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Abstract

Fourier transform infrared spectroscopy (FTIR) is highly sensitive to the surface chemistry of
nanodiamonds. In this review, we discuss the different FTIR methods available to characterize
nanodiamonds and highlight their advantages and limitations. We also summarize the possible
assignments of FTIR spectra of nanodiamonds reported in the literature and discuss FTIR spectra of
nanodiamonds modified by different surface treatments. Current work of FTIR applied to in situ and
operando characterization of nanodiamonds, in particular nanodiamonds exposed to water or
characterized during electrochemical and photocatalytic processes, are also discussed. Finally,
perspectives regarding possible future FTIR development for nanodiamonds characterization are
proposed.

1. Introduction

One of the key features of nanodiamonds (NDs), as compared to many other nanoparticles, is their
rich surface chemistry that can open wide possibilities for functionalization or fine-tuning of their
chemical and electronic properties. In addition to the stability, biocompatibility and fluorescence
properties of the diamond core, surface properties of NDs have enabled the development of medical,
tribology, catalytic or sensing applications.[1-3] To this aim, the reliable characterization of NDs
surface chemistry is essential.

Fourier Transform Infrared (FTIR) spectroscopy has been employed extensively for the characterization
of NDs over the last 20 years. The high sensitivity of FTIR to the surface functional groups of NDs, its
non-destructive nature and generally easy sample preparation have contributed to establish FTIR as a
reference method for the characterization of NDs surface chemistry. The versatility of FTIR in terms of
experimental schemes applied to nanoparticles makes FTIR a method of choice for measurements
from routine control of surface functionalization to advanced operando measurement of complex
chemical processes. Some of the work on the characterisation of nanoparticles, their surface reactions
and application to catalysis reactions using different modes of infrared spectroscopy has been
highlighted in recent reviews.[4—6]

Interpretation of FTIR spectra is however not an easy task because the high sensitivity of FTIR to
chemical environment imply that FTIR spectra is also very sensitive to experimental conditions (sample
preparation, atmosphere...). Contrary to electron and X-ray spectroscopies, FTIR is not element-
specific and different chemical bonds may have IR-active vibrational modes at the same frequencies.



Unambiguous interpretation of FTIR spectra often requires the use of complementary characterization
techniques. On the other hand, FTIR does not necessitate vacuum conditions and is therefore well
adapted for operando measurements in liquid or gaseous environments.

FTIR spectra of NDs can vary significantly between two studies, depending on the type of NDs, their
surface treatments and environmental conditions. Indeed, NDs may refer to different type of materials
and prior knowledge on the production method and processing steps are generally required to analyse
FTIR spectra. NDs can be produced by various synthesis methods, the most common ones being
detonation synthesis and milling of synthetic diamond films grown by High Pressure High Temperature
(HPHT).[7] Detonation NDs (DNDs) have a size range of 3-6 nm, a defective structure and a wide variety
of functional groups after synthesis.[1,7] The cleaning processes vary between providers and materials
labelled as DNDs may have very different surface chemistries or purity and hence different FTIR
signatures. Extensive research towards the homogenization of the surface of DNDs has therefore been
conducted.[8] On the other hand, HPHT NDs consist of well-faceted crystallites with less defects and
larger sizes as compared to DNDs. Size and structural properties of NDs affect FTIR spectra therefore
similar surface treatments performed on NDs from different sources may lead to different FTIR
signatures. Vibrational frequencies from functional groups on NDs surface and similar groups on
organic molecules or bulk diamond often differ, therefore direct comparison with literature from other
carbon-based materials should be done with care.

In this review, we present the various FTIR methods used thus far for the characterisation of NDs. The
advantages and drawbacks of each methods will be discussed, and particularities associated with their
applications to nanoparticles will be highlighted. Then, an overview of possible assignments of FTIR
spectral features on NDs will be provided. Examples of FTIR spectra after surface treatments, usually
applied to homogenize the NDs surface before further functionalization, will be discussed. We
intentionally restrain this review to the functionalization of NDs surface with simple functional groups
but examples of FTIR spectra of NDs with more complex functionalization are available in the
references [9—-21]. Finally, we discuss further directions for in situ FTIR measurements i.e. in conditions
relevant to real applications, and for operando measurements, i.e. during chemical reactions relevant
to real applications. In situ conditions could refer to aqueous environment with redox species for
electrochemical applications or inside living cells for biomedical applications, while operando would
mean under potential in aqueous environment for electrochemical reactions or at high temperature
with reactants for heterogeneous catalysis for example. To our opinion, in situ and operando FTIR could
strongly benefit the NDs community for the development of new applications in nanomedicine,
catalysis or energy conversion and storage.

2. FTIR spectroscopy

Infrared absorption spectroscopy is a well-established vibrational technique used for chemical
characterisation of material at the molecular level. In the infrared active transitions the electric dipole
moments of vibrating functional groups undergo change as they interact with (absorb) the incoming
infrared light. Absorptions of IR radiation by different functional groups within the sample are plotted
as a function of wavelength, typically presented in units of wavenumbers or cm™.

The theory and basic principles of infrared spectroscopy are extensively covered and reviewed in the
literature and will not be discussed here.[22-25] Comprehensive database of vibrational frequencies
is readily available. Infrared spectrometers are routinely used in analytical laboratories, particularly
since the introduction of FTIR spectrometers in 1950s where the combination of a Michelson



Interferometer and Fourier transformation enabled superior data quality and acquisition speed.[24]
The so called Cones advantage of FTIR provides measurements with high accuracy and high spectral
resolution, Jacquinot or high throughput advantage enables data of higher Signal-to-Noise ratio,
whereas Fellget or multiplex advantage ensures that all the frequencies from the infrared source are
detected simultaneously.[22,24] In addition, FTIR spectrometers are capable of recording spectra very
rapidly by running the spectrometer in the rapid or step scan collection modes for which a time
resolution of 40 ms or several hundreds of nanoseconds respectively can be achieved for a spectrum
of 4 cm? spectral resolution. This is taken advantage of when monitoring time dependent
processes.[26]

A Michelson interferometer consists of a beam splitter and two reflecting mirrors one of which is
movable over the range of distances. A light from a broadband infrared source (global source such as
metal wire, Nernst bar or synchrotron source) is collimated and directed onto a beam splitter (partially
reflective mirror) that splits the beam into two portions. The partial beams reflected off the mirror
surfaces are recombined back at the beamsplitter with a position dependent phase shift due to the
path length difference that they had travelled. The beam leaving the interferometer is focused on the
sample and then detected by a detector. The interferogram, measured as an intensity of the combined
IR beams as a function of the moving mirror displacement is converted to a spectrum by a Fourier
Transformation.[27] Commercially available instruments are highly adaptable to different
measurement modes and spectral regions which, together with the suitable sample preparation
method and data treatment, can provide the information on almost any sample type.

Overview of the FTIR methods most commonly utilised for the characterisation of NDs will be given
next, however some other potential and emerging FTIR techniques that could become suitable for NDs
will be highlighted later in the perspectives. Figure 1 shows the schematic of the three most widely
used methods in the current literature on NDs. An option of flow through of gas and/or liquid and
sample illumination to allow for in situ measurements are also shown. Most of the work covers the
Mid-Infrared spectral region (MIR), although some studies on meteoritic NDs in the Far-Infrared (FIR)
region were also reported.[28,29] Spectral resolution was typically held between 4 and 8 cm™.

2.1.Transmission Methods

Transmission measurements rely on the absorption of IR radiation as it passes through the sample.
Transmittance depends on the sample thickness with the attenuation of transmitted light following
the Beer-Lambert law.[22] This is the most commonly used method for the characterization of NDs.
Two different sample preparation methods are described.

2.1.1. Sample material pressed as pellets in IR transparent matrix

In this method, a mixture of dry NDs in potassium bromide (KBr) matrix is pressed into thin pellets. The
IR beam passes through the pellets placed inside the sample compartment of a FTIR spectrometer
before being detected by a detector. The pellets can further be placed inside an environmental sample
chamber that has IR transparent windows on each side to let the beam through. This allows for the
changes of environmental conditions such as for example the temperature control or introduction of
a gas flow for monitoring of in situ reactions (Figure 1a). This measurement approach was used
primarily for the investigation of functional groups on NDs that underwent different treatments and
surface modifications, but also adsorption of water on NDs surfaces by controlled exposure to different
relative humidity conditions.



The pellet thickness and the sample concentration should be optimized to preserve the linearity of
Beer-Lambert law and the sample material should be sufficiently transparent (absorbance <1). For
NDs, the pellets can be prepared from several mg of sample mixed with ~140 mg of KBr and pressed
under 0.9 MPa for a 13 mm diameter pellet.[30] The spectra are measured through the pellet, either
under ambient conditions or in an evacuated sample chamber to minimize water vapor influence. Pure
KBr pellets (kept or pretreated under the same conditions as the pellets containing the sample) are
used for background measurement subtraction also accounting for any water adsorbed by KBr. AgCl is
sometimes used as a matrix material but mainly to evaluate KBr and identify any potential interaction
and influence it may have on the sample spectra.[30,31]

For the quantitative analysis using NDs pressed in pellets, ensuring a constant concentrations and
sample thickness between different measurements may be difficult. Furthermore, the drying of the
KBr pellet requires a significant amount of time since KBr is hygroscopic. Spectral distortions may also
appear in the transmission spectra of powdered samples pressed in pellets.[32] The so-called
Christiansen effect appears as an anomalous transmittance at wavelengths at which the refractive
index of the sample and the matrix are equal.[33]

2.1.2.Thin films on an IR transparent substrate

Nanomaterial films can directly be placed on an infrared transparent substrate by drop casting or spin
coating. Single crystalline silicon substrate materials are most commonly used as the material is
transparent in the infrared region down to around 1500 cm™.[34-36] Although mainly used for
qualitative structural information of the bulk material, some information from the layer structures and
the density of IR active structural groups were reported in literature.[34] The advantage of this
approach is that it is compatible with ultrahigh vacuum (UHV) conditions and NDs can be characterized
directly after harsh treatments such as hydrogen plasma without air exposure, which cannot be done
with KBr pellets.[35,37] Disadvantages are the IR cut off due to the substrate material and the possible
appearance of interference effects in the thin film which can induce large errors in the quantitative
analysis of spectra.[34]

This method was reported in identification of surface functionalities on diamonds of different origins,
[37] influence of different NDs treatments,[35] as well as pH dependence measured on dried NDs on
silicon substrate at ambient conditions.[36] Background measurement are taken through the clean
substrate.

Attenuated Total Diffuse Reflectance
Transmission Reflectance (ATR) (DRIFT)



Figure 1: Schematic representation of transmission FTIR (a), ATR FTIR (b) and DRIFT (c) measurements
for the characterization of NDs. These methods can be applied on dry NDs but also during exposure to
various atmospheric conditions (in situ) or during electro/photochemical and catalytic processes
(operando). IR and UV/Vis transparent materials are highlighted in orange and blue, respectively. Red
and yellow arrows are highlighting beam path for IR and UV/Vis light. Black arrows illustrate inlets and
outlets for gas or liquid exposures.

2.2. Reflectance Methods

In a reflectance measurement the infrared radiation beam interacts with the surface material and is
reflected from an interface where a change of refractive index occurs. It can be internal reflectance
such as in attenuated total reflectance (ATR) mode, or external reflectance. For highly reflective
materials with polished surfaces the external reflectance at near normal incidence is used. Kramers-
Kronig transformation describes the reflected absorbance in terms of the absorption index and
refractive index spectra. For the powdered samples, the diffuse reflectance component is more
significant and the Kramers-Kronig transformation is not sufficient. External reflectance from very thin
layers is measured in grazing incidence mode and the reflectance intensity is dependent on the
polarization of incidence radiation. [23]

2.2.1. Attenuated Total Reflectance (ATR)

ATR FTIR spectroscopy is based on a total internal reflection of IR light from an interface between two
mediums of different optical density.[38] In such a setup, NDs are deposited on an IR transparent
material of high refractive index (optical density) such as Ge, ZnSe, Si or diamond as the most
commonly used ones (Figure 1b). The infrared light passing through the internal reflection element
(ATR crystal) at angles above the critical angle undergoes total internal reflection which produces an
evanescent wave propagating through the sample. The absorbance is measured from the sample
volume penetrated by this exponentially decaying evanescent wave, which thickness is generally
described by the depth of penetration dp:
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The distance that the light penetrates into the sample is dependent on the wavelength of the light
(), the angle of incidence 0 and refractive index of both the ATR element (n1) and the sample (nz). For
ATR measurements, the absorbance is therefore not dependent on the sample thickness like in a
transmission measurement. This is of particular advantage for investigation of reactions at the
interface of NDs with highly absorbing liquids such as water. Due to the short effective path length,
the solution contribution beyond the interfacial region is small.[5] For the MIR region the penetration
depths are usually less than 5 microns, although the actual signal is collected from 2-3 times that
distance.[39] The high refractive index of an ATR crystal also focuses the beam and improves the spatial
resolution on the sample which has been utilised in the ATR imaging, however one should note that



the special resolution is of several micrometers in size for the MIR region.[39] Different ATR accessories
exist with single or multiple reflections. The crystal material can be optimised for the spectral region
of interest (e.g. lower energy cut off) and the sample environment (e.g. pH) but also the depth of
penetration.[40] ZnSe, Si or diamond crystals are mostly used but hybrid structures, such as diamond-
coated Si crystal, have also been applied to NDs.[41] In addition, the depth of penetration can be varied
by changing the angle of incidence allowing for depth profiling.[42] The wavelength dependency of d,
in eq. (1) should be taken into consideration in the quantitative investigations and when comparing to
transmission measurements as the absorbance peaks at higher wavelengths are enhanced. Although
not widely reported in the study of nanomaterials, FIR region can be used with suitable choice of ATR
material (e.g. diamond) and the focusing elements.[43]

Apart from the band intensity variation, the distortion of band shapes and shifts towards lower
frequencies affect the ATR spectra as compared to transmission measurements.[44] This happens for
strongly absorbing bands due to the anomalous dispersion of the sample refractive index, like in the
case of water.[44] Advanced ATR correction algorithms are available that mostly remove these
distortions.[45]

Sample preparation generally consists of drop casting a suspension of NDs in agueous solution
(microliter range) onto an ATR crystal and drying it off to produce a thin film. Such film is a multilayer
of NDs, estimated by optical microscopy to have over 10 um thickness for 1 pL of NDs suspension (1.5
pg NDs to 1 mL water).[46] The sample has to be in very good contact with the ATR crystal as any small
gaps would affect and decrease the absorbance. Background reference is taken from the blank ATR
crystal, mounted inside the sample compartment of a FTIR spectrometer which can either be purged
with dry air or evacuated to remove gas phase water absorption bands. Investigation of different
surface functionalities on NDs is done by referencing the dry film (purged with N; or inert gas) against
the clean ATR crystal.[47] ATR FTIR spectra can also be obtained directly from NDs by pressing a
diamond crystal of an ATR accessory against the sample. NDs of different size distribution (4-50 nm),
synthetic preparation methods and their fluorinated derivatives were investigated using this
method.[48] Water interaction with surface modified NDs exposed to ambient air for different times
after the surface treatment were also studied using this sampling method.[49]

To investigate the interaction of solvent molecules with NDs surface in situ, the solvent molecules (e.g.
H,0[47], EtOH[46]) are introduced into a flow through sample chamber positioned above the ATR
crystal, by flowing gas molecules over the dry NDs layer. To measure the interactions of NDs in liquid
solutions, the difference spectra are generally calculated. Here the spectra of NDs exposed to a liquid
solution (matrix solution containing the solute of interest) is subtracted from the background spectra
measured from the NDs exposed to the matrix agueous solution alone.[50] ATR FTIR was used to study
the dynamics of the adsorption and conformational changes of the proteins on NDs.[51] In situ light
ilumination is also possible and has been for example applied on TiO, nanoparticles.[52]

2.2.2. Diffuse reflectance infrared Fourier transform (DRIFT)

This technique is suitable for powdered samples and samples sensitive to preparation methods such
as pellets pressing. The powders are placed in a sample container either pure or diluted in KBr or KCI.
Infrared radiation illuminating the sample is reflected from the surface of nanoparticles but some
portion is absorbed or scattered from the NDs (Figure 1c). The diffused reflection is generally weak
and is collected by ellipsoidal or parabolic mirrors. Sample chambers fitted with KBr windows and
options for the environmental conditions change (temperature, pressure, gas flow, light illumination)
allow for the in situ measurements.



The reproducibility of DRIFT signal intensities could be problematic as it is sensitive to nanoparticle
size, compactness and distribution within the sample container. The nanoparticle size distribution of
both the sample and the calibration standard should be minimized for better comparison between
different measurements. Absorbance, reflectivity and refractive index of the sample material all play
an important role and complex models for quantification of signal intensities are required to account
for different contribution of each.[53-55]

DRIFT measurements are extensively used on nanoparticle surfaces with a range of adsorbed
molecules and in situ monitoring of reactions with gaseous and adsorbed species[56—-58] or to study
solid oxide catalysis under operating conditions.[59] Some reports have demonstrated that this
method can be applied to NDs as discussed in section 5.3.[60—62]

2.2.3.Grazing angle reflectance (GAR)

GAR is typically used for characterization of very thin films. It was applied to HPHT NDs to investigate
size and evolution of surface functional groups down to 1 nm in size.[63] A small drop (~100 uL) of NDs
solution is casted onto the Au reflective mirrors to produce thin layers. Au mirrors were made
hydrophilic by oxidizing them in radio-frequency plasma to ensure good adhesion of NDs.

In this configuration the reflectance intensity is dependent on the polarization of the incident radiation
and the angle of incidence (up to a maximum at 87°). Only the vibrational modes with a dipole moment
perpendicular to the surface are infrared active (surface selection rule applies) and therefore the
intensity of IR bands measured by GAR could differ from the transmission measurements. GAR
measurements of thin films on metallic surfaces have also been used to study the molecular
orientation and average conformation order.[23] Growing nanostructured diamond layers over
metallic films has also been shown to dramatically enhance the sensitivity of GAR FTIR.[64]

2.3. Photoacoustic FTIR studies (PAS FTIR)

PAS is a noninvasive and sample preparation free FTIR absorbance technique, suitable for a wide range
of samples including highly absorbing ones. The energy absorbed by the sample produces heat that is
transferred from the sample into the surrounding He gas and the temperature oscillations are detected
by a microphone. The penetration depth of the infrared light can be varied by changing the modulation
frequencies induced by the interferometer mirror scanning speed providing the best depth resolution
available by IR sampling techniques.[22] The signal intensity is linearly related to sample concentration,
absorptivity and sampling depth. Carbon black is generally used as background correction to account
for any variations in the source power density or amplifier electronics.[65]

Ando et al. reported improved surface sensitivity of PAS in the analysis of chemisorbed hydrogen and
oxygen on the surface of diamond powders as compared to diffuse reflectance and transmission
method using KBr pellets.[66] Advantage of PAS in the measurements of powders is the absence of
dispersion effects.[32,67] Potential disadvantage for powder samples is in the reproducibility of the
peak intensities.[66]



3. Interpretation of FTIR spectra of nanodiamonds

In this section, an overview of attributions of the various FTIR features on NDs is provided. They are
classified by the main categories of bands typically observed on NDs and by increasing absorbance
frequency. We focus here on the MIR range (900-4000 cm), which is widely documented in the
literature. All the features discussed in the text are summarized in Table 1. Although not all the bands
reported in the literature are mentioned here, the most important contributions are included. For each
assignment, the type of NDs as well as the FTIR method used for the characterization are highlighted.

3.1.“Fingerprint” region (900-1500 cm™)

This IR region is notoriously difficult to interpret on NDs because many contributions from the diamond
core and surface groups are overlapping. Diamond core features are mainly related to C-C lattice
vibrations and various types of defects. The diamond lattice vibration at 1332 cm™ corresponds to the
first order Raman band and is typically not detected by FTIR. However, this band was clearly visible in
several studies and its appearance was interpreted to be the result of broken symmetry of the diamond
C-C bond near the surface due to the surface groups.[68] In the H-terminated or F-terminated NDs in
particular, the diamond lattice vibration is better resolved due to its smaller overlap with C-H and C-F
bonds.[13,48,68—71] This vibrational mode may be screened by oxygen-related surface groups on
other types of NDs.

Nitrogen-induced defects may appear with different contributions in the spectra, especially as
detonation NDs have large amount of nitrogen in the core but also a highly defective structure
compared to bulk diamond. A broad feature in the 1100-1500 cm™ region is typically assigned to
nitrogen impurities [29,31,68] with some more defined vibrational modes from nitrogen-based defects
reported at 1180, 1260 and 1360 cm™.[29]

Surface groups are contributing significantly to the IR fingerprint region. The main contribution from
oxygen-related groups is usually ascribed to C-O-C bending modes of ether-like groups, lactones or
acid anhydrides around 1100-1140 cm™,[31,68,69,72] however C-O stretching modes of hydroxyl
groups are also detected in this region.[31,73] C-O bending modes of epoxy structure or ether group
are reported at 1260 cm™,[10,31,73,74] and acid anhydride-related vibrations at 940, 1290 and
1370 cm™ on oxidized HPHT NDs.[75] C-N stretching and amide Il bands also contribute to the 1210-
1320 cm™ region for NDs having high nitrogen content or aminated surface.[61,76,77] Finally, C-H
bending modes around 1460 cm™ are observed when hydrogenated groups are present on the NDs
surface.[36,47,49,50,69,70,74]

3.2. Amide bands (1500-1665 cm™)

Amide bands were rarely reported on pristine NDs,[69] because in detonation NDs most of nitrogen
atoms are incorporated in the core with little influence on the surface chemistry.[78] However for the
case of aminated NDs, amide | and Il bands related to C=0 and C-N stretching and N-H bending modes,
have been reported.[69,77,79] Care has to be taken as these bands are often difficult to differentiate
from OH bending mode from water and NDs hydroxyl groups. Additional bands related to C=N
stretching (1610 cm™) and N-H scissor (1514 cm™) were reported on aminated diamond powder.[80]

3.3. C=C stretching modes (1535-1595 cm™)

Several studies have tentatively attributed bands in the range of 1535-1595 cm™ to C=C stretching
modes.[19,50,61,63,73,81,82] Although this band should not be IR active, it has been proposed that



polarization from nearby oxygen atoms could lead to appearance of this band.[72,74] In FTIR
measurements at ambient conditions, in some special cases overlap with OH bending vibrations from
water should however also be considered.

3.4.0H bending modes (1540-1650 cm™)

The OH bending modes of hydroxyl groups on diamond at 1620-1630 cm™ are not easily distinguished
from those from water molecules when measured at ambient conditions.[10,74,76,83] Measurement
under vacuum enables desorption of most water molecules. Depending on the hydrogen bonding with
neighbouring functional groups and with other water molecules, the OH bending mode can vary from
1589 cm™ (non-hydrogen bonded) to 1650 cm™ (strongly hydrogen bonded).[84] Vibrational
frequencies between 1545 and 1589 cm™ have also been attributed to OH bending modes of water
molecules when electrons are stabilized at the hydrogen-terminated NDs-water interface.[47] More
details related to water contribution in this region are given in section 5.1.

3.5.C=0 stretching modes (1680-1860 cm™)

Most pristine NDs have a broad absorption band at 1720-1780 cm™ related to C=0 stretching modes
induced by oxidation treatments during the cleaning of the NDs from non-diamond
carbon.[29,31,36,69,73,83,85-89] Depending on the chemical environment and the degree of
oxidation, the C=0 stretching vibrations can shift from 1680 to 1860 cm™ (see Table 1 for details and
references). Contributions from ketones, lactams, aldehydes and esters appear mainly around 1720-
1740 cm* while carbonyl, cyclic ketones and carboxyl groups are shifted upwards to around 1740-1780
cm™’. The C=0 stretching frequencies shifts to higher wavenumbers with the formation of lactones
(1787-1795 cm™), saturated (1800-1810 cm™) and cyclic anhydride (up to 1858 cm™) structures
because of stronger oxidation. However the C=0 stretching band also undergoes shifts to higher
wavenumbers with increasing of the size of the NDs, which was attributed to hydrogen bonding
between neighbouring carboxylic groups.[36] A direct comparison between C=0 stretching
frequencies from NDs produced by different synthesis processes should therefore be performed with
care.

3.6. Phonon bands (1800-2600 cm™)

Two-phonon absorption in bulk diamond appears as several absorption bands between 1800 and 2600
cm™.[90] Although the two-phonon signature was still recorded for diamond particles down to 500 nm
in size,[66] it was not detected for NDs with smaller sizes, due to the phonon confinement effects.[31]
Bands observed in FTIR spectra around 2300-2400 cm™ are generally resulting from incomplete CO,
purging of the spectrometers and are not related to NDs.

3.7. CHy stretching bands (2830-2960 cm™)

The crystallinity difference between 5 nm sized NDs (detonation or meteoritic) and larger NDs of 100
nm dramatically influences the CH stretching vibrations of NDs.[37] For the 100 nm NDs, sharp features
associated with C-H bonds on mainly C(111), but also C(100) and C(110) facets have been identified
(see table 1)[35,37] similarly as for the case of bulk diamond.[91,92] On the other hand, two broad
bands are usually observed for smaller 5 nm sized NDs, which are associated with symmetric and
asymmetric stretching modes of the various CHy groups.[13,47,69,70,74] Note that NDs are highly
sensitive to hydrocarbon contamination, which can complicate the interpretation of CH stretching
bands without in situ preparation or annealing in vacuum.[37,74,93]



3.8. NH, stretching bands (3050-3450 cm™)

NHy stretching mode frequencies are dependent on the type of amino groups and intermolecular
hydrogen bonding with neighbouring groups.[76,77,80,94] They strongly overlap with OH stretching
modes from water molecules but can be discriminated by annealing under vacuum as discussed in

section 4.5.[76]

3.9. OH stretching bands (3200-3600 cm™)

The OH stretching bands appear as a broad band between 3200-3600 cm™ that can either be attributed
to adsorbed water or hydroxyl groups on NDs. [10,12,14,74,76,83] More details on the different
components are discussed in section 4.2 and 5.1.

Table 1: Overview of reported spectral assignments of NDs FTIR spectra.

Absorbance Assignment Type of NDs? FTIR method® | References
frequency (cm™)
709 C-Cl DND - [71]
843 c-Cl DP DRIFT [80]
940 C-O-C stretching, acid anhydride HPHT ND DRIFT (N3) [75]
959-969 CCC bending, COC symmetric | DND KBr [31]
stretching
1043-1049 C-0 bending, hydroxyl DND, DND KBr (air, vac.) | [31,74]
1050-1150 C-O stretching, hydroxyl and ether | HPHT ND DRIFT (N3) [75]
1100-1140 C-O-C asymmetric bending, ether, | DND KBr, Si (air, [31,69,72,73,
ester, lactone, acid anhydride vac.) 95]
1090-1140 C-O stretching, hydroxyl DND KBr (air, [10,63,73,74]
vac.), GAR
1180 N-induced on-phonon process DND KBr [31]
1210, 1320 Amide Ill DND DRIFT, KBr [61,76,77]
(air, vac.)
1235-1245 C-N stretching DND DRIFTS [61]
1254-1270 C-O bending, epoxy, ester DND KBr [10,31,73,74,
96]
1260 Nitrogen A-defect DND KBr [29,31]
1290 c-0 stretching, carboxylic | HPHT ND DRIFT (N3) [75]
anhydride
1332 C-C stretching vibration of the | DND KBr, ATR, [13,48,68—
diamond lattice DRIFT 71]
1320-1370, Cc=0 symmetric stretching, | DND, HPHT | Si, ATR [36,96]
1410 deprotonated carboxyl ND, DP
1340 C-F stretching DND ATR [97]
1360 N-induced on-phonon process DND KBr [31]
1370 c-0 stretching, carboxylic | HPHT ND DRIFT (N3) [75]
anhydride
1460-1470 CHyx asymmetric bending DND KBr, ATR (air, | [31,36,47,49,
N>) 50,69,70,74]




1514 N-H scissor DP DRIFT [80]

1535 CN stretch (amide I1) DND [79]
1535-1595 C=C stretching DND, HPHT ND | KBr, DRIFT, [19,50,61,63,

ATR, GAR 74,82]
1545-1589 OH bending, water molecule close | DND ATR [47]
to an excess electron

1555 C=0 asymmetric  stretching, | DND Si [36]

deprotonated carboxyl

1610 C=N stretching DP DRIFT [80]
1620-1640 OH bending, hydroxyl or water DND, HPHT ND | KBr (air, [10,12,14,47,

vac.), ATR 49,74,76,83]

1630 OH bending water, C-O bending | DND KBr [31,69]

(amide I1)
1650, 1664 C=0 stretching of amide | DND KBr [69,77]
1680-1780 C=0 stretching, deprotonated | DND, HPHT | Si [36]
carboxyl, size dependent ND, DP
1710-1725 C=0 stretching, ketone, aldehydes | DND KBr, ATR, | [47,50,69,85,
Reflection 89,98]
1730-1820 Cc=0 stretching, protonated | DND, HPHT | Si [31,36,72,88]
carboxyl, size dependent ND, DP
1728-1750 C=0 stretching, carbonyl, ester DND KBr [69,86]

1759 C=0 stretching, lactam DND KBr [31]

1783 C=0 stretching, cyclic ketones DND KBr [31,86]
1787, 1795 C=0 stretching, lactone DND KBr, [88,89]

reflection

1790 Cc=0 stretching, carboxylic | HPHT ND DRIFT (N3) [75]

anhydride
1795, 1813 Cc=0 stretching, saturated | DND KBr [85,86]
anhydride

1858 C=0 stretching, cyclic acid | DND Reflection [89]

anhydride (N2,)

1959 C-NH5* DND KBr (air, N,) [76]
2070-2180 C-D DP DRIFTS [68]

2110 C-D stretching on C(111)-1x1 HPHT ND Si (N>) [35]
2100-2200 C=N stretching DND DRIFTS [61]
2800-3500 N-H stretch DND KBr [77]

2835 C(111)-1x1 plane C-H stretching HPHT ND Si (vac., N») [35,37]

2845 C(110):H HPHT ND Si (vac.) [37]
2850-2855 CH, symmetric stretching DND KBr [31,69]

2857 C(110):H HPHT ND Si (vac.) [37]
2870-2880 CH3 symmetric stretching DND KBr [31,69]

2885 C-H stretching DND KBr [69]

2900 Cep3-H SC, DND Si (vac.), ATR | [36,47,99]

2916 C(100):H HPHT ND Si (vac.) [37]

2921 (100) C-H stretching HPHT ND Si (N2) [35]

2930 C(100):H HPHT ND Si (vac.) [37]
2920-2930 CH, asymmetric stretching DND KBr [31,69]
2940-2955 CHs3 asymmetric stretching DND KBr [31,69]
3050,3088 Symmetric NH stretching DND, DP DRIFT, ATR [80,94]
3152, 3280 Asymmetric NH stretching DND, DP DRIFT, ATR [80,94]




3240 OH stretching, ice-like water with | DND KBr [31]
strong intermolecular bonding
3240 N-H stretching DND KBr [31]
3300-3500 OH stretching, hydroxyl DND KBr (air, vac.) | [10,12,14,74,
76,83]
3400 N-H symmetric stretching DND KBr (air, vac.) | [76]
3410-3425 OH stretching, liquid-like water or | DND KBr [31]
water on Lewis basic sites
3490 N-H asymmetric stretching DND KBr (air, vac.) | [76]
3575-3590 OH stretching, gas-like water or | DND KBr [31]
water on Lewis acid sites
3690-3695 OH stretching from isolated water | DND ATR (air) [47,49,71]

? Description of NDs type if available. DND: detonation NDs, HPHT NDs: High Pressure High
Temperature NDs, DP: Diamond particle, diameter <500 nm ° Si: Transmission after drying on Si
substrate, KBr: Transmission through KBr pellet, ATR: Attenuated Total Reflectance, DRIFTS: Diffuse
Reflectance, GAR: Grazing Angle Reflectance. If available, the atmospheric conditions of the
experiment are also given (Vac.: vacuum, Na: nitrogen).

4. FTIR spectra of surface-modified nanodiamonds

Homogenization of NDs surface chemistry is a critical step to ensure reproducible surface
functionalization.[8] Due to its high sensitivity to surface functional groups, FTIR spectroscopy is a
method of choice to validate the modifications of NDs surface chemistry after surface treatments. In
this section, typical FTIR spectra of NDs after various surface treatments are summarized.

4.1. Oxidation

Chemical oxidation with a strong acid such as HNO3/H,SO4 (1:1) mixture is the most commonly used
method to etch amorphous and graphitic carbon around NDs from detonation soot.[83,87,88] It results
in the formation of C=0 bonds clearly identified by their stretching modes in the region 1720-1780 cm™
(Figure 2a). The C=0 stretching mainly refer to carboxylic acids and carbonyls but other groups are also
contributing as discussed previously. In general, the C=0 stretching band is shifted towards higher
frequencies with increasing of the level of oxidation.

Annealing under air (at temperatures usually in the range of 200-600 °C) is an alternative treatment to
oxidize the NDs surface and etch non-diamond carbon.[29,69,82,86,100] As a result, C=0 stretching
modes shift to higher frequencies by 20-40 cm™ due to the conversion of ketones, aldehydes and ester
groups into carboxylic and cyclic ketones. Carboxylic anhydride should appear at 1820 cm™ which is
outside the C=0 range observed for the case of DNDs and was therefore ruled out.[69] On the other
hand, on the surface of HPHT NDs, the air oxidation leads mainly to the formation of hydroxyl and
ether groups with a strong C-O stretching band around 1100 cm™, with some carboxyl anhydride
groups.[75] The disappearance of CHybands, if initially present on the surface, was also reported after
air oxidation.[69,82,95]
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Figure 2: (a) FTIR spectra of NDs resulting from different chemical oxidation and reduction treatments:
(i) after LiAlH, reduction, (ii) after reduction with borane, (iii) pristine, (iv) after oxidation with HCIO,,
(v) after oxidation with HNOs/H,SO4 and (vi) after reaction with ozone under UV irradiation. Reprinted
with permission from reference [83]. Copyright 2006 Royal Society of Chemistry. (b) FTIR spectra of NDs
before (no label) and after (oxidized) thermal oxidation under air for 5 h at 425 °C for detonation soot
(UD50, brown) and NDs purified by acid treatments (UD90, green and UD98, blue). For the UD90, the
FTIR spectrum of the oxidized sample after annealing for 2h at 800 °C in hydrogen is also shown
(hydrogenated). Reprinted with permission from [82]. Copyright 2006 American Chemical Society.

Annealing in ozone atmosphere is another possibility for strong oxidation of the NDs while using lower
annealing temperatures (150-200 °C).[89,101] In contrast to annealing under air, Shenderova et al.
reported that no carbonyl band at 1720 cm™ could be observed in ozone-treated NDs.[89] Instead, a
strong band at 1858 cm, attributed to cyclic acid anhydride groups, was detected in addition to
lactone and hydroxyl contributions.

4.2. Hydroxylation

The formation of hydroxyl groups on the surface of NDs can be achieved by chemical reduction with
borane or LiAlHg4,[74,76,83] Fenton reaction,[10,14] or irradiation with UV under ozone
atmosphere.[12,83] Examples of FTIR spectra of hydroxylated NDs are shown in Figure 2a and 3. A
strong increase in intensity of the OH bending and stretching vibrations is observed after
hydroxylation. Note that the C=0 stretching band disappears or is strongly reduced after borane or
LiAlH4 chemical reduction, whereas after Fenton reaction C=0 bands are not affected.

OH vibrations coming from hydroxyl groups on the NDs surface or from water molecules are difficult
to differentiate when the NDs-OH are characterized in ambient condition, especially since
hydroxylated surfaces are highly hydrophilic. FTIR characterization under vacuum after mild annealing
to remove water adsorbates enables the distinction between hydroxyl groups and water contributions



due to their different temperature stability (Figure 3b).[74] A broad band at 3300-3500 cm™ remains
after water desorption in vacuum for NDs-OH, which is not the case for oxidized NDs.
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Figure 3: (a) FTIR spectra of pristine (top), moderate (middle) and deep (bottom) Fenton-treated DNDs.
Reprinted with permission from reference [10]. Copyright 2009 American Chemical Society. (b) FTIR
spectra of pristine (Ch-F6) and hydroxylated (ND-OH) DNDs using LiAlH4 reduction, characterized both

in air and in vacuum after 200 °C annealing. Reprinted with permission from reference [74]. Copyright
2011 American Chemical Society.

4.3. Hydrogenation

Hydrogenation of NDs can be achieved either by annealing under hydrogen atmosphere or by exposure
to a hydrogen plasma.[13,31,35,37,70] This treatment leads to an intense increase of CHx bending and
stretching vibrations and reduction of C=0 bands (Figure 4).[13,69—71] However, appearance of CHy
stretching bands should be treated with care since H-terminated NDs are strongly sensitive to
hydrocarbon contamination, which can be difficult to separate from chemically bonded CHy
groups.[37,93] As already described earlier, on large NDs, sharp C-H signature over the different
diamond facets should be detected,[35,37] while two broad bands are usually reported on
DNDs.[13,70] A higher sensitivity to diamond C-C stretching band at 1332 cm™ has also been observed
for H-NDs,[13,49,70,71] which is associated with removal of oxygen-containing groups. Other bands
appearing in the 1540-1670 cm™ region have also been reported,[30,49,69,70] which have recently
been attributed to OH vibrations of water molecules on H-NDs surface.[47]
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Figure 4: (a) FTIR spectra of as received DNDs (top) and after annealing under H; atmosphere. Reprinted
with permission from [70]. Copyright 2010 American Chemical Society. (b) FTIR spectra of as received
DNDs (top), after H, plasma treatment (middle) and functionalization with diazonium (bottom).
Reprinted with permission from reference [13]. Copyright 2011 Royal Society of Chemistry.

4.4. Thermal reduction and graphitization

Annealing in inert atmosphere (argon, nitrogen) or in vacuum at moderate temperatures (<1000 °C)
leads to desorption of surface functional group and eventually to the surface graphitization of the NDs
surface.[9,69,100,102] The FTIR signature of NDs annealed in vacuum is quite similar to NDs annealed
under molecular hydrogen, with a drastic reduction of C=0 bands and an increase of CHy stretching
modes.[69] The H, atmosphere is however more reductive since lower temperatures are required to
obtain similar FTIR spectra.[69] Strong C-O stretching bands around 1100 cm™, possibly coming from
ether or epoxy groups, are still observed on the surface of NDs after annealing under vacuum above
700 °C and may come from binding of oxygen atoms from water and/or molecular oxygen on sp?
reconstructions after exposure to air.[95] The appearance of C=C stretching bands is usually not
reported despite surface graphitization, therefore Raman spectroscopy is more relevant than FTIR for
characterization of sp?-hybridized reconstructions on NDs.

4.5. Amination

The direct amination of NDs is reported to be a difficult reaction,[8] but several indirect amine grafting
methods have been demonstrated.[15,76,77,80,94] The FTIR signature of NDs-NH; is mainly related to
amine stretching and bending vibrations (Figure 5). Stretching vibrational modes were reported in the
3050-3450 cm™ region, depending on the type of amino groups and intermolecular hydrogen bonding
with neighbouring groups.[76,77,80,94] This region overlaps with OH stretching modes from water
molecules but dehydrated FTIR spectra were reported by Hens et al. (Figure 5a).[76] N-H bending
mode appears at 1630 cm, similar to O-H bending mode. Further N-related groups related to
amination treatment, such as N-H scissoring mode (1514 cm®), C=N (1610 cm™) or C-NHsz* ( 1959 cm'})
were also reported.[76,80] Grafting ethylenediamine on carboxylated NDs surface results in the
appearance of amide | (1665 cm™), Il (1550 cm™) and I11 (1217-1317 cm™) in the spectra of NDs-NH; as
reported by Mochalin et al. (Figure 5b).[77]
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Figure 5: (a) FTIR spectra of aminated DNDs characterized in air (black) and under vacuum at 100 °C
(red) and 170 °C (blue). Adapted with permission from reference [76). Copyright 2008 Elsevier. (b)
Comparison between carboxylated (dashed) and aminated (full) NDs in the whole MIR region (a) and

the region of amide bands (b). Adapted with permission from reference [77]. Copyright 2011 American
Chemical Society.

4.6. Other surface treatments

Fluorination of DNDs is usually validated by C-F stretching vibrations appearing in the region 1100-
1400 cm™ and bands at 1700-1870 cm™ attributed to C=0 stretching modes of F-substituted carbonyl
groups.[48,94] In parallel, a strong decrease of OH vibrations was reported. Chlorination leads to the
formation of a distinctive C-Cl bond which was reported at 709 or 843 cm™ depending on the size of
nanoparticles.[71,80]

5. In situ/Operando FTIR characterization of nanodiamonds

5.1. Influence of water on FTIR spectra of nanodiamonds

Simple exposure of NDs to ambient air can induce dramatic changes in the FTIR spectra due to water
adsorption.[30,69] In addition to appearance of new peaks, the intensity and the vibrational
frequencies of the bands coming from the surface groups can also change. When characterizing the
surface chemistry of NDs, these effects can be minimised by performing FTIR measurements in
vacuum. The high sensitivity of FTIR to water molecular vibrations, especially OH bending and



stretching modes, has however been utilised for more detailed studies of water interactions with NDs
surface.[30,47,49] A seminal work by Ji et al. identified different types of water adsorption sites on the
NDs, with adsorption profiles being strongly dependent on NDs surface functional groups.[30]

Since the OH stretching and bending modes are highly sensitive to hydrogen bonding between water
molecules, it has been used for more detailed studies of hydrogen bonded network in different
materials.[84,103-105] For NDs, both transmission through KBr pellets and ATR measurements were
performed on NDs exposed to water molecules, generally in vapour phase. Due to their high
hydrophilicity, multilayer water adsorption is usually observed upon exposure of NDs to ambient or
humid air.[30,74]

The OH stretching bands of non-hydrogen-bonded water has been reported on H-terminated NDs as
one or two sharp peaks at 3960-3965 cm™ and 3620 cm™.[47,49,71,106] Vibrations around 3575 cm™
were attributed to weak water adsorption at Lewis acid sites while stronger water adsorption at Lewis
basic sites was proposed as the origin of the strongest band around 3412 cm™.[30] Additionally,
intermolecular bonding between water molecules was attributed to the component at lower
frequency (3240 cm™). However these last three bands can also be interpreted in terms of water with
poorly connected, liquid-like and ice-like hydrogen bonded structures, respectively,[47] by analogy
with studies performed on water hydrogen bonded network in other materials.[103—105]

The OH bending mode can also provide information about the strength of hydrogen bonding between
the NDs surface and surrounding water molecules.[84] For most NDs, a single peak at 1620-1640 cm™
is detected, related to hydrogen-bonded water molecules similar to liquid water. However, for the
case of hydrogenated NDs the shift to lower frequencies (~1616 cm™) was observed which implies the
OH bonds having weaker hydrogen bonding that can be related to water adsorption on hydrophobic
sites (Figure 6).[47,49] When exposed to humid air in situ, some of the OH vibrations were reported
shifted as far down as 1545 cm™, even below the vibrational mode of non-hydrogen bonded water
molecule appearing at 1590 cm™. This contribution was attributed to OH vibration of water molecules
close to an excess electrons trapped at the diamond-water interface.[47]
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Figure 6: (a) ATR-FTIR spectra of H-DNDs in dry state (black), after equilibrium at ambient conditions
(blue) and after dispersion in water (green). Reprinted with permission from reference [49]. Copyright
2016 Elsevier. (b) Difference FTIR spectra between NDs with various surface chemistry in dry state and
after exposure to humid air. Reprinted with permission from reference [47]. Copyright 2017 American
Chemical Society.

On oxidized NDs surfaces, the C=0 stretching band is also affected by water adsorption.[36,47] Tu et
al. proposed that large redshifts of the C=0 stretching band could be expected after hydrogen bonding



with water molecules.[36] In addition, they reported redshifts of up to 50 cm™ between basic and
acidic pH due to the deprotonation of carboxyl groups. Redshifts of 6-7 cm™ as well as a small decrease
in absorbance were detected on carboxylated NDs after exposure to humid air.[47] The presence of
adsorbed water as well as the initial pH of the dispersion, if dispersed before a measurement, should
therefore be taken into account when interpreting the C=0 stretching band frequency. Finally, small
intensity changes of the CHy stretching band absorbance were detected after exposure to water on H-
NDs (Figure 6b), which origin remains unclear.[47]

Fewer studies have also been published on other solvent molecules. In situ exposure of NDs to ethanol
using ATR FTIR was recently reported.[46] Inel et al. have shown that ethanol molecules adsorb
preferentially with the —OH group oriented towards the NDs surface thus forming hydrogen bonds
with C=0 groups from carboxylic acids or acid anhydrides. Exposure of NDs to other types of solvent
would certainly provide further insights into solvation properties of NDs.

5.2. Electrochemical processes at the surface of nanodiamonds

Electrochemical processes occurring at the surface of NDs in aqueous medium have been followed
using ATR FTIR as shown by the work of Holt and co-workers.[50,107] For example, the electrochemical
response of the ND spectral features in the presence of the redox species IrCls* was investigated after
drop casting detonation NDs on a diamond ATR crystal.[50] In situ FTIR measurements in 10 uM
aqueous solution of IrCl¢> followed the modifications occurring on the NDs surface chemistry over time
(Figure 7a). Decrease in the absorbance intensity of C-OH stretching band of alcohol group at 1072 cm”
1and corresponding increase of a band at 1665 cm™ associated to carbonyl quinone-like surface groups
was interpreted in terms of electron transfer between IrCls> and NDs surface, leading to oxidation of
alcohols to carbonyls. Absorbance intensity losses at 1732 and 1288 cm™ were also observed in
solutions in the absence of IrCls> ions demonstrating that they are not related to a redox process. In
addition, both processes underwent an intensity decay with different temporal profiles demonstrating
the importance of in situ measurements over time for tracking complex electrochemical processes at
the surface of NDs in agueous medium.
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Figure 7: (a) ATR FTIR difference spectra of NDs exposed to 10 uM IrClg> compared to equilibrated
sample in 0.1M NaCl at pH 4 over time. Reprinted with permission from reference [50]. Copyright 2011
Royal Society of Chemistry. (b) FcMeOH (red) and FcMeOH* (blue) on a clean ATR prism (transparent



line), and in the presence of NDs (solid line). All aqueous solutions contained KCl (0.1 M, pH 5.88).
Reprinted with permission from reference [107]. Copyright 2014 Royal Society of Chemistry.

Interactions between NDs and ferrocene methanol (FcMeOH) redox species in aqueous solution were
also investigated.[107] After exposure to FcMeOH for 120 min slight increase of the absorbance
intensity of OH stretching and bending modes are reported, while appearance of new bands, mostly
associated with FcMeOH signature, are observed after exposure to FcMeOH* (Figure 7b). This
difference is mainly illustrating electrostatic adsorption of positively charged ions compared to neutral
ones on the surface of NDs, which could support cyclic voltammetry data in understanding of NDs-
FcMeOH electrochemical interactions.

5.3. Catalytic processes at the surface of nanodiamonds

Catalytic (and photocatalytic) processes occurring at the surface of nanoparticles had been monitored
using FTIR, mainly in the DRIFT mode.[57,58] Su and co-workers demonstrated that this technique is
sensitive to changes of the NDs surface chemistry during catalytic processes.[60—62] In addition, FTIR
can also be used to monitor the evolution of the reactants during the catalytic reaction. For example,
the dehydrogenation of ethylbenzene on NDs was followed at temperatures up to 450 °C (Figure
8a).[62] C=0 groups were identified as a key functional group for the catalytic process which is
activated during the reaction, as evidenced by a shift from 1790 to 1765 cm™ of the C=0 stretching
band measured in operando during the temperature increase. Appearance of OH stretching bands was
attributed to the formation of hydroxyl-like intermediates. On the other hand, C-H stretching bands
and skeletal C-C bonds of ethylbenzene did not undergo any change, suggesting that the benzene
molecules have poor interactions with the NDs. [62] Carbonyl and surface defects leading to the
appearance of OH groups were found to play a role in the adsorption of borate on NDs, influencing
their catalytic reactivity towards the dehydrogenation of propane.[60] In this case, the DRIFT spectra
were recorded in situ at 230 °C in helium to eliminate any contribution from water adsorbates.
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Figure 8: (a) DRIFT spectra of NDs catalysts under a flow of diluted ethylbenzene at 450°C. Reprinted
with permission from reference [62]. Copyright 2010 Wiley. (b) Transmission FTIR of gas-phase products
after UV illumination of NDs in CO,-saturated water with 125 uM SOs?/S04* and respective control
experiments. Reprinted with permission from reference [108]. Copyright 2017 Elsevier.



FTIR can also be used to characterize gas-phase products generated by photocatalytic reactions on
NDs, such as CO, reduction under UV illumination.[108] Even if these measurements are not directly
probing the NDs surface, indirect information concerning chemical reactions occurring at the surface
of NDs can be determined by recording FTIR spectra of formed end products (Figure 8b). In particular,
control experiments demonstrated the need for CO,, UV illumination and an electron donor such as
Na,SOs to achieve significant photoreduction of CO, to CO induced by NDs [108].

6. Future perspectives

Most FTIR characterizations of NDs so far have been performed using KBr pellets either held at ambient
or under vacuum conditions using transmission mode. Although this method has been very successful,
care has to be taken that the correct background correction is chosen and consistent sample
preparation is needed for the quantitative investigation and comparison between the measurements
of different groups and different methods. More studies performed in carefully controlled
environments, such as UHV conditions, would certainly enrich the interpretation of FTIR spectra of NDs
with defined surface groups. Comparison of FTIR spectra from NDs having different structural
properties (size, purity...) but having been exposed to similar surface treatments would also be of high
interest to better understand the chemical reactivity of NDs.

Current studies of NDs based on ATR and DRIFT are focusing on relatively large amounts of sample to
increase the surface area, and hence the number of surface functional groups, being probed by the IR
light. In general, little information is provided regarding the surface area of the NDs samples in DRIFT
or the thickness of the NDs films deposited on the crystal in ATR measurements. However, this
information becomes important when investigating the reactions at the solid/liquid or solid/gas
interfaces and consistent sample area/thickness are important for quantitative comparison. Good
adhesion to an ATR crystal and an even distribution over the crystal area exposed to IR light are
particularly important when the ND layer is exposed to a liquid solution or when electrical potential is
applied as part of the electrode system. More information concerning the NDs film thickness, adhesion,
distribution and stability would be beneficial for the development of in situ measurements and should
be reported in future studies.

In situ ATR-FTIR and DRIFT studies on NDs started to emerge as we described in section 5. Although
very challenging, operando measurements which have been demonstrated on other types of
nanoparticles,[6] are also expected to gain in importance in NDs research as they would add invaluable
information on chemical processes which cannot easily be followed with other spectroscopic
techniques. To obtain the structural and kinetic information in NDs under realistic conditions,
particularly when thin sample layers or monolayers are required, the correct combination of sensitivity
and selectivity as well as time resolution of data collection are necessary. The limitation of IR in general
is that the spectra can be complex to interpret as multiple species are often present on the surface of
NDs which by nature have weak absorption intensities and vibrational modes with lower absorbance
cross sections can be lost. Although rapid and step scan modes of FTIR spectrometers have time
resolution on the micro to nanosecond scales, the temporal resolution of dynamics study may be
compromised by averaging of the data to be able to detect very weak signals from the active species.
In order to probe monolayers of NDs and reactions of their surface groups at the interfaces more
advanced surface sensitive techniques would have to be used. Infrared reflection-absorption
spectroscopy (IRRAS) is often applied to study monolayer thin films adsorbed on reflective metal
substrates.[109] It is performed under grazing incidence and due to the surface selection rules it has
high sensitivity (<10 monolayers) to the vibrational modes with a component of their dipole change
perpendicular to the metal surface. Additional modulation of the radiation polarization can increase



surface sensitivity and remove the strong influence of gas or bulk water adsorbed on NDs surfaces as
achieved by the Polarization Modulation Infrared Reflectance Absorption Spectroscopy (PM-
IRRAS).[110,111] Surface enhanced infrared spectroscopy (SEIRA) is another advanced method
suitable for in situ and in operando studies of nanoparticles, for which 10-1000 times more intense
adsorption intensities have been reported on metal surfaces[4,22], or even on some other materials
such as graphene,[4] or double-layered nanoparticle stacks.[112]

The application of FTIR imaging could also become of interest for the NDs community, especially inside
fixed cells or live cells for biomedical applications. ATR imaging[39,113] and FTIR microscopy using
synchrotron sources[114-116] have lateral spatial resolutions in the range of several micrometers,
which corresponds to the diffraction limit in the IR region. IR based techniques achieving nanometer
scale spatial resolution have also been developing in recent years and are moving towards the single
molecule sensitivity.[117,118] Based on either scattering-type scanning near field optical microscopy
(s-SNOM) or photo thermal-effect (AFM-IR)[119,120] these imaging methods collect the IR spectra
from the sample areas as low as 20 nm [117,121], either using the tunable laser sources or the
broadband synchrotron sources.[122,123] In recent work using AFM-IR technique, the conformational
changes in proteins inside biological cells were investigated following the uptake of NDs[124] and the
sensitivity moving towards a single protein detection was reported by nano-FTIR.[125]

Spectral processing of the FTIR data such as deconvolution and derivative of the spectra can facilitate
the estimation of the band positions and their relative contributions.[30,31,35,47,69] Statistical
methods such as principal component analysis are often used to distinguish between subtle
differences in large numbers of spectra, but also various correction methods to account for different
distortion artefacts.[126,127] Two-dimensional (2D) correlation spectroscopy can provide additional
information of the correlation and sequence of events recorded in situ or in operando methods as well
as improved spectral resolution.[128,129] Theoretical methods have also been employed to aid the
assignments of infrared peaks.[74,130] Although still poorly used by the NDs community, advanced
data analysis methods and theoretical support may facilitate the interpretation of weak signal
detected during in operando measurements.

7. Conclusions

FTIR is a powerful technique for the characterisation of the surface chemistry of NDs. The FTIR methods
currently applied to NDs in various environment have been reviewed. The interpretation of FTIR
spectra of NDs with defined surface chemistries is relatively well documented and a summary of the
current assignments of features from FTIR spectra of NDs was provided. Nevertheless, there is still a
need for more studies investigating systematically NDs with different preparation methods, size
distribution and/or different sample environment. Early work on in situ/operando FTIR
characterization of chemical processes at the interface between NDs and liquid and gases were
presented. Although FTIR has already been used since several decades, the analytical methods are
constantly evolving to be applied in more complex environment and offer higher time- and spatial-
resolutions. FTIR would therefore remain an essential tool for the characterization of NDs surface
chemistry both as complementary information to other methods such as Raman spectroscopy [131]
and X-ray photoelectron spectroscopy [132] for example, and for the dynamic information when
monitoring the reactivity of NDs in complex media in the future.
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