission or excitation energy as highlighted with the dashed white box in Figure 4B. 

Figure 4A shows C, N, and O Kα emission data after amination chemistry performed at 

−77, 25, and 600 °C with condensed NH3, NH3·THF, and gaseous NH3, respectively. C 

Kα X-ray emission was consistent with past studies of diamond, with bandgap emission 

beginning at ~284 eV and extending to 250 eV.73 The C Kα emission features above 

the bandgap (289–312 eV) are different for each ND–NH2 construct and are potentially 

due to vibronic coupling to the diamond lattice, surface moieties, or Rayleigh scattering.73 

Importantly, the N Kα emission data are unique in intensity for each of the chemistries used, 

extend from 365–440 eV, and include both X-ray emission features and Rayleigh scattering. 

Because XAS/XES data of aminated diamond are scarce, we compare our spectra with 

model systems of ammonia and N-doped graphene.74,75 Our standard NH3·THF chemistry 

of ND–Br constructs yielded three distinct regions of emission from 380–402 eV (region 

A), 408–420 eV (region B), and 420–440 eV (region C). The last two regions show step-

like emission and are due to Rayleigh scattering and participator emission, respectively.76 

Chemical treatment of ND–Br with NH3·THF at 25 °C yields amination rates similar 

to those of NH3 gas at 600 °C, yet the mechanism is expected to be different due to 

temperature-dependent debromination and surface reconstruction. Nucleophilic addition of 

NH3 to the tertiary carbocation or reactive intermediate on the diamond surface at 25 °C 

should proceed as depicted in Figure S8 with production of an HBr side product. NH3 

gas chemistry at 600 °C should proceed through thermal debromination at temperatures 

above 90 °C, desorption of alcohol groups above 500 °C, and Pandey reconstruction of the 

diamond surface.77

We model our XES spectra focusing on the dominant C–N and N–H occupied density 

of states and compare the spectra to ammonia and glycine. NH3·THF treatment yielded a 

dominant spectator N Kα peak at 398.3 eV, which is assigned to the lone-pair electrons 

on nitrogen or C–N bonds and is supported by similar XES features in glycine and DFT 

calculations of the highest occupied molecular orbital (HOMO) isodensity surfaces.76 The 

402.5 eV peak is assigned to the N–H HOMO orbitals and is very close to a resonant 

excitation of the σ*(N–H) transition. The lower-energy tail from 380–393 eV is assigned 

to a mixture of delocalized HOMO states described as HOMO–8/9/10 in ref 74. Weinhardt 
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et al. used the StoBe-DeMon package to calculate the transition probabilities based on 

the ground-state Kohn–Sham eigenstates, which accurately calculated the XES spectra 

of glycine, diglycine, and triglycine. Our gas-phase amination chemistry using NH3/N2 

mixtures at 600 °C produced similar features at 398.3 eV (lone-pair electrons amines/C–

N) and 402.5 eV (N–H) with reduced intensity in comparison to that for the NH3·THF 

treatments. A new feature arose at 393.7 eV, which we assign to HOMOs of imides 

(C=N), consistent with increased π*(C=N) XAS transitions at 399.5 eV (data not shown). 

At temperatures above 90 and 500 °C, alkyl bromides and alcohols will desorb and 

produce sp2-like Pandey chains due to uncoordinated surface sites, and nitrogen insertion 

is likely to occur.77 Gas-phase NH3 chemistry at high temperatures is more complex with 

competing kinetics of thermal desorption, surface reconstruction, and new amine/imide 

bond formation. Amination chemistry at −77 °C with liquid ammonia only showed N Kα 
features representative of spectator emission, with an asymmetric peak from 380–407 eV. 

The lower kinetic rate of amination and shorter reaction time of 30 min resulted in less C–N 

bond formation but did highlight that catalyst-free bond formation still occurred at −77 °C 

(Section 7 in Supporting Information for RIXS maps).

Propargyl amine reacted with ND–Br.

In a demonstration of an uncatalyzed Sonogashira-type coupling reaction,78 ND–Br was 

reacted at 25 °C with propargyl amine (PA), an alkyne, and produced an 11-fold increase 

in the nitrogen signal in comparison to that of other ND–NH3 constructs (Figure 4B,C). 

The original intent of the PA reaction was to form a new C–N surface bond with an 

outward facing alkyne for click chemistry; yet, the reaction did not proceed in the fashion 

envisioned. A RIXS map details both the occupied and unoccupied electronic structures of 

the PA-reacted ND samples (Figure 4B). The RIXS map was generated by scanning the 

X-ray monochromator (excitation energy on the y-axis) and recording the emitted X-rays 

using the TES detector. The linear feature marked “R” is the Rayleigh scattering of the 

incident X-rays and is a common feature in RIXS. The RIXS map details a high reactivity 

level between ND–Br and PA without a metal-based catalyst and should be compared to 

RIXS maps in Section 7 of the Supporting Information. Our findings are similar to the 

uncatalyzed reaction of a brominated precursor and an alkyne by Liu and Li using UV 

irradiation, which proceeded through a carbocation intermediate.79 PFY-XAS reveals this 

increase in nitrogen content of the ND–NH3 samples compared to other amination routes 

(Figure 4C). The PFY-XAS data are produced by integrating the emission intensity as a 

function of excitation photon energy, are complementary to traditional XAS, and eliminate 

the high-energy background signal of carbon. PFY-XAS peaks at 398.3 eV, a shoulder at 

401.0 eV, and a broad resonance at 406.2 eV are assigned to the π*(C=N), σ*(N–H), and 

σ*(C–N) resonances, respectively. The sharp and intense π*(C=N) feature is evidence that PA 

polymerized on the ND surface, as explained below.

N Kα emissions from PA-treated samples have much higher count rates than single carbon–

nitrogen bonds on the ND surface with NH3·THF or NH3(condensed or gas) chemistry and are 

evidence of polymerization (Section 6 in Supporting Information). Comparison of the N 

Kα resonant X-ray emission (RXES-blue trace) and nonresonant X-ray emission (NRXES-

purple trace) of ND-PA differ in the intense emission at 396.8 eV for the RXES overlapping 
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with the Rayleigh scattering line (marked R) and the lower-energy peak positions from 

391–392 eV. RXES data were produced by integrating emission counts from 397–400 

eV excitation energies (white box in Figure 4B), while NRXES data were obtained by 

integrating from 410–440 eV. The RXES and NRXES peaks are red-shifted 1.5 and 6.3 

eV from the C=N resonance at 398.3 eV, respectively. The RXES peak that overlaps with 

the Rayleigh line is due to either vibronic coupling or a large overlap between the electron 

wave function and core hole produced by the exciton, leading to higher emission rates, as 

observed previously with NH3 and ND3.74,80 The vibrational fine structure of the propargyl 

amine sample was not observed in this study as was observed with NH3. The integrated XES 

signals (black traces) of NH3·THF, NH3 gas at 300 °C, and folic-acid-conjugated NDs are 

included for comparison. These results are consistent with reactions and polymerizations of 

aminoalkynes with transition metal catalysts and yield imines and enamines.81 Because 

there is a minor π*(C=C) resonance observed in the PA reaction, we conclude that a 

polyimine, not an enamine, is the dominant reaction product.

Importantly, the C 1s XAS of PA-treated samples does not show the core–hole exciton and 

second bandgap of diamond and is due to a shell of polyimine formed on the ND core 

via polymerization (Section 6 in Supporting Information). The suppression of the core–hole 

exciton in conjunction with the intense nitrogen signal, clear π*(C=N) PYF-XAS signatures 

caused by imines, and σ*(C–N) N 1s PFY-XAS resonance reinforces that multiple layers of 

reacted PA reside on the ND surface.82 We propose two possible mechanisms in which the 

alkyne or amine reacts with the carbocation after debromination and continues to polymerize 

in the presence of HBr. A control reaction of ND–Br with N-Boc PA yielded low amination 

rates, and the presence of the diamond electronic structure was observed (data not shown), 

showing that suppression of the polymerization reaction had occurred. This Sonogashira-like 

reaction has not been reported on any ND surface and highlights the level of reactivity of 

ND–Br under mild conditions and in the absence of a metal cocatalyst. Future studies can 

control the growth of the PA shell by stopping the reactions at various time intervals and 

characterizing the ND constructs.

In summary, we realized the first bromination and subsequent amination of HPHT NDs, 

provided detailed observations of the diamond–bromine bond, and realized subsequent 

carbon–nitrogen bond formation at 25 °C without the use of catalysts. The formation of 

alkyl bromides was found to be very labile and sensitive to water, and we observed evidence 

of an intracrystallite Williamson-ether-like surface side product. The bromination rates were 

found to be 36–52% of the available surface carbon atoms based on XPS analysis and 

were near the predicted value of 50% surface coverage based on DFT. The bromination 

yields were found indirectly by analyzing the atomic % concentrations of the final ND–NH3 

constructs and was necessary due to the decomposition of ND–Br as a function of time. 

The lability of the carbon–bromine bond on diamond has been confirmed experimentally 

here, and this bond is highly unstable compared to that in brominated small molecule 

analogues. Uncatalyzed carbon–nitrogen bond formation is understood by the good leaving 

group properties of ND–Br, readily forming a reactive intermediate that subsequently 

leads to covalent amine termination. As a proof of concept relevant for biolabeling with 

NV diamond, we conjugated folic acid to ND–NH3 constructs and found evidence of 

amide bond formation. The use of synchrotron spectroscopy and the TES detector allowed 
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detailed examination of the occupied and unoccupied electronic states of the ND surface 

termination, and we found that propargylamine reacted with ND–Br to yield polyimines in 

an uncatalyzed Sonogashira-type reaction. This work is impactful for researchers who wish 

to explore heteroatom chemistry on diamond and other ultrahard, ultradense materials (e.g., 

silicon carbide or boron carbide). Applications would include quantum sensing with HPHT 

NDs or as a source of free electrons for chemical transformations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
DRIFTS data showing the transition from ND–OH → ND–Br → ND–NH2 under open-

air and inert atmosphere conditions. TPD-DRIFTS data from 25–300 °C confirm the 

contribution of (O–H)ν stretching modes due to both adsorbed water and the hydroxyl-

terminated diamond (panel A). The (O–H)ν band from 3000–3500 cm−1 decreases 

proportionally to the elimination of (O–H)δ at 1630 cm−1. The inset shows the integrated 

(O–H)δ signal in Kubelka–Munk units as a function of temperature. DRIFTS spectra reveal 

a strong (C–Br)ν signal at 750 cm−1 that confirms alkyl bromide formation on the ND 

surface after addition of SOBr2 for 24 h with and without the presence of pyridine (panel 

B). After amination chemistry, ND–NH2 becomes highly hydrophilic; the (C–N)ν mode 

becomes prominent at 1025 cm−1, a small (N–H)wag signal at 825 cm−1 is observed, and 
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the (C–Br)ν peak is absent (Panel B). In situ reactivity of the alkyl bromides under open-

air conditions was tracked by opening two small valves on an inert atmosphere DRIFTS 

chamber and monitoring the decrease in the (C–Br)ν intensity at 750 cm−1 with pseudo-first-

order kinetics (panel C). Note: During the debromination process, the (C–O–C)ν signal 

at 1075 cm−1 remained unchanged and did not convert readily back to the representative 

alcohol peak position of 1100 cm−1.
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Figure 2. 
Br 3d, N 1s, and C 1s XPS spectra confirming the conversion of alcohol-rich diamond 

surfaces (ND–OH) to alkyl-bromide-terminated ND–Br and amine-terminated ND–NH2. 

ND–Br constructs show strong Br 3d XPS peaks at ~69 and 70 eV, which are consistent with 

C–Br bond formation, and Br 3d3/2 and Br 3d5/2 spin–orbit contributions are Gaussian-fitted 

with ΔE = 1.04 eV. The rising edge in the Br 3d XPS spectrum is due to the Au substrate, on 

which the ND–Br is deposited (A). The 400.3 eV peak in the N 1s spectrum is assigned to 

formed C–N bonds, while a minor peak at 402.7 eV is assigned to an amide bond (B). The 

C 1s spectrum shows the evolution of ND–OH → ND–Br → ND–NH2 with contributions 

from C–O, C–Br, and C–N bonds at each stage, respectively.
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Figure 3. 
XAS spectra of ND–OH, ND–Br and ND–NH2 probing the excited- and ground-state 

electronic structure of the nanodiamond constructs. C 1s and O 1s XAS data show the 

emergence of σ*(C–Br) and π*(Br–C=O) transitions after bromination chemistry and its 

elimination after amination chemistry (A and B). N 1s XAS spectra of ND–NH2 constructs 

produced by reaction with NH3•THF (plots A/B), hydrazine (C) and amide bond formation 

to folic acid via sulfo-NHS/EDC. π*(C=N), σ*(N–H) and σ*(C–N) transitions are observed 

at 398.5 eV, 400.5 eV and 405/407.8 eV, respectively.
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Figure 4. 
XES, RIXS, and PFY-XAS spectra of ND–OH, ND–Br, and ND–NH2 probing the excited- 

and ground-state electronic structures of the nanodiamond constructs, collected with the 

TES detector. The N 1s RIXS map of propargylamine-treated ND–Br samples shows an 

11×-fold increase in the amine signal (B). PFY-XAS and XES plots were extracted with 

integration, as illustrated by the white dashed boxes. The PFY-XAS spectrum shows a 

π*(C=N) transition at 398.1 eV and a broad σ*(C–N) transition at 406.5 eV, while the 

XES spectrum shows peak emission at 392.5 eV and decreasing spectator emission to 380 

eV (B). Other aminated samples with NH3·THF, NH3 gas at 300 °C, and after folic acid 

conjugation are shown for comparison. Off-resonance XES signals (integration from 410–
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440 eV excitation energy) show distinct above- and below-bandgap emission for amination 

at −77, 25, and 600 °C (A).
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