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Annotation

Finding novel flexible materials for renewable energy generation is increasing in im-
portance to meet modern society requirements. Diamond nanoparticles denoted as
nanodiamonds (NDs) possess numerous beneficial material properties and are envi-
sioned for a wide range of applications. Blending NDs with organic materials into
organic-inorganic composites could provide new beneficial properties for solar cells,
in contrast with the well-established but not ideally cost-effective and adaptable sili-
con photovoltaics. This thesis is focused on studying interactions of polypyrrole (PPy)
with NDs by computational methods in order to reveal and better understand effects
possibly brought about by the nanoscale features. First principles density functional
theory (DFT) is employed, particularly the B3LYP and @B97X-D functionals with the
6-31G(d) basis set are used. We compare PPy in chemisorbed and physisorbed config-
urations on the most probable reconstructed (111) and (100) ND surface slabs as well
as amorphous surfaces with the most common hydrogen- and oxygen-surface func-
tional groups. Consistently for hydrogenated and oxidized ND surfaces, calculated
binding energies (Ej) indicate exothermic and endothermic character for physisorbed
and chemisorbed structures, respectively. For the oxidized ND surfaces, though, the
analysis reveals significant role of hydrogen bonds in the physisorption of PPy. The co-
valent or non-covalent nature of the bond type is confirmed by the interaction energies
(Eint). For a substantial number of the cases, high values of charge transfer (Ag) be-
tween PPy and ND are observed. We observe spatially separated HOMO and LUMO
and favorable energetic level alignment at the ND-PPy interface for the majority of the
oxidized NDs. The computed features are also retained for NDs with the amorphous
surface layer. Excited states are computed by time-dependent DFT (TDDFT) to ana-
lyze how the electronic configuration can promote dissociation of excitons, for instance
in photovoltaic applications. In a number of the cases, the transition from HOMO to
LUMO turns out to be dominant. The obtained results thus provide guidance for the
synthesis of real ND-PPy composites.



Anotace

Nalezeni novych flexibilnich materidlti pro vyrobu energie z obnovitelnych zdroji
nabyva na vyznamu pro splnéni poZadavki moderni spole¢nosti. Diamantové nanocas-
tice oznacované jako nanodiamanty (NDs) maji fadu pfiznivych materidlovych vlast-
nosti a maji potencidl pro Sirokou Skélu aplikaci. Kombinace NDs s organickymi ma-
teridly do organicko-anorganickych kompoziti by mohlo poskytnout nové vyhodné
vlastnosti pro solarni ¢lanky, na rozdil od dobfe zavedené, ale nikoli idedlné ndkladove
efektivni a ptizpisobitelné kiemikové fotovoltaiky. Tato prace je zaméfena na studium
interakci polypyrolu (PPy) s ND pomoci vypocetnich metod s cilem odhalit a 1épe
porozumét efektlim, které jsou disledkem nanostruktury. Konkrétné je pouZita teorie
funkcionalu hustoty (DFT) vychazejici z prvotnich principti a B3LYP a wB97X-D
funkciondly s 6-31G(d) bazovou sadou. Porovnavdame PPy v chemisorbovanych a
fyzisorbovanych konfiguracich na nejpravdépodobnéjsich rekonstruovanych (111) a
(100) ND povrsich a také na amorfnich povrsich s nejbé€znéjSimi vodikovymi a kys-
likovymi funkénimi skupinami na povrchu. Konzistentné pro hydrogenované a oxi-
dované ND povrchy, vypoctené vazebné energie (Ep) indikuji exotermni charakter pro
chemisorbované struktury a endotermni charakter pro fyzisorbované struktury. Pro ox-
idované ND povrchy analyza odhalila vyznamnou roli vodikovych vazeb pro fyzisorpci
PPy. Kovalentni nebo nekovalentni charakter vazby je potvrzen interakénimi energiemi
(Eint). Pro znaény pocet pripadi jsou pozorovany vysoké hodnoty prenosu ndboje (Ag)
mezi PPy a ND. Déle jsou pozorovdny prostorové oddélené hrani¢ni orbitaly (HOMO
a LUMO) a priznivé vyrovnani energetické hladiny na rozhrani ND-PPy pro vétSinu
oxidovanych ND. Vypoctené vlastnosti jsou zachovany i pro ND s amorfni povrchovou
vrstvou. Excitované stavy jsou pocCitdny Casove zdvislym DFT (TDDFT) k analyze, jak
muZe elektronova konfigurace podpofit disociaci excitontl, napiiklad ve fotovoltaick-
ych aplikacich. V tadé pripadl se ukazuje, zZe prechod z HOMO na LUMO je vici
ostatnim prechodim dominantni. Ziskané vysledky tak poskytuji ndvod pro syntézu
realnych ND-PPy kompozitt.
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Aims of the thesis

The goal of this thesis is to investigate feasibility and nature of the bonding between
polypyrrole (PPy) and diamond nanoparticles (NDs) using computational approaches,
guide the experimental synthesis of the composites of PPy with detonation nanodi-
amonds (DNDs), and provide a better understanding of the system’s properties and
function. Particularly, the thesis aims to explore the interactions of PPy with surfaces
of NDs on theoretical basis using density functional theory (DFT) computations. In-
herent part is a thorough review the background knowledge and state of the art, and
present the progress of our research so far. Regarding the possible applications, the
goal is to analyze properties pointing out the practicability and possible usability of
the PPy-ND systems for solar cell and photovoltaic applications. More generally, the
aim of the thesis is to perform basic research of a representative of organic-inorganic
interfaces.



1. Introduction

Solar energy production and in particular photovoltaics (PV) is one of the key elements
to support the energy transition from fossil to renewable energy sources, thus directly
contributing to solving the climate change problem. From more than half a century
ago, when the first solar cells were manufactured, up till now bulk silicon wafers have
been the most commonly used material for solar cells. In the last ten years, PV has
seen exponential growth, with an installed capacity of over 100 GW in Europe alone.
Mass realization and further exponential growth are expected when integrated PV be-
comes common, i.e. in roofs, facades, windows and other objects. However, the cur-
rent silicon-based PV devices have limitations preventing their ubiquitous application:
Although they reach efficiency up to 26.7% in a single-junction [|1] the efficiency to
cost ratio remains unsatisfactory as higher efficiencies are reached only for multiple-
junction cells. They also realize their full potential (energy conversion efficiency) only
under high and direct solar irradiation, which is not coinciding with the areas of the
highest energy consumption in the developed countries. Silicon nanoparticles are con-
sidered as an alternative to the traditional bulk silicon material [2,[3]] owing to charge
carrier multiplication, low toxicity, and possibility to rely on well-established silicon
industry. However, the synthesis and stabilization of Si nanocrystal surfaces is compli-
cated.

Organic PV (OPV) is a promising area in particular owing to the ability to cover
large surface areas and better performance under low-light conditions. The develop-
ment of high-performance organic semiconductors has enabled OPV to become an
important source of alternative energy over the past few years. The newly developed
active materials used in OPV are non-toxic and enable cost-effective and eco-friendly
roll-to-roll manufacturing with orders of magnitude lower energy consumption com-
pared to the manufacturing process for classic PV. However, current OPV technology
still suffers from fundamental issues. Those are mostly degradation, higher cost of
some key components, and relatively low efficiency of only up to 11 % [4].

Worldwide research and development efforts are thus put into investigating newly
combined inorganic and organic materials [[5-7|], which would provide a breakthrough
for OPV-type solar cells performance and wider application. One of the main chal-
lenges is to increase the efficiency while decreasing the production and installation
costs. Diamond nanoparticles — nanodiamonds (NDs) — represent an inexpensive (~ 1
EUR/g) carbon nanomaterial possessing a unique set of material, chemical, and elec-
tronic properties, e.g., superb hardness, chemical inertness, non-toxicity, biocompati-
bility, high carrier mobility, efficient heat dissipation, and luminescence. Various car-
bon nanostructures were already studied as charge transporting material and additives
within a light harvesting material [8H10]. However, the potential of NDs in photo-
voltaics and the connected light to energy conversion remains mostly unexplored. NDs
could be beneficial alternative to silicon and other traditional photovoltaic materials,



e.g., TiO,, GaAs, and CdS [2,3,{11].

The possible beneficial functionalization of NDs is diverse, NDs are capable to bind
a wide array of surface groups, and it changes the electrical properties of the struc-
tures [12]. Combination of NDs with organic materials can lead to novel electronic
semiconductor-organic functional systems. Polypyrrole (PPy) is a typical represen-
tative of organic semiconductors, PPy is chemically stable conjugated polymer [13]]
absorbing well the visible light (hence called organic dye), its conductivity and en-
ergy band gap (typically 1.3 — 3.2 eV) can be controlled by the method of prepara-
tion [14,|15]]. Structurally, PPy contains an amino group within its heterocycle, and it
can be a linker to biomolecules [16]. In this respect, NDs modified with PPy could
be used as a sensor. Combining PPy with nanodiamonds has a potential use in photo-
voltaic (PV) applications based on an experimentally measured transfer of photogener-
ated charge between bulk diamond and PPy observed by Kelvin force microscopy and
optical spectroscopy [17-19]. These results showed that merging diamond and organ-
ics provides an efficient interface for exciton dissociation and electron transfer [|19,20]].
Such hybrid organic—inorganic interfaces are considered perspective for novel photo-
voltaic systems [21},22]]. For these purposes, chemical modification and investigation
of interaction of diamond surface with molecules is important. Previous experimental
studies also showed various configurations of PPy binding with NDs [23]]. Moreover,
carbon allotropes in junction with polymers turned out to be promising material for
solar cells [7,124.,125]].

The nanoscale properties of functionalized and sensitized NDs would be difficult
to understand based purely on experimental techniques. Therefore, computational ap-
proach involving first-principles calculations is essential. In this work, we present a
comprehensive computational study of chemisorbed (grafted) and physisorbed (merely
adsorbed) PPy oligomers on hydrogenated or oxidized ND surfaces including also ad-
ditional hydrogenated or oxidized amorphous carbon layer with view to possible pho-
tovoltaic applications.



1.1 Diamond

Diamond has been known to humans for centuries, and its applications are still expand-
ing. Since the middle of the 20th century, diamond has been commercially manufac-
tured as industrial material. Nowadays, most technologies are moving to the nanoscale,
where demand for nanodiamonds is emerging [26,[27]].

Bulk diamond has a number of unique properties including high electron and hole
mobilities, both of about 2000 cm?/Vs, thermal conductivity of 25 W/cm- K, electric
breakdown field of '07 V/cm, hardness of 104 kg/mm?, and Debye temperature of
1860 K [27]. Undoped intrinsic diamond is an electric insulator with the band gap of
5.47 eV. However, under doping, diamond could be transformed into a p- or n-type
semiconductor. The near-surface region of H-terminated diamond shows p-type semi-
conductivity, negative electron affinity, and it is positively charged. While the surface
of O-terminated diamond exhibits insulating properties, positive electron affinity, and
it is negatively charged.

Diamond is an allotrope of carbon, which is a base for a rich variety of forms owing
to its electronic structure. The electron configuration of carbon in the ground state is
15225%2p?. The four valence electrons in the 25 and 2p valence shells can participate in
chemical bonds, the valency of carbon is 4. The energy difference between the valence
shells is small, therefore the electron wave function of their electrons can mix, and
their occupancy can vary. Diamond is a result of sp> hybridization of carbon. Other
possibilities are e.g. sp” (graphene) and sp (carbyne) hybridization. sp> hybridised
orbitals of carbon and the diamond fcc-cubic crystal lattice can be seen in Figure [1.2]
(a) and (b), respectively.

Nanodiamonds (NDs) represent new building blocks at the nanoscale, where dif-
ferent properties from the bulk diamond could arise. Nowadays, NDs are commer-
cially used in many areas including lubricants, nanocomposite materials, nanoelec-
tronics components, optoelectronics, biosensors, biology and biomedical applications
as biomarkers or for targeted drug delivery [14]. An example of usage of NDs for pho-
tovoltaic applications could be seen in Figure[I.I|showing a cross-sectional scheme of
photodiode with embedded DNDs [28]].
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Figure 1.1: Cross-sectional scheme of photodiode with embedded DNDs. Reprinted
from [28]].

Diamond nanoparticles represent a new carbon nanostructure. NDs with the sizes at
the microscale can be synthesised from graphite during high-pressure high-temperature
synthesis, so called HPHT nanodiamonds [29]]. Also, detonation-based synthesis of
nanodiamonds giving rise to nanoscale detonation nanodiamonds (DND) has been de-
veloped [29]. In a closed chamber, explosives (a mixture of trinitrotoluene with hex-
ogen) are detonated, and diamond crystals are formed from the carbon explosives.



Figure 1.2: Schematic figure of sp> hybridized orbitals of carbon with valence angles
109°28' (a). Diamond crystal lattice (b).

DNDs, in contrast with HPHT NDs, contain larger variety of surface groups and also
non-diamond carbon, which is further removed by purification processes. Both HPHT
and DNDs are commercially available material produced on an industrial scale and
applied in numerous fields.

As for any other nanomaterial, surface of NDs is important. In order to prevent
dangling bonds, i.e. unsaturated valences on surface atoms, the surface has to be ter-
minated. Depending on the manufacturing process, surface atoms are most often ter-
minated with hydrogen or oxygen moieties (a consequence of using oxidizing reagents,
e.g., concentrated mineral acids used for cleaning nanodiamonds). Schematic of trun-
cated octahedral ND functionalized with various oxygen-containing groups and PPy is
shown in Figure[T.3]

Experimentally, the most common surface chemical groups found on detonation
nanodiamonds (DND) are related with oxygen, hydroxyls, carboxyls, and anhydrides
owing to the production process, where newly formed detonation diamond crystallites
react with a cooling medium, or arise from the purification process [30]. Hydrogen-
terminated NDs, experimentally studied in [[17,31], can arise from a chemical va-
por deposition (CVD) [32]], from thermal annealing in pure hydrogen [33]], or from a
plasma-assisted hydrogenation process [34]. Hydrogen was identified as a prerequi-
site for further grafting of PPy molecules [35]]. The size of DND can be controllably
reduced down to 1.4 nm [36]. In Figure [I.4]can be seen a scanning transmission elec-
tron microscopy (STEM) image of DND [36f]. Atomic force microscopy (AFM) image
showing the topography of H- and O-terminated DNDs can be seen in Figure [I.5] (a)
and (b), respectively [23]].

Electronic and physical properties are significantly influenced by the chemical ter-
mination of NDs. In contrast with the negative electron affinity and surface conduc-
tivity of H-terminated ND, oxygen termination of ND provides positive electron affin-
ity [37] and high electrical resistance [38]. Higher electronegativity of oxygen com-
pared with carbon results in the polarization of the bond between oxygen and carbon
with the negative charge — on the oxygen and the positive charge 6+ on the car-
bon. As a consequence of this surface C-O dipole layer, the vacuum level is above the
conduction band minimum [[39]]. The opposite is true for C-H surface dipole.

The two most common low index diamond facets found on the surfaces of natu-
ral and synthetic diamonds are (111) and (100) facets [29,40,41]. These low-index
surfaces dominate the polycrystalline CVD growth process, where they are the most



Figure 1.3: Schematic of truncated octahedral ND functionalized with various
oxygen-containing groups, amorphous surface layer, and PPy oligomers adsorbed
on the surface. (111) ND facets are in green, (100) ND facets are in orange, C atoms
of PPy are in gray, H atoms of PPy are in white, and N atoms of PPy are in blue.

100 nm Z scale 18 nm 100 nm Z scale 18 nm

Figure 1.5: AFM topography images of as received H-terminated DNDs (a) and O-
terminated DNDs (b). Reprinted from [23].



highly represented with a quota dependent on temperature and pressure [42]]. The (100)
surface represents the most defect-free surface obtained from experimental synthe-
sis [43]]. Moreover, surfaces of detonation NDs (DNDs), commercially available with
sizes less than 4 nm in diameter [44]] contain an amorphous layer of carbon on parts of
their surfaces. Thermodynamic stability and surface reconstruction of NDs terminated
with oxygen-containing groups under varying conditions, and different surface cover-
age of (111) and (100) facets was studied by both theoretical [12,37,42,43,45-59] and
experimental [[15,60-65] methods.

H-terminated (111) surfaces remains unreconstructed, i.e. in the 1 x 1 configura-
tion, which was confirmed by both theoretical [37,40,42,66] and experimental [67,68]
approaches. Although the (111) surface may be constructed as triradical with three
dangling bonds per surface atom, it is much higher in energy [37]], unstable and prac-
tically not observed [40f]. H-terminated (100) surfaces occur in mono-hydride con-
figuration on the 2 x 1 reconstructed surface, which was confirmed both by theoreti-
cal [37,/40,145-47,169H71]] and experimental [[69}[72}73|]] methods. Di-hydride config-
uration retaining the 1 x 1 structure surface is generally unstable, mostly due to steric
interactions, unless the supersaturation of H is very high (such as in plasmas).

On the 1 x 1 (111) ND surface facet, oxygen in the on-top (i.e. ketone) position
or with peroxide bridges is the most favorable [48]]; the epoxide O-termination is un-
stable with respect to the on-top position here [42]]. On the 2 x 1 (111) facet, oxygen
adsorption in on-top and bridge positions were pointed out as the only plausible posi-
tions [42,/60]. The epoxide configuration occurs preferably at 50% or lower oxygen
coverage [48,51]]; 100% O coverage leads to dimerization [42]. On the 1 x 1 (100)
facet, the ether position is preferred at high surface coverage [29] [43,145]. Alterna-
tively, etherized 1 x 1 (100) structures with a bridging ether may be convenient [47].
For oxygen surface coverage up to 50% on (100), the 2 x 1 reconstruction is preferred
over the 1 x 1 reconstruction [29], and epoxy structure is more favorable than the ether
structure [[74]. The ether position is stable at high surface coverage [29,43]{48]]. For
the both (111) and (100) facets, OH adsorption leads to destabilization of 2 x 1 recon-
struction compared to the 1 X 1 reconstruction [54]. In the case of the OH-termination,
there are two competing interadsorbate interactions, first hydrogen bonding, and sec-
ond induced steric repulsions. The former one will stabilize the surface system while
the latter will destabilize and thereby weaken the surface-adsorbate bonds [[66]]. For
COOH species, it is energetically only possible to cover the surfaces up to 50% [75].
The adsorption of COOH is the most favorable on 2 x 1 (100) surface, being exother-
mic at all points on the surface [[76]. Carboxylic and anhydride groups are supposed
to be the most contributing to the spectral bands observed in the experimental FTIR
spectra in the range of 1600-1950 cm ! [59]]. Anhydride bridges formed on ND surface
were studied as one of the most probable groups on a heavily oxidized surface [59].

The hybrid semiconductor-organic ND-PPy interfacial system cannot be completely
understood based purely on experimental techniques. With the exception of the au-
thor’s publications, only one theoretical work studying PPy-ND systems have been
published, particularly, investigating PPy chemisorbed on H-terminated NDs [77].



1.2 Theoretical approaches

Quantum theory was developed at the beginning of the 20th century. It is an adequate
theory for a proper description of the atomistic structure of matter. To obtain properties,
which depend on the electronic structure of matter, e.g., charge transfer or bonding pa-
rameters, we need to use the quantum theory. The description using classical approach
is usually not appropriate, especially if we would like to consider the formation and
breaking of chemical bonds. Although the quantum theory is in principle an exact the-
ory, in practical applications we need to employ multiple approximations in quantum
chemical protocols. Quantum theory was summarized in literature, e.g., [78.,(79].

1.2.1 Units

The unit of length used in this work is angstrém, A, 1 A = 10710

In solid state physics, commonly used energy unit is electronvolt, eV. It is equal to
1.6022 x 10~'°J, which is the energy acquired by a single electron moving through an
electric potential difference of 1 volt.

The charge of an electron represents the elementary charge, e = 1.6022- 10717 C.

The equations in this section are presented in atomic units reducing the number of
constants.

1.2.2 Basic principles

Quantum mechanics is based on a concept of wave function W(x,7) that describes a
state of a given system. The wave function W(x,) can be obtained as a solution of
Schrodinger equation.

The time-dependent Schrodinger equation has the following form:

D _ Axawi), ()

where H can generally be time-dependent Hamiltonian of the system, and 7 is the
reduced Planck’s constant.

Its nonrelativistic and time independent form leading to stationary states is defined
as follows:

ih

H(x)y(x) = Ey(x). (12)
In the time-independent case, the wave function can be divided into time and spatial
part, ¥(x,t) = w(x)Q(t).
The Hamiltonian of a system is a sum of quantum operators describing kinetic en-
ergy of nuclei, kinetic energy of electrons, electron-nuclei attraction, electron-electron
repulsion and nucleus-nucleus repulsion:
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where indexes A and B denote nuclei, i and j denote electrons, N is the number of
respective particles, m and Z represent mass and charge of the corresponding particles,
A is a Laplace operator.

1.2.3 Born-Oppenheimer approximations

Under certain assumptions, the wave function can be separated into a part depending
on electron variables and into a part depending on nuclei variables. Considering the
difference of at least three orders in the masses of electrons and nuclei, first, we can
suppose that electrons move in an immobile field of nuclei due to their comparably
negligible mass and high speed. Second, we can suppose that the nuclei move in an
effective field created by fast moving electrons.

In the Born-Oppenheimer approximation solving the motion of electrons in the
electrostatic field of fixed nuclei, the Hamiltonian has the following form:

n ZA Nefl Ne 1 anl Nn ZAZB

%Z Y —+Y Y . (14
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Hpo = —

N —
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where the last term is an electrostatic interaction of nuclei. It is constant because
of the assumed fixed nuclei. The time-independent Schrodinger equation is solved
without the last term, and the nuclei contribution to total energy is added afterward.

Another usual approximation is to solve the Schrodinger equation only for valence
electrons after substituting nuclei and inner electrons with corresponding ions. More-
over, relativistic effects are often negligible for atoms with a low atomic number.

1.2.4 Basis set

It is convenient to solve the time independent Schrodinger equation with the wave
function y(x) represented with a suitable set of basis functions. For example, with
a set of atomic orbitals ¢;(x) which are practical for molecular systems. The wave
function y(x) is expanded into a Linear Combination of Atomic Orbitals, LCAO:

K
x) =) cii(x), (1.5)

i=1
where c¢; are expansion -coefficients. The problem of solving Schro-

dinger equation is transformed into search for the ¢; coefficients. The atomic orbitals
¢;(x) can be approximated by Slater-type orbitals, STO, which are often expanded into
series of Gaussian-type orbitals, GTO, with analytical atomic integrals.

1.2.5 Approximative methods in quantum theory

In practical applications, when solving Schrédinger equation, various variational and
perturbation methods are used. They can be divided into three categories according
to the level of the approximation. The most precise one are ab initio methods, where
the Schrodinger equation is solved without any crucial approximation. Secondly, there
are semiempirical methods, where the Schrodinger equation includes experimental pa-
rameters, the basis set has a lower number of atomic orbitals, and many electron inte-
grals are neglected. And finally, very approximative empirical methods (e.g. Hiickel
method), where only the basic characteristics of molecules are taken into account.
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1.2.6 Hartree-Fock method

The Hartree-Fock method is one-particle approximation to  Schro-
dinger equation, where one electron is supposed to be in an effective field created
by the other electrons. The antisymmetric condition to the wave function y(x) is re-
spected using Slater determinant:

w(x) FZ ) PP (1), oes 20 (X)) (1.6)
where % is a set of one-electron functions and P is permutation of electrons x; and
sgn(P) is the signum function of P. The LCAO method is in this case applied on each
molecular orbital instead of the total wave function.
Inserting the Slater determinant into the time-independent Schro-
dinger equation and after applying variational principle, we get the Hartree-Fock equa-
tions:

N,
Z Kilxi(x1) = &ixi(x1), (1.7)

where each index of each operator is related to the index of the electron on which
the operator acts, Flf"’e is one-electron Hamiltonian, J ; and K ; are Coulombic and
exchange operators and ¢; is one-electron energy. The expression in square brackets is
called Fock operator.

The Coulombic and exchange operators are defined as follows:

Ji= [ dxot; ()it i), (1.8)

K= /dxzx,-* (x2)r75 Prayi(x2), (1.9)

where Py, is permutation operator. Solution of the Hartree-Fock equations is a set
of molecular orbitals y (x) resulting in expression for total energy E:

E= Ze, Y (Vi — Kij). (1.10)

i<j

The sums run over all occupied orbitals. The total energy, E, can also be expressed
by establishing one-electron integral H;;:

1
E =3 ) (&+Hi), (L11)
i=1

where the sum run over all occupied orbitals and

H; = / o1 (%) B yi(x1)dx (1.12)

The Hartree-Fock equations are nonlinear nonlocal integro-differential equations,
usually solved iteratively or using numerical methods.

A disadvantage of the Hartree-Fock method is that the one-determinant representa-
tion of the wave function does not include dynamical correlation because each electron

11



is considered only in an average field of the rest of the electrons. We can define cor-
relation energy, E.,,r, as the difference between the energy in the Hartree-Fock limit
Epr and the exact nonrelativistic energy, Eoqct:

Ec‘()rr = Eexact - EHF- (113)

Closed shells

For a closed shell system, the total spin of the system is equal to zero, and every one-
electron level is occupied by two electrons with opposite spins. The spatial parts the of
wave functions of both of the electrons at the same one-electron level are the same. In
this case, the Hartree-Fock equations lead to Roothaan’s equations with the following
form:

1
LIHS +Y. Y Pro((uviro) = S (uolAv))evi = &) Spvevi,  (114)
A O \%

v

where cy; are expansion coefficients of molecular orbitals y;(r) that are defined as
linear combination of atomic orbitals ¢y (r). H;S* is one-electron integral. (uv|Ao)
and (Lo |A V) are two electron Coulombic and exchange integrals, transformed into the
set of atomic orbitals in chemical notation. P, s is density matrix,

P =2 cgichis (1.15)
i=1
where the sum of expansion coefficients run over all occupied orbitals and Sy is
overlap matrix.
The total energy has the following form:

1
E =Y Y Pou(H 4+ Fu). (1.16)
u v

where Fyy = HSY* +§§ch[(uv\al) — 2 (uA|ov)).

SCF method

The method employed for solving Hartree-Fock and Roothaan equations is called Self-
Consistent Field method, SCF. It is an iterative method because of the nonlinear char-
acter of the task. It includes following steps:

1. Calculation of matrix elements of H;3, Syy and (uv|Ao).
2. Obtain a guess of the density matrix using a computationally cheaper method.

3. Construct the Fock matrix.

4. Transformation of Fock matrix into a basis set where the overlap matrix Sy is
the identity matrix.

5. Solving the eigenvalue problem and back transformation to obtain coefficients
Cui.
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6. Construction of new density matrix P 4.

7. Decision whether a convergence was reached, whether the new density matrix
doesn’t differ more from the old one according to a set criteria. If the condition
is not satisfied, return to the step number 3 with the new density matrix.

8. If the procedure is converged, use the obtained solution to calculate required
quantities.

Common criterion for establishing convergence in SCF method is to require con-
vergence for elements of the density matrix by demanding the standard deviation of
successive density matrix elements to be less than a small quantity §.

Open shells

For an open shell system, two spin states of electron, marked ¢ and 3, have to be
distinguished. This leads to Pople-Nesbet equations for two sets of molecular orbitals:

YIHS+Y Y Pl (uviAo) — Pro(uo|av)les = XY Suvey;, (1.17)
Vv 1 O v

where k¥ = o, 8, PT = P* + PP is total density matrix and P _ is Kk-spin density
matrix,

occ

Py =Y cSick,. (1.18)
i

The total energy for open shell systems in Hartree-Fock approximation is expressed
as follows:

1
E= QZZ[PvTuHﬁ"v’e +PLFS, + Ph D), (1.19)
[TRIRY,
where F¢, = HE* + %%P){G(NWGM — P2 (urlov) and

F,fv — HEore +§§P{G(uv\o-)t) —Pfc(u/llov).

Beyond the Hartree-Fock approximation

The electron correlation can be described when Slater determinants corresponding to
electron excitations are included in the wave function. The electron correlation is
not included in the Hartree-Fock method, however, it is implemented, for example,
in Configuration Interaction methods, CI. The more determinants are considered, the
more exact but also more computationally demanding the calculation is.

Another approach for calculating the correlation energy is Perturbation Theory,
PT. Hartree-Fock energy corresponds to the energy obtained from the zero order of
PT. Mgller-Plesset, MPn, methods (of different orders n), which originates from the
perturbation theory are frequently used.

Another group of methods for the correlation energy calculations is based on Cou-
pled Clusters method, CC, where higher number of Slater determinants of various
electron excitations are considered.
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1.2.7 Density functional theory

While the methods described in the previous section are based on the principle of
many-particle wave function, the Density Functional Theory, DFT, works with elec-
tron density matrix functional instead. In comparison with the already mentioned com-
putational methods, its computational costs are relatively low while preserving good
quality, and the exchange and correlation functionals can be modeled properly.

Hohenberg—Kohn theorems

The DFT method is based on two Hohenberg-Kohn theorems. According to the first
Hohenberg-Kohn theorem, the ground state density of a system determines its external
potential.

Supposing the normalization of electron density p(r) to number of electrons N:

/p(r)dr:N. (1.20)
The Hamiltonian of the whole system determined by the density is as follows:
A 1 Ne N, Ne—1 Ne o A
A=—2Y A+Y v+ Y, Y —=T+Veu+Ve, (1.21)
24 i=1 i=1 j=it1"ij

where 7 is the kinetic energy, V.. is the external potential, and V,. is the electron-
electron repulsion.

The second Hohenberg-Kohn theorem states the relation between the exact energy
of the ground state, Ey, and energy determined by density, p(r):

Ey < E[p(r)]. (1.22)

The wave function of non-degenerate ground state of many-electron system is un-
equivocal functional of one-electron density p(r). However, the theorems give no
information about the form of the functional.

Kohn-Sham method

The Kohn-Sham method was established in order to find the ground state electron den-
sity. It is based on treating non-interacting reference system of electrons representing
the real system. Using the Hohenberg-Kohn theorems, there is a relationship between
the density of the real and the reference system. Similarly, as in Hartree-Fock method,
we can represent the densities by one-electron orbitals, which leads to canonical Kohn-
Sham equations:

[~ 5+ Ve (i) = i (x), (1.23)

where y;(x) are one-electron functions from which is constructed the density p(r):

Ne
p(r)=Y |lwi(x), (1.24)
i=1
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and v, (r) is effective potential:

r/
veff(r):v(r)+/ |f(_r)/|dr'+vxc(r). (1.25)
In the latter equation, v(r) is potential of nuclei and v,.(r) is exchange-correlation
potential.
The resulting total energy of the system is:

Ne r)p(r
E = ;é‘i - %/%drdr’-ﬁ-Exc[p] — /vxc(r)p(r)d(r). (1.26)

The task in the Kohn-Sham theory is to derive approximations to the exchange-
correlation energy functional E,.[p], while the kinetic energy, calculated under the
assumption of non-interacting electrons, is almost correct.

The exchange-correlation energy E,. can be separated into exchange, E,, and cor-
relation, E,, part:

Exc[p] :Ex[p]+Ec[p]' (1.27)

The exchange energy can be expressed using Local Density Approximation, LDA,
assuming that locally, the density can be treated as a uniform electron gas:

B p) =2 (0)'3 [ pw)ae). (1.28)

Often, in practical calculations, hybrid functionals are used. There, the exchange
energy, e.g. from Becke’s exchange functional, is combined with the exact energy
from Hartree—Fock theory. For example, one of the most popular hybrid functional
in calculations of organic molecules is B3LYP functional. B3LYP stands for Becke
3-parameter Lee- Yang-Parr. The parameters specify the amount of the exact exchange
energy used.

15



2. Results

In this chapter, computational details are presented and selected representative results
are summarized. These are composites of PPy with hydrogen-terminated NDs calcu-
lated with the B3LYP functional and composites of PPy with oxygen-terminated NDs
calculated with the @B97X-D functional. Using many non-equivalent starting con-
ditions, the most probable structural configurations and electronic properties of the
PPy-ND system are analyzed, showing high potential of the PPy-ND system for pho-
tovoltaic energy generation. An illustrative figure of the PPy-ND system can be seen
in Figure 2.1}

Further details can be found in the enclosed reprints of journal publications written
by the author of the thesis.

The first journal contribution of the author in physica status solidi (a) investigates
PPy physisorbed and chemisorbed on reconstructed 1 x 1 (111) and 2 x 1 (100) H-
terminated NDs [80]. Second, physisorbed interactions of PPy with NDs terminated
with O atoms in different positions are included in Procedings of the 8th International
Conference Nanocon [81]]. Third, results concerning PPy chemisorbed on NDs ter-
minated with the different O-containing groups including ethers, ketones, peroxides,
epoxides, hydroxyls, carboxyls, and anhydrides as well as NDs terminated with an
amorphous surface layer saturated with H or O atoms are published in physica sta-
tus solidi (b) journal [82]. These results include both ground state and excited state
calculations. Fourth, simulations of PPy physisorbed and chemisorbed PPy on NDs
terminated with different O-containing groups calculated with different metodology
are presented in Physical Chemistry Chemical Physics journal [83].

Figure 2.1: Truncated octahedral ND (left), (111) facets are in blue, (100) facets are
inred. (111) - (100) - (111) corner of ND (middle), and (111) facet with chemisorbed
PPy (right). C atoms are in gray, H atoms are in white, N atoms are in blue.
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2.1 Computational details

The first-principles density functional theory (DFT) method implemented in Gaussian
09 electronic structure software [84] was used for optimizations of all the structures
in order to obtain the ground state configurations. The computational resources were
provided by the CESNET LM2015042 and the CERIT Scientific Cloud LM2015085,
provided under the program "Projects of Large Research, Development, and Innova-
tions Infrastructures”.

First, the electron density was described with B3LYP hybrid functional [[85,86],
one of the most widely used functionals in computations of organic molecules. The
composites were preoptimized with a less complex but faster 3-21G basis set used
for the description of molecular orbitals. Then, optimization using 6-31G(d) basis set
was performed including polarization functions on non-hydrogen atoms. Second, for
a comparison, long-range corrected hybrid density functional ®B97X-D [87] which
includes empirical atom-atom dispersion and eliminates the self-interaction error was
used. The wB97X-D functional was found to be optimal, e.g., for calculations of 7-
conjugated oligomers [88]]. Using this type of functional, the delocalization error is
reduced [89]]. Also, it is convienient for calculations of excited states properties, be-
cause the long-range correction brings the transition energies close to the experimental
results [90].

Modeling the whole ND with typical experimentally accessible sizes from 4 nm
[40] would be computationally unfeasible at this level of theory. Therefore, (111) and
(100) non-periodic ND surface slabs consisting of 3 C double layers of 6 x 6 atoms,
exceptionally 5 x 6 atoms if structurally needed, were used. The model size (about 1
nm ND) was chosen as a compromise with computational feasibility where the quan-
tum confinement effects may be indeed possible. Nevertheless, the results show that
the various surface terminations studied in this work have actually very pronounced
effect while possible quantum confinement effect would be about the same for the
same model size. Two additional H-terminated model sizes with double and triple size
of the original ND slab consisted of 459 C atoms (7353 basis functions, 1.e. about
2 nm), and 694 C atoms (11026 basis functions, i.e. about 3 nm), respectively were
computed. Although the HOMO-LUMO gaps of such systems was close to the experi-
mental bandgap of ND, the computational resources were enormous. The convergence
criteria for all the optimizations in this work were 4.5 x 10~* Ha/ay for the maximum
force remaining on an atom.

The (111) and (100) slabs represent an edge of ND, with one larger “top” surface
aimed at PPy adsorption, one larger “side” surface and a small side surface closing
the corner. These three “outer” surfaces of ND are functionalized with surface groups,
and the remaining three “inner” surfaces representing the inner cut planes are saturated
with H atoms in order to keep the sp> hybridization of neighboring carbon atoms, i.e.
to avoid dangling bonds. These H atoms were fixed during further optimization. In this
way, the inner C atom layers maintain plane shape yet retain certain flexibility to relax.
If necessary to saturate two dangling bonds of C atoms, dimerized H atoms were placed
symmetrically around the C atom. They were kept fixed during the optimizations to
maintain the tetrahedral sp> character of the diamond structure, despite some steric
tension arising between the hydrogen atoms [353,69]. Few other authors suggest a
canted configuration with increased distance between the hydrogen atoms, however,
this problem merits more discussion [47,53,91].

17



Based on the literature and our preliminary calculations, we choose the most prob-
able 1 x 1 and 2 x 1 surface reconstructions of both (111) and (100) surface fully pas-
sivated with hydrogens, fully passivated with oxygens in ether, epoxide, ketone, and
peroxide positions, fully passivated with hydroxyls, 50% passivated with carboxyls,
and from 26% to 36% passivated with anhydrides. The amorphous carbon layer was
created by a random placement of the carbon atoms of the surface double layer and a
consequent optimization on the slab. Next, surface terminating functional groups were
added to saturate the free carbon valences. The amorphous surface was saturated by
hydrogens (a-C:H structures) and a mixture of hydrogens and oxygens (a-C:O struc-
tures). For both reconstructions of both surface slabs and the amorphous surface layer,
different surface functional groups were considered. The slabs with the lowest relative
total energy after optimization were chosen for further optimizations with adsorbed
PPy.

In the case of hydrogen-terminated NDs, always 100% termination with hydrogens
was used. In the case of oxygen terminations, for the 1 x 1 (111) surface slab was cho-
sen 100% termination with peroxides, for the 7-bonded Pandey chain 2 x 1 (111) was
chosen 50% of epoxides, for the 1 x 1 (100) 50% with ethers and for the 2 x 1 (100)
50% with epoxides. Note that in the case of ethers, epoxides, and anhydrides, the 50%
surface coverage generates fully passivated forms. In the case of the OH- and COOH-
terminated NDs, 100% and 50% surface coverage, respectively, was used for further
calculations with adsorbed PPy. In the case of the anhydride-terminated NDs, surface
coverages of 25.6%, 35.7% and 33.3% in the case of the 1 x 1 (111),2 x 1 (111) and
2 x 1 (100) ND, respectively, turned out to be energetically the most favorable. The
amorphous a-C:H slabs were 100% saturated with H atoms. The amorphous a-C:O
slabs were from 48.7% saturated with O atoms (10.8% of peroxides, 18.9% of epox-
ides, 2.7% of ethers, and 13.5% of ketones) and from 51.3% with H atoms. Further,
NDs terminated with hydroxyls, carboxyls, and anhydrides were calculated. These
results can be found in the attached articles.

To study the contact formation, different non-equivalent initial configurations of
adsorbed PPy on the slabs relaxed in the absence of PPy were optimized. The PPy is
represented by oligomer with six pyrrole heterocycles, which was optimized separately
and was proportionate to the modeled slabs. Non-equivalent positions of physisorbed
and chemisorbed PPy, including one- and two- bond contacts, on the optimized slabs
were considered as initial geometries. An example of the non-equivalent initial posi-
tions of PPy on the H-terminated 1 x 1 (111) ND slab is shown in Figure 2.2] The
resulting optimized structures with the lowest relative total energies are shown further
in the text in Figure[2.4] In some cases, different initial structures converged to almost
identical structure. In other cases, we obtained different structures, which relative pref-
erences were decided bases on comparison of their total energies. It was not possible
to optimize a stable upright physisorbed position of PPy, which ended up in a horizon-
tal position with respect to the ND facet. Therefore, the convergence of this type of
calculations required high amounts of computational time.

The structure of each bonding type with the lowest binding energy was then taken
for further analyses.

PPy and the top ND layer were allowed to relax during these further optimizations.
PPy does not spontaneously chemisorb on the clean H-terminated diamond surface
[77]. Hence, the one- and two-bond chemisorbed contacts, always mediated via C-C
bonds, were allowed by a removal of one and two H atoms from PPy, respectively, and
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Figure 2.2: Non-equivalent initial positions of PPy in chemisorbed (side views (a) -
(d)) and physisorbed (side views (e), (f), and top views (g) - (1)) on the H-terminated
1 x1(111) ND slab.
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a corresponding number of atoms on the ND slabs. The transition processes itself is
not studied here since the work is focused mainly on the nature of bonding between
PPy and ND and resulting properties of the merged system. Experimentally, the H-
termination of diamond is substituted by the PPy molecules during electrochemical
synthesis process [31]].

The energy barrier for replacing the O-containing surface functional groups by PPy
is relatively high and makes the chemisorption of PPy difficult. However, the structures
can exist if we consider chemisorption of PPy on H-terminated ND, where H atoms are
likely to be substituted by PPy, and then replacing the remaining H-termination with
the oxygen-related surface functional groups. Furthermore, surfaces of polyfunctional
DNDs (the most common commercial nanodiamonds) contain a mixture of C-H and
oxygen surface groups. PPy is thus likely to graft at the C—H bond with the oxide
groups around. Hence, computing of PPy grafted on oxidized NDs corresponds to a
quite realistic and possibly common situation. Note that due to steric reasons we didn’t
optimize PPy on hydroxyls-terminated 2 x 1 (100) ND slab, carboxyls-terminated 1 x 1
(100), and anhydrides-terminated 1 x 1 (100).

Geometry parameters, binding energy (E}), interaction energy (E;,;) HOMO-LUMO
gap, and charge transfer (Ag) were analyzed on the selected most suitable structures.
For selected representative structures, excites state properties were calculated using
the time-dependent DFT (TDDFT), allowing to describe the electronic excitations in
nanosystems [92].
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2.2 Adsorption of PPy on H-terminated NDs

2.2.1 Structural analysis

Obtained structural parameters of optimized PPy structure displayed in Figure 2.3 (a)
are in good agreement with prior theoretical studies [[77,93].

HOMO and LUMO molecular orbitals shown in Figure |215| (b) and (c), respec-
tively, are out-of-plane 7 molecular orbitals, slightly modified at both ends of PPy,
gaining a character of o-symmetry for the case of LUMO orbitals. Red and green
colour indicated positive and negative value of the orbital surfaces, respectively. The
molecular orbitals of the two middle PPy rings resemble the most the orbitals of an
infinite PPy chain. The calculated HOMO-LUMO gap is 3.36 eV, which is in good
agreement with theoretical [77] and experimental [15,(17,93,94] results. Note that
the relaxed morphologies of PPy-C:H structures differ due to the contact formation, as
shown further below.

Figure 2.3: Main structural parameters of two terminal PPy heterocycles (a), HOMO
(b), and LUMO (c) molecular orbitals of optimized PPy. Red and green colour indi-
cate positive and negatlve value of the orbital surfaces, respectlvely, corresponding to
the isovalue of 0.01e~A=3. The bond lengths are given in A.

Figure [2.4] (a) — (d) and Figure [2.5] (a) — (d) show the optimized and energetically
the lowest chemisorbed structures. Here, PPy is connected via C-C bonds and it stands
under a tilt angle in the range between 68.6° and 83.9°. The lower angles correspond to
the one-bond contacts. The main structural parameters including bond lengths between
PPy and diamond slabs for the chemisorbed structures are dlsplayed in Figure[2.6] For
all the structures, the bond lengths of PPy are modified up to 0. 4A and the angles up
to 2.7°. The bond lengths within the diamond slab are less significantly modified, up
to 0.12A in the closest area around the contact with PPy.

Figure [2.4] (¢) and (f) and Figure 2.5] (¢) and (f) show the optimized and energet-
ically the lowest physisorbed structures. For the (111) facet, the optimizations con-
verged to PPy lying along the surface diagonal, and for the (100) facet to PPy lying
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Figure 2.4: Resulting optimized structures of one-bond contact HOMO (a) and
LUMO (b), two-bond contact HOMO (c¢) and LUMO (d), and physisorption HOMO
(e) and LUMO (f) (top and side view) of PPy on 1 x 1 (111) H-terminated ND slab.

Red and green colour indicate positive and negative value of the orbital surfaces, re-
spectively, corresponding to the isovalue of 0.0le~ A3
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Figure 2.5: Resulting optimized structures of one-bond contact HOMO (a) and
LUMO (b), two-bond contact HOMO (c) and LUMO (d), and physisorption HOMO
(e) and LUMO (f) (top and side view) of PPy on 2 x 1 (111) H-terminated ND slab.
Red and green colour indicate positive and negative value of the orbital surfaces, re-
spectively, corresponding to the isovalue of 0.0le” A3
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Figure 2.6: Main structural parameters of one-bond contact (a) and two-bond contact
(b) of PPy on 1 x 1 (111) H-terminated ND slab, and one-bond contact (¢) and two-
bond contact (d) of PPy on 2 x 1 (100) H-terminated ND slab. The bond lengths are
given in A.
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Table 2.1: Binding energy (E}), interaction energy (Ej,;) and charge transfer (Ag) for
the PPy-C:H interfaces.

PPy-C:H structure Ep [eV] Eip;[eV] Agle™]
1x1(111) 1-bond -1,41 3,73 -0,11
1 x1(111)2-bond -2,23 9,01 -0,07
1 x1(111) physisorption | 0,43 0,43 -0,06
2 x 1 (100) 1-bond -1,11 4,23 -0,04
2 x 1 (100) 2-bond -1,60 10,33 -0,08
2 x 1 (100) physisorption | 0,62 0,62 -0,05

above the middle 2 x 1 reconstructed row. The geometry of the diamond remains unaf-
fected, as well as the bond lengths and angles within the particular Py rings. However,
PPy doesn’t keep its planar character, dihedral angles between the Py rings are twisted
up to 10.9°, where the most pronounced changes occur at the terminating Py rings.
The —-NH groups within PPy are pointing slightly towards the H atoms of the diamond
surface due to their partial charges arising from their polar character. The average
distance between PPy and the diamond is 3. 1A.

2.2.2 Binding and Interaction energies

Binding energies E}, are related to the energy preference of the respective interactions.
They were calculated as the difference in total energies of the relaxed structures before
and after the contact formation. General formula including all the considered ND slabs
in this work is as follows:

E, = (Eslab +EPPy) - (Econ + (n—2 : l) 'EH2 +m'E02 +1 'ECH4>7 (2.1)

where E corresponds to total energies of C:H slab (E,;), PPy molecule (Eppy),
PPy-C:H structure (E,,,), molecules desorbed after the substitution (Eg,, Eo,, Ecp,),
n is the number of substituted pairs of H atoms, m is the number of substituted pairs
of O atoms, and [/ is the number of substituted C atoms, depending on the type of
the formed bond. Positive Ej, corresponds to an exothermic process, i.e. thermody-
namically favorable, whereas negative value corresponds to an endothermic process.
Interaction energies Ej,; describing the character of the bonds between PPy and ND
were calculated according to the formula:

Eint = (Egtab—x + Eppy—x) — Econ; (2.2)

where Eg,,_x and Eppy,_x are total energies of ND slab and PPy calculated with
the removed corresponding atoms from the contact region. Note that for the phy-
sisorbed structures, the formulas |2;1'| and |212| coincide. The binding and interaction
energies are summarized in Table[2.1]

Based on the binding energies, all the chemisorbed configurations correspond to
endothermic processes with the values between -1.11 and —2.23 eV. The one-bond
contact is more favorable than the two-bond contact for both types of the facets, es-
pecially for the (111) facet, where the two-bond contact requires additional energy of
0.82 eV. The most probable is the one-bond contact of PPy on the (100) facet. All the
physisorbed processes are exothermic by about 0.5 eV.
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Considering the intreaction energies, all the calculated values for the chemisorbed
structures correspond to covalent bonds (Ej,; ~ 3.7 eV for a typical C-C bond [93]]) be-
tween PPy and diamond. The strongest bond with E;,; = 5.17 eV per bond is obtained
for the case of two-bond contact on (100). In the case of the physisorbed structures, the
obtained values correspond to non-bonding interactions between the PPy and diamond
(Eins ~ 0.4 eV for a typical non-bonding interaction).

For both the slabs, the binding energy results in one-bond contacts being more en-
ergetically favorable than the two-bond contacts, while the interaction energy indicates
that the two bond-contacts are stronger. Less favorable (more negative) binding energy
of two bond contacts can be caused by the fact that in the calculation of the interaction
energy, there are two dangling bonds on the diamond slabs and two dangling bonds
on the PPy chain, which is highly inconvenient and therefore the total energy of the
contact formation is more significantly decreased.

2.2.3 Electronic properties and charge transfer

All the PPy-C:H structures are semiconducting, the original HOMO-LUMO gap of
6.31 eV and 5.70 eV for (111) and (100) slab, respectively, significantly decreased
to values in range 3.42 — 3.55 eV and 3.39 — 3.53 eV, respectively, where the lowest
values corresponds to the physisorbed structures. The original HOMO-LUMO gaps
of ND slabs without PPy are higher in comparison with the gap of the bulk diamond
(5.5 eV) due to quantum confinement and larger surface-to-volume ratio, which is
in agreement with theoretical calculations in the literature [40,[91]] investigating fully
passivated H-terminated NDs. In general, decreasing the particle size results in an
in-creased HOMO-LUMO gap values in comparison with the bulk diamond.

Electron affinity, EA, based on Koopmans” theorem is for the case of PPy equal to
0.53 eV, which is in good agreement with other theoretical calculations [96]. EA of
(111) and (100) ND slabs without absorbed PPy are negative, -1.81 and -1.70 respec-
tively, which is in good agreement with other theoretical and experimental results [37].
After the absorption of PPy, the EA rises approximately to 0.58 and 0.50 for diamond
(111) and (100) respectively.

In Figures [2.4] and Figure [2.5] are displayed HOMO and LUMO molecular orbital
surfaces of the chosen optimized structures. The isosurfaces are visibly modified in
the contact region for the chemisorbed (111) structures, where the effect is the most
pronounced for the one-bond contact. For the (100) structures, only slight modification
occurs in the contact region.

For the case of the physisorbed structures and the two-bond contact on (100), the
HOMO orbitals are located on the ND slabs, while the LUMO orbitals are located
on the PPy oligomer. Spatially separated HOMO and LUMO orbitals were already
observed on the H-terminated 2 x 1 (100) diamond slab interacting upon adsorption
of buckminsterfullerene (C60) modeled by DFT [97] as well as confirmed experimen-
tally [98]]. The spatial separation of the HOMO and LUMO is convenient for pho-
tovoltaic applications. It has a large influence on the separation of excitons and the
consequent movement of charge carriers. Moreover, the chance of recombination pro-
cess decreases, and thus the efficiency of a photovoltaic cell rises. However, relative
energy positions of the frontier orbitals, which are shown in Figure [2.7] are also im-
portant to consider. There are several configurations that could lead to the transfer of
holes or electrons between PPy and ND under illumination. In the case of two-bond
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Figure 2.7: Relative energy positions of HOMO (in blue) and LUMO (in red) of one-
bond, two-bond and physisorption of PPy on ND (111) (a) and (100) (b) surface slab.
The dotted lines correspond to PPy and the dot-and-dash lines correspond to nanodia-
mond with H-terminated (111) (a) and (100) (b) surface.

contact on (100), holes are likely to transfer from PPy to ND, and the electrons are
blocked. Therefore, this structure is promising not only due to the spatial separation
of the frontier orbitals. Other configurations, namely the two-bond contact on (111)
and the 1-bond contact on (100), where HOMO is also partially localized on ND near
the interface with PPy, could work similarly. Opposite direction of charge separation
may also be possible. According to the energy levels of the physisorbed PPy on (111),
the holes are blocked, and the electrons could be transferred from PPy to ND. Yet note
that HOMO and LUMO are not spatially separated in this case.

Charge transfer is another measure reflecting the mutual interaction of PPy and ND.
PPy is a neutral molecule, however, when placed to a proximity of the semiconducting
nanodiamond, charges are transferred between both the structures in order to achieve
equilibrium. For the evaluation of the number of net transferred electrons between
the PPy and diamond the charge transfer was calculated as the difference between the
amount of donated electrons from ND to PPy and the amount of electrons back donated
from PPy to ND based on summing up molecular orbitals redistributed to both of the
fragments [99]. Natural bond analysis of the total density was performed in order to
obtain coefficients and occupation numbers for natural orbitals. The positive charge
transfer values (Ag) thus correspond to the net number of electrons transferred from
ND to PPy and vice versa for negative Ag.

The charge transfer values are summarized in Table 2.1] They are negative values
for all cases which implies that electrons are actually transferred from PPy to diamond
after the contact formation. That can be seen on the modification of the HOMO and
LUMO molecular orbitals discussed earlier.

The highest charge transfer of -0.11 e~ is obtained for one-bond contact on (111)
facet. In contrast, the lowest charge transfer of -0.04 e~ is obtained for one-bond
contact on (100) facet. Also, relatively high charge transfer is obtained even for the
much weakly bound physisorbed structures, Ag ~ —0.06¢~, most likely because the
PPy chain lays on the structure. Therefore, all of its heterocycles contribute to the
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charge transfer.

H-diamond can have a p-type conductive channel in the subsurface region. How-
ever, transfer doping of diamond by holes from PPy (in the dark) has not been evi-
denced so far. Here we found that interaction of diamond with PPy leads to significant
decrease of LUMO level close to the energy of isolated PPy in all cases (see also Fig-
ure [2.7). Furthermore, this LUMO is located almost entirely on the PPy part of this
hybrid system. Lowering of LUMO thus corresponds to additional positive charge on
PPy, in agreement with calculated charge transfer in the dark.

In addition, one should consider that in the case of PPy grafting to diamond, hydro-
gen atoms are removed and thereby also diamond conductivity in the dark (if present
initially) [31]]. Only under illumination, measurements of photovoltages and photocur-
rents indicated that holes are transferred from PPy to diamond and that the interface
provides efficient exciton dissociation [17,31f]. This is not in contradiction to the
charge transfer we calculated based on summing-up all MOs in the dark, i.e. with-
out illumination. Based on our calculations, LUMO of the combined PPy-diamond
system is located on the PPy part. Under illumination, electrons would be thus excited
to the PPy part.
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2.3 Adsorption of PPy on O-terminated NDs

2.3.1 Structural analysis

All the initial PPy-ND structures were formed by design in multiple possible nonequiv-
alent positions and consequently were allowed to relax into the energy minimum. All
converged sooner or later to the structures that we present here. All energetically favor-
able structures of PPy adsorbed on (111), (100), and amorphous ND facets resulting
from the optimization processes are shown in the Figures [2.8] 2.9 and [2.10] Geomet-
rical parameters of the interactions are summarized in Table[2.2]

Figure 2.8: Optimized structures of PPy on O-terminated 1 x 1 (111) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO
(d), two-bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on O-
terminated 2 x 1 (111) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-
bond contact HOMO (i) and LUMO (j), two-bond contact HOMO (k) and LUMO
(1). C atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green

clouds indicate positive and negative value of the orbital surfaces at the isovalue of
0.0le~ A3,

In the case of physisorbed structures, the geometry of ND after the contact for-
mation remained almost unchanged, individual atoms on the surface shift within 0.19
A. An exception is the peroxide-terminated 1 x 1 (111) structure, where two peroxide
groups changed into two ketone groups and one bridging peroxide group.
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Figure 2.9: Optimized structures of PPy on O-terminated 1 x 1 (100) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO
(d), two-bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on O-
terminated 2 x 1 (100) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-
bond contact HOMO (i) and LUMO (j), two-bond contact HOMO (k) and LUMO
(1). C atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green
clouds indicate positive and negative value of the orbital surfaces at the isovalue of
0.0le" A3,
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Figure 2.10: Optimized structures of PPy on a-C:O (111) ND edge slab: physisorbed
HOMO (a) and LUMO (b), one-bond contact HOMO (c¢) and LUMO (d), two-bond
contact HOMO (e) and LUMO (f). C atoms are grey, H atoms white, O atoms red, N
atoms blue. Red and green clouds indicate positive and negative value of the orbital
surfaces at the isovalue of 0.01e~ A3,
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Table 2.2: Summary of bond lengths between PPy and O-terminated ND: ND-PPy
bond length [A], number of (n) and bond length [A] of hydrogen bonds formed be-
tween NH groups in PPy and O atoms on ND surface for various bonding configura-
tions. Py heterocycles are numbered from the ND edge (physisorbed PPy) or from the
bond with ND (chemisorbed PPy).

ND surface PPy . .
structure  bonding Bond length [A] n H-bond length [A]

1 x1(111), physis. - 3 3.73;1.54 (Py 1), 1.85 (Py 3)
peroxides 1-bond 1.57 1 3.01 (Py 1)
2-bond 1.51;1.51 0 -
2x1(111), physis. - 2 2.04 (Py 1),2.10 (Py 5)
epoxides 1-bond 1.55 1 218 (Py 1)
2-bond 1.52;1.53 0 -
1 x1(100), physis. - 2 1.62 (Py 2),2.99 (Py 4)
ethers 1-bond 1.50 1 2.68 (Py 1)
2-bond 1.46; 1.56 0 -
2 x1(100), physis. - 1 3.12 (Py 4)
epoxides 1-bond 1.51 0 -
2-bond 1.51;1.52 0 -
a-C:O0, mix  physis. - 3 2.02(Py?2),2.14;2.77 (Py 4)
1-bond 1.49 1 1.90 (Py 1)
2-bond 1.49; 1.53 0 -

Consequently, a strong hydrogen bond was created between PPy and both ke-
tone groups. Another exception is a rearrangement of one ether group on the ether-
terminated 1 x 1 (100) structure into one ketone group forming a strong hydrogen
bond to PPy and leaving one dangling bond on C atom of the ND surface.

The physisorbed structures converged into PPy lying over the ND surface and hav-
ing nonzero dihedral angles between individual Py heterocycles and thus maximizing
the electrostatic interactions at the interface with ND. Note also typical bending of PPy
molecule over the edge of the slab, i.e. over the edge of nanodiamond particle (see,
e.g. Figure[2.§a, b, i, j). Chemisorbed (grafted) PPy is inclined relative to the ND
surface, deviating from an initially set perpendicular position, which is observed for
all the structures in this work. In the case of one-bond contact of PPy on epoxide-
terminated 2 x 1 (111) ND, the PPy even bends over the ND edge, as a result of strong
electrostatic interactions. Next, in the case of the chemisorbed structures, ND bond
lengths are modified up to 0.5A but only in the contact region.

Generally, the bond lengths are shorter for most of the two-bond contacts in com-
parison with the one-bond contacts. This trend was also observed in the case of the
H-terminated NDs. It could be a result of less steric repulsions in the case of the two
bond contacts, where two spacious oxygen groups are missing.

Owing to hydrogen bonds, a strong interaction is established even for the non-
bonding physisorbed structures. The strongest hydrogen bonds occur between the
polar amino groups of PPy and the terminating O-containing groups of ND. For the
physisorbed structures, in average, there are 2.2 hydrogen bonds per PPy-ND system.
Considering the chemisorbed structures, the one-bond contacts are more likely to cre-
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ate the hydrogen bonds than two-bond contacts, owing to a feasible rotation around the
one-bond in order to accommodate the electrostatic interactions.

The significance of hydrogen bonds was noted in the literature [100-102]], where
diamond with hydrophilic oxygen-containing surface groups is prone to adsorb po-
lar molecules by hydrogen bonding and other polar interactions. In the case of H-
terminated surfaces, the physisorbed bonding appears to be mediated primarily via
van-der-Waals interactions. Therefore, H-terminated surfaces seem to be less likely to
physisorb organic compounds, due to this lack of possible polar interactions. That is in
agreement with the fact that the highest binding energies are obtained for the structures
terminated with O-containing groups.

The optimized structures with amorphous carbon inter-layer exhibit the same struc-
tural characteristics as the corresponding PPy-ND structures without the interlayer .
The features are mainly the following: Establishment of hydrogen bonds between PPy
and surface oxygens for the PPy-a-C:O structures, especially for the physisorbed and
one-bond contact chemisorbed structures. The latter is relatively flexible towards a
rotation around the C-C bond one-bond contact in contrast with the two-bond contact.

2.3.2 HOMO and LUMO distribution and energies

In addition to the computed structural configurations, Figures [2.8] 2.9] and [2.10] also
shows HOMO and LUMO surfaces on several representative structures of the PPy-
ND systems. It is noteworthy that highly pronounced spatial separation of HOMO
and LUMO between PPy and ND is obtained for a predominant number of the struc-
tures. The HOMO-LUMO spatial separation was not observed only on the following
structures: PPy physisorbed on peroxide-terminated 1 x 1 (111), 2-bond contact of
PPy on epoxide-terminated 2 x 1 (111), and 2-bond contact on a-C:O ND. For most
of the structures with the pronounced spatial separation, the HOMO is placed along
the whole PPy chain. LUMO is placed below the surface of ND in the location with
the strongest interaction with PPy or at ND edge enclosed by the oxygen-containing
groups. The spatial separation of HOMO and LUMO influences the separation of ex-
citons and the consequent movement of charge carriers. It contributes to the decrease
of the probability of recombination processes and to the increase of the efficiency of a
solar cell. Therefore, it is highly interesting for photovoltaic applications.

The values of HOMO-LUMO energy gaps of the discussed structures are listed in
Table 2.3] The calculated HOMO-LUMO gap of the standalone PPy oligomer cal-
culated with the wB97X-D functional is 6.95 eV, which is about twice as much in
comparison with prior experimental [[15,/17,(93,94]] and theoretical [56,[77]] studies, as
well as our results with B3LYP functional (section 2.2.1). Such large HOMO-LUMO
gap corresponds rather to the transport gap (E;) than to the optical gap (E,). Similar ef-
fect was previously reported in the case of m-conjugated oligomers where E; exceeded
E, by 2.8 eV [33].

The HOMO-LUMO gap of the standalone NDs with different surface reconstruc-
tion and facets terminated with oxygen in different positions is highly variable. The
band gap values are between 5.21 eV and 8.07 eV. Some of the surface terminations
were studied previously by means of DFT [[12,|56}/103]]. For most of the structures,
the HOMO-LUMO gaps are higher mostly due to the quantum confinement effects
and larger surface-to-volume ratio, resulting in the increase of the gap with decreasing
size of ND below 2 nm [40,/69]. However, for example, the epoxide-terminated 2 x
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Table 2.3: Summary of binding energy (E}), interaction energy (Ej,,), charge transfer
(Ag), and HOMO-LUMO gap of PPy on O-terminated NDs. ND structure without
PPy bonding (“none”) corresponds to a standalone ND.

ND surface PPy _, HOMO-LUMO
structure  bonding Ep1eV] Ein [eV] Aqle] gap
I x1(111), physis. 3.66 3.66 0.31 4.36
peroxides 1-bond -2.00 5.52 -0.03 4.10
2-bond -0.57 10.34 -0.05 4.31
none - - - 8.07
2x1(111), physis. 2.54 2.54 0.04 3.12
epoxides 1-bond -0.88 5.86 -0.02 5.86
2-bond -4.41 5.71 -0.13 3.61
none - - - 5.21
1 x1(100), physis. 342 342 0.03 5.13
ethers 1-bond -6.93 4.98 0.02 2.90
2-bond -2.12 9.11 0.03 5.36
none - - - 7.56
2 x1(100), physis. 2.13 2.13 0.02 4.34
epoxides 1-bond -0.79 4.72 -0.06 4.44
2-bond -0.42 7.73 -0.04 4.45
none - - - 6.34
a-C:0, mix  physis. 2.03 2.03 0.01 3.00
1-bond 0.48 5.05 -0.12 4.76
2-bond -1.66 6.31 -0.03 3.18
none - - - 3.17
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1 (111) ND, the HOMO-LUMO gap of 5.21 eV is in a good agreement with the band
gap of bulk diamond, with the experimentally obtained value of 5.48 eV [[104]]. It is
assumed that the trends in relative energy positions of the frontier molecular orbitals
as compared between different surface configurations remain the same regardless the
possible shifts in the absolute values due to quantum confinement effects.

After the PPy physisorption or chemisorption, the calculated values of HOMO-
LUMO gap are in the range between 2.90 and 5.86 eV, resulting from different surface
orientation, termination, and type of the bonding between PPy and ND. The reduced
band gap is mostly a result of a shift of the HOMO towards less negative energies com-
pared with standalone NDs. As follows from all results covering also less probable
surface configurations (see author’s article [83]]), the HOMO-LUMO gaps of different
PPy-ND structures are the most variable with respect to the different surface func-
tional groups, as obtained also for the standalone NDs, while the HOMO-LUMO gaps
of the PPy-ND systems within the same functional group, but with different surface
reconstruction differ only up to 2.74 eV. Generally, the highly variable HOMO-LUMO
gap depending on particular PPy-ND structures points out to possible tunability of the
devices based on the PPy-ND system.

Energy levels of HOMO and LUMO of the PPy-ND systems compared with sepa-
rately calculated energy levels of PPy and NDs are included in Figures [2.11)and 2.12]
For most of the structures (except the amorphous NDs), the HOMO of standalone ND
is below the HOMO of standalone PPy. Moreover, for all the structures the LUMO
of standalone NDs is below the LUMO of standalone PPy. This represents favorable
arrangement for transport of photo-generated electrons from PPy to ND; for holes in
opposite direction. The situation at the PPy-ND junction is varying depending on sur-
face termination, facet orientation, and type of bonding. Note that zero energy does
not correspond to the vacuum energy in our calculations. The vacuum energy could
be obtained by summing the HOMO energy and the ionization potential. In a notable
number of cases, a favorable energy alignment promoting charge dissociation and one
directional transport is observed.

The order of the frontier molecular orbitals suggests several options for the transfer
of the charge carriers between PPy and ND. The results indicate great flexibility and
tunability of the PPy-ND system since the movement of the charge carriers depends on
the ND surface properties and the type of interaction with PPy. In order to elucidate
the pronounced effect of PPy-ND system on HOMO-LUMO energy levels and their
spatial separation, we performed detailed analysis of mutual PPy and ND interaction
in terms of binding energy, interaction energy, and related charge transfer in the PPy-
ND systems.

2.3.3 Binding and interaction energies

Values of binding and interaction energies for all the PPy-NDs structures are listed in
Table[2.3] For all the physisorbed and chemisorbed structures, the binding energies are
exothermic (positive) and endothermic (negative), respectively. This suggests that the
physisorbed structures are energetically favorable and more likely to be spontaneously
formed in real systems. The bond formation in chemisorbed structures requires extra
energy. The only exception is an exothermic one-bond contact of PPy on a-C:O (E}, =
0.48 eV). This highest E;, among the chemisorbed structures correlates with one of the
shortest bond lengths between ND and PPy in this study. The positive E}, also indicates
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Figure 2.11: HOMO (blue) and LUMO (red) energy levels of i) standalone PPy
(dashed lines), 1i) standalone O-terminated ND slabs (dot-and-dashed lines), and iii)
PPy physisorbed or chemisorbed (1-bond, 2-bond) on O-terminated ND (full lines)
inthe case of 1 x 1 (111) (a),2x 1 (111)(b), 1 x 1 (100) (c), and 2 x 1 (100) (d) ND
slabs.
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Figure 2.12: HOMO (blue) and LUMO (red) energy levels of 1) standalone PPy
(dashed lines), ii) standalone ND slabs with amorphous surface layer (dot-and-dashed
lines), and ii1) PPy physisorbed or chemisorbed (1-bond, 2-bond) on a-C:O slabs (full
lines).
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that grafting of PPy could happen spontaneously especially on the oxidized NDs with
the amorphous surface. Nevertheless, an energy barrier corresponding to the transition
state on the reaction coordinate could slow down the process significantly.

The binding energies of the physisorbed PPy on NDs are in the range of 2.03 and
3.66 eV. That are relatively high values in comparison with the H-terminated NDs.
The most exothermic is the 1 x 1 (111) physisorbed structure of PPy on the peroxide-
terminated NDs. The binding energy is very dependent on the surface orientation and
reconstruction. This is natural considering the preferential formation of ethers, perox-
ides, epoxides, or ketones on the particular surface, as discussed in the Computational
details section. These different O-terminations then lead to different strength of polar
attractions and tendency of hydrogen bond formation.

The most negative binding energies, E; = -6.93 eV, (thus the most endothermic
and the least probable to occur) are obtained for the one-bond contact of PPy on the
epoxide-terminated 2 x 1 (111) ND. This is consistent with a slightly longer bond
length and a result of saturating only one of the two dangling bonds left after removal
of one epoxide group.

For most of the reconstructed NDs, the two-bond contacts of PPy on NDs have
less negative values of the binding energies compared to the one-bond contacts (thus
they are more likely to form). On the O-terminated NDs, the oxygen functional groups
saturate two bonds of C atoms, therefore, if the groups are not present, it is more
favorable to saturate both of the C atoms via the two-bond contact to PPy.

For most the chemisorbed structures, magnitudes of the interaction energies cor-
respond to relatively strong covalent bonds as the typical value for a C-C bond is
Ei; ~ 3.7 eV [95]. After relating the interaction energy to one bond, the highest in-
teraction energy, Ej,,; = 5.86 eV, is obtained for 1-bond contact on epoxide-terminated
2x 1 (111) ND. In this case, the PPy is slightly bended towards the ND surface and
one hydrogen bond contribute to the high Ej,;.

Regarding the physisorbed structures, the interaction energies indicate strong in-
teractions for all the studied cases owing to the non-bonding electrostatic and van der
Waals interactions.

2.3.4 Charge transfer

The values of charge transfer for all studied structures are listed in Table [2.3] For
most of the structures, predominantly for the physisorbed contacts, the electrons are
transferred from ND to PPy and the situation is opposite for the chemisorbed contacts
with an exception of the chemisorbed PPy on the 1 x 1 (100) ND. The highest negative
charge transfer, Ag = -0.13 e, is obtained for the two-bond contact of PPy on the
2 x 1 (111) epoxide-terminated ND, where electrons effectively transfer from PPy to
ND. The highest positive charge transfer, Ag =0.31 e, is obtained for PPy physisorbed
on 1 x 1 (111) peroxide-terminated ND, where electrons effectively transfer from ND
to PPy. Nevertheless, in general, both directions of charge transfer are possible.

For the amorphous NDs, values of Ag are obtained in range between -0.12 and
0.02 e7). The absolute value for the 1-bond contact is the highest of all studied 1-
bond-structures.
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2.3.5 Excited states

TDDFT was used for the excited state analysis. The excited states are lined up ac-
cording to their increasing energy and different molecular orbitals may contribute to
different excited state. Excited state analysis resulting from the calculations of the
O-terminated complexes, as the most interesting ones for photovoltaic applications, is
summarized in Table[2.4] For a representative structure of the two-bond contact of PPy
on epoxide-terminated 2 x 1 (100) ND, the charge density difference between the first
excited state and ground state, and third excited state and ground state is visualized in
Figure [2.13|together with the most contributing molecular orbitals to the transitions.

Table 2.4: Summary of oscillator strength (f), excitation energy (E,,), the most con-
tributing pair of orbitals (MO pair) and its contribution to the transition (Contrib.) for
the first three excited states.

ND surface PPy

structure  bonding Ex. state f E.. [eV] MO pair Contrib. [%]

1 x1(111), physis. Ist 0.650 1.92 H—L 60
peroxides 2nd 0.519 2.03 H-1 - L 65
3rd 0.034 222 H-2 - L 93
I x1(111), 1-bond Ist 0.000 2.06 H-53 — L 11
peroxides 2nd 0.031 2.13 H—L+2 50
3rd 0.000 2.29 H-43 — L+1 14
I x1(111), 2-bond Ist 0.000 3.11 H-53 - L 23
peroxides 2nd 0.000 3.34 H—L 89
3rd 0.003 3.39 H-1 — L+10 7
2x1(111), physis. Ist 0.019 0.64 H—L 60
epoxides 2nd 0.014 0.69 H-1 =L 68
3rd 0.002 1.85 H-2 - L 82
2x1(111), 1-bond Ist 0.000 2.15 H-9 — L+2 18
epoxides 2nd 0.000 272 H-18 — L+1 16
3rd 0.000 2.75 H — L+7 28
2x1(111), 2-bond Ist 0.051 0.75 H—L 57
epoxides 2nd 0.005 1.83 H-1 - L 66
3rd 0.015 2.64 H — L+1 45
1 x1(100), physis. Ist 0.000 -1.03 H-2 — L+2 28
ethers 2nd 0.460 1.07 H—L 92
3rd 0.013 2.11 H-1 - L 77
1 x1(100), 1-bond Ist 0.002 2.13 H— L+3 70
ethers 2nd 0.011 2.46 H-1 — L+3 69
3rd 0.027 3.00 H-3 — L+3 96
1 x1(100), 2-bond Ist 0.000 -1.03 H-3 — L+3 42
ethers 2nd 0.003 1.16 H-6 — L 41
3rd 0.0002 1.79 H-6 — L+1 19
2 x1(100), physis. Ist 0.083 2.01 H—L 42
epoxides 2nd 0.016 2.62 H-5—L 32
3rd 0.001 2.94 H — L+1 75
2x1(100), 1-bond Ist 0.000 -1.15 H-7 — L 26
epoxides 2nd 0.043 2.49 H-7 — L 30
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3rd 0.004 2.53 H— L+1 45

2x1(100), 2-bond Ist 0.041 2.49 H-7—L 50
epoxides 2nd 0.000 3.30 H—L 91
3rd 2.673 3.87 H—L+38 77
a-C:0 physis. Ist 0.014 0.37 H-1 - L 95
2nd 0.000 1.37 H—L 98
3rd 0.0001 2.31 H-2 - L 93
a-C:O 1-bond Ist 0.000 2.06 H-8 — L+1 27
2nd 0.054 2.54 H-2 - L 39
3rd 0.016 2.65 H — L+8 20
a-C:0 2-bond Ist 0.014 0.37 H—L 88
2nd 0.0004 2.12 H-1 =L 62
3rd 0.004 2.40 H-6 - L 34

For the two-bond contact of PPy on epoxide-terminated 2 x 1 (100) ND, the charge
density difference corresponding to the first and third excited state is placed on ND and
PPy, respectively, pointing out the local excitation type of the transition for both of the
cases. Based on the oscillator strengths, the electron excitation from the ground to the
third excited state is the most likely for this structure. The most contributing pairs of
molecular orbitals to this transition are: HOMO — LUMO + 8, and with about three
times lower coefficient HOMO — 1 — LUMO + 12 (not shown in [2.4). In agreement
with the position of the charge density difference, the localization of all the mentioned
orbitals is on the PPy part, as visualized in Figure 2.13(e - h). That is consistent with
the dipole moments which are mostly aligned to the PPy axis, with the total value of
43.0 D. Excitation energy is equal to 3.9 eV, thus, the most pronounced transitions are
in the near UV region.

The first excited state of the two-bond contact of PPy on epoxide-terminated 2 x 1
(100) ND occurs with much smaller oscillator strength. However, it corresponds to
smaller excitation energy possibly applicable for longer wave lengths (497.5 nm) in
the VIS region of the spectrum. Moreover, the first excitation of the structure with
epoxides is always from an orbital below HOMO to LUMO. According to Kasha’s
rule, the fluorescence is from the lowest excited state. Therefore, vibrational relaxation
of the excited electron from the third excited state (LUMO + 8 and LUMO + 12) on
PPy to the first excited state (LUMO) on ND is expected before the recombination.
This process could be slowed down owing to the different localization of the discussed
orbitals.

Considering the excited state with the highest oscillator strength, the transition
exactly from HOMO to LUMO is the most probable for six following structures: PPy
physisorbed on 1 x 1 (111), PPy physisorbed and two-bond contact of PPy on 2 x 1
(111), PPy physisorbed on 1 x 1 (100), PPy physisorbed on 2 x 1 (100), and two-
bond contact of PPy on a-C:O. For four of these six structures (except for the PPy
physisorbed on 1 x 1 (111) and two-bond contact of PPy on 2 x 1 (111)), the HOMO
and LUMO are spatially separated between PPy and ND. This demonstrates, that for
some cases, the excitation from HOMO to LUMO indeed leads to spatially separated
excitons.

The computed excitation energies are in the range from near IR to near UV ener-
gies, covering the whole visible spectrum, depending on the type of the contact be-
tween PPy and ND and the surface termination of ND.
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Figure 2.13: Charge density difference between the first (a) and third (b) excited
and ground state and for two-bond contact of PPy on epoxide-terminated 2 x 1
(100) ND. Blue and purple represents the decrease and increase, respectively, of

the electron density after the excitation. The density corresponds to the isovalue of
0.4 x 107 3¢~ A—3. Molecular orbitals contributing the most to the first excited state
(c, d) and to the third excited state (e - h). C atoms are in grey, H atoms are in white,
O atoms are in red, and N atoms are in blue.
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3. Conclusion

First-principles electronic structure DFT calculations were employed in order to un-
derstand the interactions between PPy and ND, a promising organic-semiconductor
functional system. Different chemisorbed (covalently grafted) and physisorbed (non-
covalent) positions of PPy on 1 x 1 (111) and 2 x 1 (100) as well as amorphous surface
slabs of ND were geometrically and energetically optimized to obtain ground state
structures and these were further analyzed. Different most frequently occuring sur-
face functional groups of ND were explored, particularly, hydrogens and oxygens in
peroxide, epoxide, ether and keton positions. Two different levels of theory were ap-
plied to study the PPy-ND composite systems. First, the most straightforward B3LYP
functional was used, and second, the dispersion-corrected wB97XD functional was
selected.

According to the binding energies, Ej, most of the chemisorption interactions are
endothermic, the only positive value is obtained for the one-bond contact of PPy on
amorphous oxygen-terminated ND. This interaction represents the most likely chemi-
sorbed binding. Overall, the one-bond contact is more favorable than two-bond con-
tact. In the case of the physisorbed structures, all the interactions are exothermic (and
therefore energetically more favorable processes). Furthermore, considering the H-
terminated NDs, all the structures of PPy on (100) facet were energetically more fa-
vorable than the corresponding structures on (111) facet. Comparing the H- and O-
terminated NDs, the physisorbed structures are energetically more convenient on the
O-terminated NDs, where the key role plays the hydrogen bonds present between the
surface oxygens and PPy.

The interaction energies, Ej,, indicate a covalent nature of all the chemisorbed
structures and non-bonding interaction for the physisorbed structures.

Relatively strong charge transfer, Ag, is calculated especially for PPy on NDs
terminated with oxygen surface functional groups. For the H-terminated NDs with
surface reconstruction, the covalent bonds facilitates mostly more pronounced charge
transfer.

Under both physisorbed and chemisorbed PPy configurations, the computed results
revealed that HOMO and LUMO are spatially separated between PPy and ND for most
of the PPy-ND composites. The (100) ND facets turns out to be more efficient in this
regard. For most of the structures, HOMO is positioned on PPy and LUMO on ND.
This is the predominant effect on all the oxidized NDs. The diamond would thus act
as an electron acceptor. Interestingly, the separation does not occur on H-terminated
NDs (with two exceptions). The spatial separation persists even on NDs with the
amorphous carbon interlayer, the closest structure to the real ND materials. Analysis
of energy levels showed that HOMO and LUMO energy levels are favourably aligned
for exciton dissociation in PPy-ND composite.

Under illumination, the HOMO-LUMO spatial separation may promote dissocia-
tion of excitons. Analysis of excited states calculated with the time-dependent DFT
theory showed that for some cases with spatially separated HOMO and LUMO, the
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direct HOMO-LUMO transition is the most probable based on the calculated oscil-
lator strength of the excited state and molecular orbital contribution to the transition.
Moreover, the energetic levels alignment favors the transfer of electrons from excited
LUMO states in PPy to ground state LUMO in nanodiamond. In addition, excitation
to different states is still possible with correspondingly lower excitation energy (albeit
with lower oscillator strength). This may lead to optical absorption in a broader spec-
tral range as also observed experimentally. Therefore, the organic-inorganic compos-
ite of PPy covalently adsorbed to oxygen-terminated diamond nanoparticles provide
promising features for photovoltaic applications.

To sum up, detailed analysis revealed a strong mutual interaction (in terms of bind-
ing energy, interaction energy, charge transfer) not only for covalently grafted PPy to
ND but even larger between PPy and ND in the physisorbed configurations due to
the formation of multiple hydrogen bonds (H...O bridges). Also, we conclude that
oxygens may be more efficient in comparison with hydrogens for PPy adsorption and
photovoltaic applications of the hybrid PPy-ND system. Simulations taking into ac-
count the amorphous surface layer present on DNDs evidence similar trends as the
NDs with reconstructed surfaces. The observed effects can most likely be generalized
also for interactions with other organic molecules (dyes, donor molecules, acceptor
molecules, proteins, etc.).

For a better understanding of the observed phenomena and further improvement of
the models, simultaneous experimental work is also being done as a part of another
Ph.D. thesis. For instance, structural character of PPy-ND systems is corroborated by
atomic force microscopy and Fourier-transform infrared spectroscopy. Photovoltaic
effects are characterized by measuring local photovoltages using Kelvin probe.
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Interaction of diamond with molecules is important for
various applications. For instance, experimentally ob-
served charge transfer between bulk diamond and
polypyrrole (PPy) is promising for photovoltaics. Here
we explore the interactions of PPy with surfaces of
nanodiamonds (NDs) by density functional theory (DFT)
calculations at the B3LYP/6-31G(d) level of theory. The
most probable H-terminated 1 x 1 (111) and 2 x 1 (100)
diamond surface facets are considered. Geometrical
arrangement, binding energy (E,), interaction energy
(Einy), charge transfer (Ag), and HOMO-LUMO gap are
calculated on geometrically relaxed structures of PPy on
the ND facets in physisorbed or chemisorbed configura-
tion. Energetically, the most favorable is physisorption of
PPy on NDs. For chemisorption, one-bond contact is
more favorable than two-bond contact, with the most
probable binding on (100) facet. Charge transfer of
electrons (up to Ag=—0.11¢") from PPy to diamond is
observed for all the configurations in the dark. In some
cases, the calculations reveal spatial separation of the
HOMO and LUMO, which may be useful for photovoltaic
applications.

1 Introduction In the 2Ist century, diamond is
investigated owing to its unique semiconducting and
chemical properties, e.g., superb hardness, chemical
inertness, non-toxicity, biocompatibility, high carrier
mobility, efficient heat dissipation, and luminescence.

Wiley Online Library

Truncated octahedral ND (left), (111) facets are in blue, (100)
facets are in red. (111)—(100)—(111) corner of ND (bottom),
and (111) facet with chemisorbed PPy (top). C atoms are in
gray, H atoms are in white, N atoms are in blue.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Diamond has an indirect band structure with the band
gap width of 5.5eV [1]. The applications of diamond are
numerous, e.g., in electronics, optoelectronic devices,
biosensors, and in photovoltaics. Photovoltaics and the
related energy generation from a renewable source, e.g.,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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light-to-energy conversion is an attractive idea [2]. From
more than half a century ago, when the first solar cells were
manufactured, up till now bulk silicon wafers have been the
most commonly used material for solar cells. Despite the
efficiency of silicon in photovoltaic conversions constantly
improving, it has not exceeded 24% for monocrystalline
silicon. Silicon nanoparticles are considered as an alterna-
tive to the traditional bulk silicon material [3, 4] owing to
charge carrier multiplication, low toxicity, and possibility to
rely on well-established silicon industry. However, the
synthesis and stabilization of Si nanocrystal surfaces is
complicated. Diamond nanoparticles, denoted as NDs,
possess many unique properties that could be beneficial
alternative to silicon and other traditional photovoltaic
materials, e.g., TiO,, GaAs, and CdS [3-5]. Yet, the
potential of NDs for energy conversion remains virtually
unexplored.

The main goal of this work is to explore the interactions
of polypyrrole (PPy) with surfaces of NDs for photovoltaic
applications. PPy is one of the most chemically stable
conjugated polymers [6], its conductivity can be controlled,
contains an amino group within its heterocycle, and it can be
a linker to biomolecules [7]. In this respect, NDs modified
with PPy could be used as a sensor. Furthermore, PPy is a
visible light sensitive polymer (organic dye actually). Its
experimental HOMO-LUMO gap is 1.3-3.2 eV, depending
on the method of preparation [8]. There has been an
experimental evidence of charge transfer between the bulk
diamond and PPy on its surface observed by Kelvin force
microscopy [1] and optical spectroscopy [9].

These results showed that merging diamond and
organics provides an efficient interface for exciton
dissociation and electron transfer [10, 11]. Such hybrid
organic—inorganic interfaces are considered perspective for
novel photovoltaic systems [12, 13]. For these purposes,
chemical modification and investigation of interaction of
diamond surface with molecules is important. NDs are
capable to bind a wide array of surface groups, which can
stabilize their surfaces. Functionalization of NDs changes
the electrical properties of the structures [14]. That cannot
be fully understood based purely on experimental techni-
ques. Therefore, computational approach involving first-
principles calculations is essential. Interaction of PPy with
semiconducting H-terminated diamond has already been
studied experimentally [15, 16]. However, only one
computational study of PPy chemisorbed to hydrogen
terminated diamond (111) surface has been published yet.
Covalent one- and two-bond contact of PPy on H-terminated
diamond 1 x 1 (111) surface facet with the charge transfer of
—0.11e” and —0.20e™, respectively, from the ND to the
PPy was calculated [8].

In this work, we have investigated physisorption and
chemisorption of PPy with H-terminated (111) and (100)
surfaces of NDs. Hydrogen was identified as a prerequisite
for further grafting of PPy molecules [17]. NDs are usually
dominated by (111) and (100) facets [18-20]. These low-
index surfaces dominate the polycrystalline CVD growth

WwWWw.pss-a.com

process, where they are the most highly represented with a
quota dependent on temperature and pressure [20]. More-
over, the (100) surface represents the most defect-free
surface obtained from experimental synthesis [21].

H-terminated (111) surfaces remains unreconstructed,
i.e.,inthe 1 x 1 configuration, which was confirmed by both
theoretical [18-20, 22, 23] and experimental [24, 25]
approaches. Although the (111) surface may be constructed
as triradical with three dangling bonds per surface atom, it is
much higher in energy [23], unstable, and practically not
observed [18].

H-terminated (100) surfaces occur in mono-hydride
configuration on the 2 x 1 reconstructed surface, which was
confirmed both by theoretical [18, 23, 26-31] and
experimental [28, 32, 33] methods. Di-hydride configura-
tion retaining the 1 x 1 structure surface is generally
unstable, mostly due to steric interactions, unless the
supersaturation of H is very high (such as in plasmas).

2 Computational details The first-principles DFT
calculations implemented in Gaussian 09 electronic
structure software [34] were employed. B3LYP hybrid
functional [35, 36], one of the most widely used
functionals in computations of organic molecules, with
the 6-31G(d) basis set was used for optimizations, i.e.,
structural relaxation for obtaining the energetically lowest
structures.

Modeling whole ND with experimentally accessible
size starting at 4nm [18] would be computationally
unfeasible at this level of theory. Therefore, first, surface
slabs bordering on a corner of ND were modeled and
optimized. These are 1 x 1 (111) and 2 x 1 (100) fully
H-terminated surface slabs of NDs consisting of 3C layers
of 6 x 6 surface units. The atoms were allowed to relax
during the optimizations with the exception of three
“surfaces,” representing inner cut planes where the particle
continues further into the bulk, were treated differently. C
atoms on these planes were saturated by H atoms in order to
keep their sp® hybridization. These H atoms were fixed
during further optimization. In this way, the inner atom
layers maintain plane shape yet retain certain flexibility to
relax.

For the need to saturate two dangling bonds of carbon
atoms, the dimerized hydrogen atoms were placed
symmetrically around the carbon atom. They were kept
fixed during the optimizations in order to maintain the
tetrahedral sp® character of diamond structure, despite some
steric tension arising between the hydrogen atoms [28, 37].
Few other authors suggest a canted configuration with
increased distance between the hydrogen atoms, however,
this problem merits more discussion [30, 37, 38].

To study the contact formation, different initial
configurations of PPy on the relaxed slabs were optimized.
The PPy was represented by six Py heterocycles, which
were optimized separately and were proportionate to the
modeled slabs. Non-equivalent positions of physisorbed and
chemisorbed PPy, including one- and two-bond contacts, on

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the optimized slabs were considered as initial geometries.
PPy and the top C-H layer were allowed to relax during
these further optimizations.

PPy does not spontaneously chemisorb on the clean
H-terminated diamond surface [8]. Therefore, the one- and
two-bond chemisorbed contacts were allowed by a removal
of one and two H atoms, respectively, both from the slab and
PPy. Experimentally, the H-termination of diamond is
substituted by the PPy molecules during electrochemical
synthesis process [16]. The dehydrogenation process itself
was not studied here since the work is focused mainly on the
nature of the PPy-C:H bonding.

For each bonding situation, structure with the lowest
relative energy with respect to the optimized (111) or (100)
ND slabs was taken for further analyses. Geometrical
arrangement, calculations of binding energy (E}), interac-
tion energy (E;,), HOMO-LUMO gap, and charge transfer
(Ag) were analyzed on the chosen optimized structures.

3 Results and discussion

3.1 Structural analysis Obtained structural param-
eters of optimized PPy structure displayed in Fig. 1(a) are in
good agreement with prior theoretical studies [8, 39].

HOMO and LUMO molecular orbitals shown in
Fig. 1(b) and (c), respectively, are out-of-plane m molecular
orbitals, slightly modified at both ends of PPy, gaining a
character of o-symmetry for the case of LUMO orbitals. The
molecular orbitals of the two middle PPy rings resemble the
most the orbitals of infinite PPy chain. The calculated
HOMO-LUMO gap is 3.36eV, which is in a good
agreement with theoretical [8] and experimental [15,
39-41] results. Note that the relaxed morphologies of

9

Figure 1 Main structural parameters of two terminal PPy
heterocycles (a), HOMO (b), and LUMO (c) molecular orbitals
of optimized PPy. Red and green color indicated positive and
negative values of the orbital surfaces, respectively, corresponding
to the isovalue of 0.01e~ A~>. The bond lengths are given in A.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PPy-C:H structures differ due to the contact formation, as
shown further below.

Figures 2(a)—(d) and 3(a)-(d) show the optimized and
energetically lowest chemisorbed structures. Here, PPy
is connected via C—C bonds and it stands under a tilt angle
in the range between 68.6° and 83.9°. The lower angles
correspond to the one-bond contacts. The main structural
parameters including bond lengths between PPy and
diamond slabs for the chemisorbed structures are displayed
in Fig. 4. For all the structures, the bond lengths of PPy are
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Figure 2 Resulting optimized structures of one-bond contact
HOMO (a) and LUMO (b), two-bond contact HOMO (c) and
LUMO (d), and physisorption HOMO (e) and LUMO (f) (top and
side views) of PPy on 1 x 1 (111) diamond slab. Red and green
color indicated positive and negative values of the orbital surfaces,
respectively, corresponding to the isovalue of 0.01e™ A,
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Figure 3 Resulting optimized structures of one-bond contact
HOMO (a) and LUMO (b), two-bond contact HOMO (c) and
LUMO (d), and physisorption HOMO (e) and LUMO (f) (top and
side views) of PPy on 2 x 1 (100) diamond slab. Red and green
color indicated positive and negative values of the orbital surfaces,
respectively, corresponding to the isovalue of 0.01e~ A™>.

modified up to 0.4 A and the angles up to 2.7°. The bond
lengths within the diamond slab are less significantly
modified, up to 0.12 A in the closest area around the contact
with PPy.

WWwWWw.pss-a.com

Figure 4 Main structural parameters of one-bond contact (a) and
two-bond contact (b) of PPy on 1 x 1 (111) diamond slab, and one-
bond contact (c) and two-bond contact (d) of PPy on 2 x 1 (100)
diamond slab. The bond lengths are given in A.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figures 2(e) and (f) and 3(e) and (f) show the optimized
and energetically lowest physisorbed structures. For the
(111) facet, the optimizations converged to PPy lying along
the surface diagonal, and for the (100) facet to PPy lying
above the middle 2 x 1 reconstructed row.

The geometry of the diamond remains unaffected, as
well as the bond lengths and angles within the particular Py
rings. However, PPy does not keep its planar character,
dihedral angles between the Py rings are twisted up to 10.9°,
where the most pronounced changes occurs at the
terminating Py rings. The —-NH groups within PPy are
pointing slightly toward the H atoms of the diamond surface
due to their partial charges arising from their polar character.
The average distance between PPy and the diamond is 3.1 A.

3.2 Binding energy Energetic preferences of the
interactions were characterized by the binding energies Ey,
which are summarized in Table 1. The binding energies
were calculated as the difference of total energies of the
relaxed structures before and after the contact formation
according to the following formula:

Eb - (Eslab + EPPV) - (Econ +n EHZ)v (1)
where E correspond to total energies of C:H slab (Eg,p), PPy
molecule (Eppy), PPy-C:H structure (E,.,), H, molecule
(Exn), and n = 0;1;2 is the number of substituted H atoms on
diamond depending on the type of the formed bond. Positive
E, corresponds to an exothermic process, i.e., thermody-
namically favorable, whereas negative value correspond to
an endothermic process. All the chemisorbed configurations
correspond to endothermic processes with the values
between —1.11 and —2.23eV. The one-bond contact is
more favorable than the two-bond contact for both types of
the facets, especially for the (111) facet, where the two-bond
contact requires additional energy of 0.82eV. The most
probable is the one-bond contact of PPy on the (100) facet.

All the physisorbed processes are exothermic by about
0.5eV.

3.3 Interaction energy Interaction energies E;y
describing the character of the bonds between PPy and
diamond are summarized in Table 1. They were calculated

Table 1 Binding energy (E,), interaction energy (E;,), and charge
transfer (Aq) for the PPy-C:H interfaces.

PPy-C:H structure Ey, (eV) E; (eV) Ag (e7)
1x1(111) 1-bond —1.41 3.73 —0.11
1x1(111) 2-bond —2.23 9.1 —0.07
1 x 1 (111) physisorption 0.43 0.43 —0.06
2 x 1 (100) 1-bond —1.11 4.23 —0.04
2 x 1 (100) 2-bond —1.60 10.33 —0.08
2 x 1 (100) physisorption 0.62 0.62 —0.05

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

according to the following formula:
(2)

where Egj,,—p and Eppy_y are total energies of C:H slab and
PPy calculated with the removed corresponding number of
hydrogens from the contact region. All the calculated values
for the chemisorbed structures correspond to covalent bonds
(Eine~ 3.7V for typical C—C bond [42]) between PPy and
diamond. The strongest bond Ej,;=5.17 eV per bond was
obtained for the case of two-bond contact on (100). In the
case of the physisorbed structures, the obtained values
correspond to non-bonding interactions between the PPy
and diamond (Ej,~0.4eV for a typical non-bonding
interaction).

For both of the slabs, the binding energy results in
one-bond contacts being more energetically favorable
than the two-bond contacts, while the interaction energy
indicates that the two bond-contacts are stronger. Less
favorable (more negative) binding energy of two bond
contacts can be caused by the fact that in the calculation of
the interaction energy, there are two dangling bonds on
the diamond slabs and two dangling bonds on the PPy
chain, which is highly inconvenient and therefore the total
energy of the contact formation is more significantly
decreased.

Eint = (Egiab—1 + Eppv—n) — Econ,

3.4 Electronic properties and charge transfer
All the PPy-C:H structures are semiconducting, the original
HOMO-LUMO gap of 6.31 and 5.70 eV for (111) and (100)
slab, respectively, significantly decreased to values in range
3.42-3.55 and 3.39-3.53 eV, respectively, where the lowest
values corresponds to the physisorbed structures. The
original HOMO-LUMO gaps are higher in comparison with
the gap of the bulk diamond (5.5eV) due to quantum
confinement and larger surface-to-volume ratio, which is
in agreement with theoretical calculations in the litera-
ture [18, 38] investigating fully passivated H-terminated
NDs. In general, decreasing the particle size results in an
increased HOMO-LUMO gap values in comparison with
the bulk diamond.

Electron affinity, EA, based on Koopmans’ theorem is
for the case of PPy equal to 0.53eV, which is in good
agreement with other theoretical calculations [43]. EA of
(111) and (100) ND slabs without absorbed PPy are
negative, —1.81 and —1.70, respectively, which is in good
agreement with other theoretical and experimental
results [23]. After the absorption of PPy, the EA rises
approximately to 0.58 and 0.50 for diamond (111) and
(100), respectively.

In Figs. 2 and 3 are displayed HOMO and LUMO
molecular orbital surfaces of the chosen optimized
structures. The isosurfaces are visibly modified in the
contact region for the chemisorbed (111) structures, where
the effect is the most pronounced for the one-bond contact.
For the (100) structures, only slight modification occurs in
the contact region.
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For the case of the physisorbed structures and the two-
bond contact on (100), the HOMO orbitals are located on the
diamond slabs. Spatially separated HOMO and LUMO
orbitals were already observed on the H-terminated 2 x 1
(100) diamond slab interacting upon adsorption of
buckminsterfullerene (Cgg) modeled by DFT [44] as well
as confirmed experimentally [45]. The spatial separation of
the HOMO and LUMO is convenient for photovoltaic
applications. It has a large influence on the separation of the
exciton and the consequent movement of charge carriers.
Moreover, the chance of recombination process decreases,
and thus efficiency of a photovoltaic cell rises. However,
relative energy positions of the frontier orbitals, which are
shown in Fig. 5, are also important to consider. There are
several configurations that could lead to the transfer of holes
or electrons between PPy and ND under illumination. In the
case of two-bond contact on (100), holes are likely to
transfer from PPy to ND and the electrons are blocked.
Therefore, this structure is promising not only due to the
spatial separation of the frontier orbitals. Other config-
urations, namely the two-bond contact on (111) and the one-
bond contact on (100), where HOMO is also partially
localized on ND near the interface with PPy, could work
similarly. Opposite direction of charge separation may also
be possible. According to the energy levels of the
physisorbed PPy on (111), the holes are blocked and the
electrons could be transferred from PPy to ND. Yet note that
HOMO and LUMO are not spatially separated in this case.

PPy is a neutral molecule, however, when placed to a
proximity of the semiconducting nanodiamond, charges are
transferred between both of the structures in order to achieve
equilibrium. For the evaluation of the number of net
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transferred electrons between the PPy and diamond, the
charge transfer was calculated as the difference between
the amount of donated electrons from ND to PPy and the
amount of electrons back donated from PPy to ND based on
summing up molecular orbitals redistributed to both of the
fragments [46]. Consequently, the charge transfer values
Ag, summarized in Table 1, correspond to the number of net
transferred electrons from diamond to PPy. The charge
transfer values are negative values for all cases which
implies that electrons are actually transferred from PPy to
diamond after the contact formation. That can be seen on the
modification of the HOMO and LUMO molecular orbitals
discussed earlier.

The highest charge transfer of —0.11e" is obtained for
one-bond contact on (111) facet. In contrast, the lowest
charge transfer of —0.04 e™ is obtained for one-bond contact
on (100) facet. Also, relatively high charge transfer is
obtained even for the much weakly bound physisorbed
structures, Ag~ —0.06e~, most likely because the PPy
chain lays on the structure and therefore all of its rings
contribute to the charge transfer.

H-diamond can have a p-type conductive channel in
the subsurface region. However, transfer doping of
diamond by holes from PPy (in dark) has not been
evidenced so far. Here, we found that interaction of
diamond with PPy leads to significant decrease of LUMO
level close to the energy of isolated PPy in all cases (see
also the new Fig. 5). Furthermore, this LUMO is located
almost entirely on PPy part of this hybrid system.
Lowering of LUMO thus corresponds to additional
positive charge on PPy, in agreement with calculated
charge transfer in dark.
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2-bond
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Figure 5 Relative energy positions of HOMO (in blue) and LUMO (in red) of one-bond, two-bond and physisorption of PPy on ND
(111) (a) and (100) (b) surface slab. The dotted lines correspond to PPy and the dot-and-dashed lines correspond to nanodiamond with

H-terminated (111) (a) and (100) (b) surfaces.
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In addition, one should consider that in the case of PPy
grafting to diamond, hydrogen atoms are removed and
thereby also diamond conductivity in the dark (if present
initially) [16]. Only under illumination, measurements of
photovoltages and photocurrents indicated that holes are
transferred from PPy to diamond and that the interface
provides efficient exciton dissociation [15, 16]. This is not in
contradiction to the charge transfer we calculated based on
summing-up all MOs in the dark, i.e., without illumination.
Based on our calculations, LUMO of the combined PPy-
diamond system is located on the PPy part. Under
illumination, electrons would be thus excited to the PPy
part.

4 Conclusions First-principles electronic structure
DFT calculations were employed in order to understand
the interactions between PPy and ND, a promising organic-
semiconductor functional system. Different chemisorbed
and physisorbed structures of PPy on 1 x 1 (111) and 2 x 1
(100) H-terminated surface slab of ND were geometrically
optimized.

According to the binding energy, E}, all chemisorption
processes are endothermic, the least negative value of
—1.05¢eV (i.e., the most likely binding) is obtained for one-
bond contact of PPy on the (100) facet. For both facets, the
one-bond contact is more favorable than two-bond contact.
In the case of physisorption, the reactions are exothermic
(and therefore energetically more favorable processes).
Furthermore, all the structures of PPy on (100) facet were
energetically more favorable than the corresponding
structures on (111) facet.

The interaction energy, E,, indicates the covalent
nature of all the chemisorbed structures and non-covalent
interaction for the case of physisorbed structures. Formation
of the covalent bond is allowed by removal of the
terminating hydrogen atoms. This facilitates more pro-
nounced charge transfer, Ag.

We observe the charge transfer from PPy to diamond for
all the considered cases. The highest charge transfer is found
for PPy chemisorbed on (111) facet via one bond.

For practical applications, it may be important to consider
that the chemisorption is more efficient on (100) facets, while
the charge transfer is more pronounced on (111) facets.
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Abstract

Nanodiamond particles (NDs) have recently risen in popularity owing to their unique and perspective
properties. Merging NDs with organic molecules, such as polypyrrole (PPy), into hybrid organic-
semiconductor functional systems gives rise to potential applications in photovoltaics, which is supported by
prior experimentally observed charge transfer between bulk diamond and PPy. This work focuses on the
most relevant (111) and (100) O-terminated ND facets with different coverage of surface terminating oxygens
in ether, epoxide, ketone, and peroxide positions. We use density functional theory computations employing
B3LYP functional and 6-31G(d) basis set. Energetically the most favorable oxidized ND facets were further
optimized with PPy in physisorbed configurations. Analysis of geometry, binding energy, HOMO-LUMO gap,
and charge transfer was done on the relaxed PPy-ND structures. Multiple hydrogen bonds are formed
between PPy amino groups and O atoms on ND surface. PPy on 1 x 1 reconstructions is energetically
favorable with exothermic binding energy (2.7 eV) and high charge transfer (up to 0.26 e°) in the dark. The
HOMO-LUMO at the PPy-ND interface becomes spatially separated and significantly closer in energy (down
to about 1 eV). These features may be beneficial for photovoltaic applications of nanodiamond.

Keywords: diamond, nanoparticles, polypyrrole, density functional theory, charge transfer

1. INTRODUCTION

Recent progress in nanotechnology and the increasing ability to characterize matter at the atomic-scale
leads to the discovery of intriguing properties and obtaining novel materials with a vast potential for
applications. Nanodiamond particles (NDs) have been a focus of nowadays research owing to their unique
semiconducting, chemical, and optical properties, as well as tunable surface structure. The applications
cover a large range of fields from biomedicine to optoelectronics including renewable energy. Combining
NDs with organic molecules into joint organic-inorganic functional systems may result in novel functional
devices. An example of a suitable organic material is polypyrrole (PPy), which is one of the most chemically
stable conjugated polymers [1] with controllable conductivity. Its HOMO-LUMO gap is 1.3 - 3.2 eV,
depending on the method of preparation [2]. Combining PPy with ND has potential use in photovoltaic (PV)
applications based on an experimentally measured charge transfer between the bulk diamond and PPy [2].
We have recently reported a computational study of physisorption and chemisorption of PPy on ND facets
passivated by hydrogen, which indicated energetic level alignment promising for PV applications [3].
Oxidized nanodiamonds represent an interesting complementary system as the surface dipole of the
terminating C-O bonds of diamond is opposite with respect to the dipole of the C-H bonds and relatively
stronger.

The most representative surface facets on NDs are (111) and (100) facets [4], [5]. Thermodynamic stability
and surface reconstruction of O-terminated NDs under varying conditions and surface coverage of (111) and
(100) facets were studied both theoretically [5]-[8] and experimentally [9]. On the 1 x 1 (111) ND surface
facet, oxygen in the on-top (i.e. ketone) position with peroxide bridges is the most favorable [8]. On the 2 x 1
(111) facet, oxygen adsorption in on-top and bridge positions were pointed out as the only plausible positions
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[5]. The bridge configuration occurs preferably at 50% or lower oxygen coverage [4], [8]; 100% O coverage
leads to dimerization [5]. On the 1 x 1 (100) facet, the bridge position is preferred at high surface coverage
[4]. Alternatively, etherized 1 x 1 (100) structures with a bridging ether may be convenient [7]. For oxygen
surface coverage up to 50% on (100), the 2 x 1 reconstruction is preferred over the 1 x 1 reconstruction [4]
and epoxy structure is more favorable than the bridge structure [6]. The bridge position is stable at high
surface coverage [6], [8].

In this study, we investigate a physisorption of PPy on the most stable, fully oxygen passivated 1 x 1 and 2 x
1 reconstructed (111) and (100) ND surface facets.

2. COMPUTATIONAL METHODS

The first-principles density functional theory (DFT) method implemented in Gaussian 09 electronic structure
software [10] was used for the optimization of all of the structures employing B3LYP functional with the 6-
31G(d) basis set. We used (111) and (100) ND surface slabs consisting of 3 C layers of 6 x 6 pattern and
surface terminating layer of O atoms. The slabs represented a corner of ND, hence always three “outer”
surfaces of ND were functionalized with oxygens and the remaining three “inner” surfaces representing inner
cut planes were saturated with hydrogen atoms, which were fixed during the optimizations. More details on
the computational setup are provided in our prior work [3].

Based on the literature and our preliminary calculations, we choose the most probable 1 x 1 and 2 x 1
surface reconstructions of both (111) and (100) surface with fully passivated oxygens in ether, epoxide,
ketone, and peroxide positions. For both reconstructions of both surface slabs, the oxygen structure with the
lowest relative total energy after optimization was chosen for further simulations with absorbed PPy. For the
1 x 1 (111) surface slab was chosen 100% termination with peroxides, for the 2 x 1 (111) 50% of epoxides,
for the 1 x 1 (100) 50% with ethers and for the 2 x 1 (100) 50% with epoxides. Note that in the case of ethers
and epoxides, the 50% surface coverage generates fully passivated forms.

To study the contact formation, different non-equivalent positions of physisorbed PPy (represented by six Py
units) on the relaxed slabs were optimized. Chemisorbed PPy was not calculated due to the high activation
barrier for oxygen to be replaced with PPy. The top C layer with the terminating O atoms and PPy were
allowed to relax during these further optimizations. For each of the four ND slabs, several initial PPy-ND
configurations were tried. The structure with the lowest relative energy with respect to the optimized 1 x 1
(111) or 2 x 1 (100) O-terminated ND slabs was then taken for analysis of geometry, binding energy (Eb),
HOMO-LUMO gap, and charge transfer (4Aq).

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the relaxed structures of PPy on ND slabs. The geometry of ND remained almost
unchanged. The originally planar character of PPy modifies into an out-of-plane structure as a result of
electrostatic interactions between PPy and ND. Multiple H-bonds are created between amino groups of PPy
and surface O atoms of ND.

The binding energies Ey, related to the energetic preferences of the interactions are summarized in Table 1.
The binding energies were calculated as the difference of total energies of the relaxed structures before and
after the contact formation according to the formula:

E, =(Ega +Eppy)—E (1)

slal con?

where E corresponds to total energies of C:H slab (Esian), PPy molecule (Eppy), and PPy-C:H structure (Econ).
Positive Eg corresponds to an exothermic process, i.e. thermodynamically favorable, whereas negative value
corresponds to an endothermic process.
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Figure 1 PPy physisorbed on peroxide-terminated 1 x 1 (111) ND slab, side view of HOMO (a) and LUMO
(b). PPy physisorbed on epoxide-terminated 2 x 1 (111) ND slab, side view of HOMO (c) and LUMO (d). C
atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue.

a)

Figure 2 PPy physisorbed on ether-terminated 1 x 1 (100) ND slab, side view of HOMO (a) and LUMO (b).
PPy physisorbed on epoxide-terminated 2 x 1 (100) ND slab, side view of HOMO (c) and LUMO (d). C
atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue.

Formation of all of the calculated structures is exothermic, the highest binding energy of around 2.7 eV is
obtained for the case of PPy on 1 x 1 reconstructed facets. The values for the 1 x 1 reconstructed facets are
1.68 — 1.84 eV higher than the values obtained for the 2 x 1 reconstructed facets.
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Table 1 Binding energy (Ey), charge transfer (4¢), HOMO-LUMO gap, HOMO and LUMO values.

Structure Eb [eV] Aq [e] HOMO-LUMO gap [eV] | HOMO [eV] LUMO [eV]
1x1(111) - - 3.32 -6.35 -3.03
2x1(111) - - 3.09 -4.41 -1.32
1 x1(100) - - 3.29 -5.22 -1.93
2 x1(100) - - 2.50 -5.42 -2.92

PPy-1x1(111) 2.76 0.26 1.09 -4.39 -3.30
PPy-2x1(111) 1.08 0.12 0.40 -3.52 -3.12
PPy - 1 x 1 (100) 271 0.19 1.71 -3.53 -1.83
PPy - 2 x 1 (100) 0.87 0.08 0.35 -3.22 -2.87

The calculated HOMO-LUMO gap of PPy is 3.36 eV, agreeing well with theoretical [11] and experimental [2]
values. Band gap of bulk diamond is 5.48 eV. The calculated HOMO-LUMO gaps of the O-terminated NDs
are in the range of 3.09 — 3.32 eV except for the HOMO-LUMO gap of 2.50 eV for the 2 x 1 (100) slab.
Similar results of HOMO-LUMO gaps, equal to 2.76 and 3.72 eV, were obtained for fully passivated O-
terminated diamond nanocrystals (with small enough size below 2 nm) by DFT [12]. Band gap in the range of
2.0 and 2.6 eV was also obtained for the O-terminated (100) bulk diamond surface by DFT [13]. After the
physisorption of PPy, the HOMO-LUMO gaps significantly decreased by 1.6 — 2.7 eV. Upon the PPy
adsorption, the HOMO energy of the ND is increased in the PPy-ND complex in all cases. The LUMO energy
decreases in the case of PPy on (111) but increases in the case of PPy on (100) facets.

There is also a considerable spatial separation of HOMO and LUMO at the PPy-ND interface in all cases
except the 2 x 1 (111) ND where it is only moderate. HOMO is located mostly on PPy and LUMO is located
mostly on ND for all the cases except for PPy on the 1 x 1 (111) ND slab, for which the separation is
opposite. Generally, the HOMO and LUMO are found in areas with a significant interaction between PPy and
ND, where the most pronounced modification with respect to the separate components happens. This is
mostly in the ND corner enclosed by oxygens. Thus the nanoparticle form of diamond may be important for
such strong interaction.

The spatial separation of HOMO and LUMO is convenient for photovoltaic applications. It was calculated by
DFT for the case of H-terminated NDs interacting with PPy [3] or diamond with adsorbed
buckminsterfullerene (C60) [14], for which it was also observed experimentally [15]. Under illumination, the
HOMO-LUMO spatial separation can promote dissociation of excitons and thereby lead to a generation of
free charge carriers. Moreover, it increases the efficiency of a photovoltaic cell by decreasing the probability
of recombination processes.

Charge transfer was calculated as the difference between the number of donated electrons from ND to PPy,
and the number of electrons back donated from PPy to ND based on summing up molecular orbitals
redistributed to both of the fragments [16]. The positive values of charge transfer, shown in Table 1, thus
correspond to the net transfer of electrons from ND to PPy. After the absorption, the formerly electrically
neutral PPy and the intrinsic O-terminated ND thus become oppositely charged. This may again facilitate the
exciton dissociation under illumination. The highest charge transfer of 0.26 e- is observed for PPy on the 1 x
1 (111) structure. The values of the charge transfer are consistent with the binding energy. The higher the
binding energy, the greater is the charge transfer. Generally, the values of charge transfer were relatively
high comparing with the values obtained for physisorption of PPy on the H-terminated NDs without any H-
bonds [3]. The calculated charge transfer mirrors the changes in the frontier molecular orbitals.
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4. CONCLUSION

We showed in our calculations that even without chemisorption there is a considerably strong interaction
between PPy and O-NDs in terms of PPy structural changes, high exothermic binding energy, high charge
transfer and pronounced changes of HOMO-LUMO energy levels at the PPy-ND interface. Formation of
hydrogen bonds plays probably an important role in these phenomena. The results also showed that the
complex of PPy with O-terminated ND might be suitable for photovoltaic applications since spatially
separated HOMO-LUMO orbitals may promote separation of photogenerated charge carriers.
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Structural and Electronic Properties of Oxidized and
Amorphous Nanodiamond Surfaces with Covalently

Grafted Polypyrrole

Petra Matunovd,* Vit Jirdsek, and Bohuslav Rezek

Diamond nanoparticles denoted as nanodiamonds (NDs) possess numerous
beneficial material properties and are envisioned for a wide range of
applications. In this work, complexes of polypyrrole (PPy) organic dye
covalently grafted to ND surfaces are investigated by atomic scale density
functional theory (DFT) computations with a view to their structural and
electronic properties. NDs terminated with oxygen, hydroxyl, carboxyl,
anhydride, as well as amorphous carbon (a-C:H, a-C:O) have been consid-
ered. Thereby the theoretical model is brought close to real nanodiamonds.
Spatially separated highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) and a favorable energetic level
alignment at the ND—PPy interface are observed for the majority of the
oxidized NDs. This feature is also retained for NDs with amorphous surface
layer. Excited states are computed by time-dependent DFT to analyze how

For this purpose, we investigate dia-
mond nanoparticles mostly denoted as
nanodiamonds (NDs) in combination with
a suitable organic material, polypyrrole
(PPy). Diamond nanoparticles represent a
novel type of carbon nanomaterial with a
range of unique properties including non-
toxicity, semiconducting properties, visible
light absorption, and their carbon-based
surface chemistry is rich and highly
adjustable for achieving desired properties
and functions.”’

Detonation NDs (DNDs) are commer-
cially available with sizes less than 4 nm in
diameter.”! Resulting from the production
process, DNDs contain an amorphous

the electronic configuration can promote dissociation of excitons, for instance

in photovoltaic applications.

1. Introduction

Organic photovoltaics is a recently rapidly developing field™ with
many advantages such as lower requirements on the light
conditions, simplified manufacturing process and increased
flexibility regarding its installation and usage. However, certain
disadvantages such as relatively low efficiency and stability are
still present. Organic—inorganic hybrid solar cells have thus
gained a lot of attention.’™ The systems consist of conjugated
polymers and inorganic semiconductor nanocrystals and could
serve as an efficient light harvesting and charge transporting
materials.
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layer of carbon on their surfaces. The most
frequent functional groups found on
surfaces of NDs are hydrogens, oxygens,
hydroxyls, carboxyls, and anhydrides.”®
The bonds between oxygen and carbon or hydrogen are
polarized, and consequently, a surface dipole layer is established.
Moreover, NDs can be sensitized by organic dyes. Properties and
functions of nanodiamonds can be modified by complexes with
organic molecules. For instance, encapsulation of individual
NDs with phenol-ionic complexes leads to enhanced photo-
luminescence from the ND defects.!”) Our prior studies with
polypyrrole (PPy) organic dye showed experimentally that
composites of hydrogenated and oxidized detonation nano-
diamonds (DNDs) with PPy were successfully fabricated and
evince promising properties for photovoltaic applications.”!
Suitability of PPy for photovoltaic applications was also
supported by an observed transfer of photogenerated charge
between the bulk diamond and PPy observed by Kelvin force
microscopy and optical spectroscopy.'"'?

The most typical ND facets, present both on the synthetic and
natural diamonds, are (111) and (100) facets."**! The
preference for the different surface functional group and the
extent of its coverage on a particular surface reconstruction of a
ND facet was studied by both computational™* " and
experimental™® 2! methods. Due to the steric reasons, carboxyl
and anhydride surface functional groups saturate 50% and about
30% of the dangling bonds of the surface carbon atoms,
respectively.

This work builds upon prior theoretical works investigating
electronic and energetic characteristics of the most simplified
PPy-ND system where all surface dangling bonds, and internal
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surfaces of ND were passivated merely by hydrogen®*?* and
system of PPy merely physisorbed on oxidized NDs.!**! Here, we
concentrate on the system of PPy chemisorbed (covalently
bonded) on oxidized NDs. The obtained results are considerably
different to merely hydrogenated nanodiamonds. We also
include amorphous carbon on ND surface to resemble the real
DNDs closely. We show that even with amorphous carbon the
PPy-ND system retains its qualities. The results thus comple-
ment the recent experimental work on the PPy-DND compo-
sites,['% corroborating their potential as an opto-electronically
active medium in solar cells.

2. Computational Details

For geometry optimization of all the structures, we employed the
first-principles density functional theory (DFT) method imple-
mented in Gaussian 09 electronic structure software®” and
B3LYP functional®®?”! and 6-31G(d) basis set, where the
inclusion of the polarization functions turned out to be
particularly important. Due to the computational unfeasibility
of the theory to model the whole ND particle with the typical
sizes from 1.4nm,”® we used (111), (100), and amorphous
carbon surface slabs consisting of three double layers of 6 x 6
carbon atoms. Two additional H-terminated model sizes with the
double and triple size of the original ND slab consisted of 459C
atoms (7353 basis functions, i.e., about 2nm), and 694C atoms
(11026 basis functions, i.e., about 3nm), respectively were
computed. Although the gaps between highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of such systems were close to the experimental
bandgap of ND, the computational resources were enormous,
and it was not possible to perform, e.g., the frequency analysis.
Thus, the original model size (about 1 nm ND) was retained as a
compromise between computational feasibility and possible
quantum confinement effects. Nevertheless, the results show
that the various surface terminations studied in our work have
actually very different effects while possible quantum confine-
ment effect would be about the same for the same model size.

Various terminating surface functional groups were used.
These include oxygens in different positions (peroxides,
epoxides, ethers, ketones), hydroxyls, carboxyls, and anhydrides.
We choose energetically the most probable functional group for
1x1 and 2 x 1 surface reconstructions of both the (111) and
(100) ND slabs based on published theoretical®*'***=4 and
experimental™®1%2135737) works and our preliminary calcula-
tions. The amorphous carbon layer was saturated by hydrogens
(a-C:H) or by a mixture of hydrogens and oxygens (a-C:O),
resembling the polyfunctional detonation NDs used in practical
experiments. The slabs represent a corner of ND, hence always
three “outer” surfaces of ND were terminated with oxygen
surface groups, and the remaining three “inner” surfaces
representing inner cut planes were saturated with hydrogen
atoms, which were fixed during the optimizations. More details
on the computational setup are provided in our prior work.!**

To study the contact formation, different non-equivalent
positions of one-bond and two-bond covalent contacts of PPy
(represented by six Py units) on the relaxed ND slabs were
optimized. During this optimization, the outermost C atoms,
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and terminating O and H atoms were allowed to relax, while the
rest of the particle was kept fixed. On the PPy-ND structures with
different bond type and the lowest relative energy with respect to
the optimized ND slab without PPy were then performed
analyses of geometry parameters, HOMO and LUMO molecular
orbitals, binding energies (E,), interaction energies (Ei,), and
charge transfer (Ag).

PPy does not spontaneously chemisorb on the clean
H-terminated diamond surface.l'"”? Therefore, the one- and
two-bond chemisorbed contacts were allowed by removal of one
and two H atoms, respectively, both, from the slab and PPy. In
the case of the O-containing groups, the energy barrier for their
replacement with PPy is relatively high, and it would avert the
chemisorption of PPy. However, the structures could exist if we
consider chemisorption of PPy on at least partially H-terminated
ND. Such typical polyfunctional detonation nanodiamonds arise
from a usual manufacturing and purification process,” where H
atoms are likely to be substituted with PPy oxygen groups, and
further, the oxidized surfaces arise from competitive oxidation
during the PPy synthesis proces or from oxidation in the
surrounding air. Note that due to steric reasons we did not
optimize PPy on hydroxyl-terminated 2 x 1 (100) ND slab,
carboxyl-terminated 1 x 1 (100), and anhydride-terminated 1 x 1
(100).

For selected representative structures, excites state properties
were calculated using the time-dependent DFT (TDDFT),
allowing to describe the electronic excitations in nanosystems.**!
Long-range corrected hybrid density functional wB97X-DP** with
the 6-31G(d) basis set was used for the optimization of the
structures. Using this type of functional, the delocalization error
is reduced,*® and the long-range correction brings the transition
energies close to the experimental results.[*"

3. Results and Discussion

3.1. Structural Properties

Different nonequivalent positions of one-bond contact and two-
bond contact of PPy on ND with varying surface termination
were optimized, and the lowest energy systems were further
analyzed. Selected representative structures are presented in
Figure 1. All computed structures are shown in Figure S1-S9,
Supporting Information. Geometrical parameters of the struc-
tures are summarized in Table S1-S5, Supporting Information.
On the relaxed structures, the surfaces of the NDs remain almost
unchanged. The only observed modification is as a reorganiza-
tion of the surface functional groups near the PPy-ND bond. For
instance, the OH groups of the hydroxylated NDs in close
proximity to the PPy chain are often rotated in order to include
the amino group of PPy into the system of hydrogen bonds
established over the whole ND surface.

Standalone PPy is a planar structure, however, after its
chemisorption on ND, it is slightly tilted with respect to the ND
surface, and individual Py heterocycles rotate relative to each
other to accommodate the electrostatic interactions with ND.

Consistently with the hydrogenated NDs!**! the C-C bond
lengths between PPy and ND are mostly shorter for the two-bond
contacts than for the one-bond contacts. This is owing to the less
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Figure 1. Optimized structures of one-bond contact of PPy on epoxide-terminated 2 x 1 (111) — HOMO (a) and LUMO (b); one-bond contact of PPy on
anhydride-terminated 2 x 1 (111) — HOMO (c) and LUMO (d); one-bond contact of PPy on a-C:O — HOMO (e) and LUMO (f); two-bond contact of PPy
on a-C:H — HOMO (g) and LUMO (h). C atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue. Red and green colors
indicate positive and negative values of the orbital surfaces, respectively, corresponding to the isovalue of 0.01e A,

steric repulsion from the removal of the two surface functional
groups instead of one for the former case, especially for the
carboxylated and hydroxylated NDs. In extreme case, for one-
bond contacts on the hydroxylated (111) surface, the originally
set covalent bonds diminish since the optimized lengths of the
bonds are up to 1.96 A. For the oxidized surfaces and in contrast
to the hydrogenated surfaces, the one-bond contacts are more
likely to establish the directional hydrogen bonds with the ND
surface thanks to their higher flexibility to rotate around the C-C
bond between PPy and ND. The described structural trends are
valid for both the reconstructed and amorphous nanodiamond
surfaces.

3.2. HOMO LUMO Distribution and Energies

The positions of the frontier molecular orbitals, HOMO and
LUMO, are also displayed in Figure 1 and Figure S1-S9,
Supporting Information. We observe that for most of the
oxidized PPy-ND, HOMO and LUMO are spatially separated.
HOMO is located on the whole PPy oligomer and LUMO on the
surface of ND. The spatial separation of the frontier molecular
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orbitals is a desirable effect for the solar cell applications,
contributing to more efficient separation of excitons and their
consequent movement toward electrodes while avoiding recom-
bination processes atthe same time. However, the separation is not
observed in the PPy-ND composites with hydrogenated and
hydroxylated NDs. Instead, both frontier orbitals are located on
PPy (see Figure S4, Supporting Information).

The calculated HOMO-LUMO gap of the standalone PPy
oligomer is 3.36eV, which agrees well with prior experimen-
tall'**~*4 and theoretical®” studies.

The obtained values of the HOMO-LUMO energy gaps of
NDs without PPy (2.50-4.77 eV for the reconstructed NDs, and
about 0.6 eV for the amorphous NDs) are highly variable, mostly
with regard to the different surface functional groups. For most
of the O-terminated NDs, the obtained band gap of about 3.1 eV
is in a good agreement with other DFTstudies.****** The values
of the band gaps of the separate NDs are in agreement also for
the H- and COOH-terminations, however, there is a lack of
studies concerning the anhydride surface termination. Gener-
ally, the band gaps from DFT studies are somewhat lower
compared to the band gap of bulk diamond, 5.48 eV.*! This
feature must be related with the surface termination since
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size-dependent studies on very small nanodiamonds with the
same theory predict increasing energy band gap (above the bulk
diamond value) with decreasing cluster size.l*”) These quantum
confinement effects are present for ND with sizes up to 2 nm.[**!
Also, the dependence of the HOMO-LUMO gap on the ND size
was computationally observed.'*”! Our preliminary calculations
with the larger models of 2 and 3 nm H-terminated NDs yielded
the HOMO-LUMO gap values of 5.45 and 5.83 eV, respectively,
which is in a good agreement with the experimental value of bulk
diamond. Due to the quantum confinement effects and the
related higher surface to volume ratio, the HOMO-LUMO gaps
could differ quantitatively, but the trends related to surface
termination will remain.

After the chemisorption of PPy, the PPy-ND gap is in the
range from 0.33 to 3.52 eV. The lower values in comparison with
the separate NDs are primarily due to the upshift of HOMO
energies. Generally, the variability of the gap is increased
suggesting the tunability of the PPy-ND composites. HOMO-
LUMO energy gaps of all the composites are summarized in
Table S6-S10, Supporting Information.

Figure S10-S14, Supporting Information visualize the
HOMO and LUMO energy levels of the PPy-ND structures
along with standalone PPy and corresponding NDs. A typical
arrangement of HOMO and LUMO of the standalone NDs and
PPy with increasing energy is following: HOMO of ND, HOMO
of PPy, LUMO of ND, and LUMO of PPy. This energy
arrangement leads to the transfer of photo-generated electrons
from PPy to ND and the other way around for holes. The HOMO-
LUMO alignment of the PPy-ND composites is dependent on
the particular surface reconstruction, the type of the functional
groups, and the type of the interaction between PPy and ND. In
this sense, the PPy-ND composites exhibit the possibility of high
tunability. Often, a convenient arrangement for the photo-
generated charge dissociation and transport is obtained.

Figure 2 displays a representative result of relative energy
positions of HOMO and LUMO for the case of the COOH- and
anhydride-terminated 1 x 1 (111) ND. The order of the frontier
molecular orbitals suggests several options for the transfer of the
charge carriers between PPy and ND. For the 1-bond contact on
COOH-terminated ND, the energy levels are favorable. After

_ COOH-terminated ND

2
o

Energy [eV]

1-bond

2-bond

www.pss-b.com

exciton generation at the interface, electrons are likely to go to
ND, and at the same time, they are blocked to go to PPy. Holes
are likely to transfer to PPy and are blocked to transfer to ND.
The same is valid for the 1-bond contact on the anhydride-
terminated ND. To provide a better insight into the observed
phenomena, sections with detailed energetic analysis and
quantification of the redistribution of charges follow.

3.3. Binding and Interaction Energies

Binding energies, E, related to the energy preferences of the
interactions, were calculated as the difference in total energies of
the ground state structures before and after the chemisorption of
PPy. Equation (1) is a general formula including all the
computed ND slabs in this work

E, = [Eslab + EPPy}
_[Econ"’_(n_z'l)'EH2+m'EOZ+l'ECH4} (1)

where E corresponds to total energies of C:H slab (Egs,y), PPy
molecule (Eppy), PPy-C:H structure (E,,), molecules desorbed
after the substitution (Ey,, Eos, Ecua), n is the number of
substituted pairs of H atoms, m is the number of substituted
pairs of O atoms, and I is the number of substituted C atoms,
depending on the type of the formed bond. Positive Eg
corresponds to an exothermic process, i.e., thermodynamically
favorable, whereas negative value corresponds to an endother-
mic process. Equation (1) allows to calculate the interaction
energies, Ej,, which are related to the strength of the bonds
between PPy and ND

Eint = (Eslab—X + EPPy—H) - Econ (2)

where Eg,p,x and Eppy.y are total energies of ND slab and PPy
calculated with the removed corresponding atoms from the
contact region.

The binging energies are displayed in Figure 3 along the
horizontal axis. Values of the binding, as well as interaction
energies, are summarized in Table S6-S10, Supporting

_Anhydride-terminated ND
--PPy

Energy [eV]

-6 -

2-bond

Figure 2. Relative energy positions of HOMO (in blue) and LUMO (in red) of PPy (dashed lines), 1x 1 (111) ND slabs (dot-dashed lines), and PPy
chemisorbed (1-bond, 2-bond) on carboxylated (a) and anhydride-terminated (b) surfaces. The arrows indicate possible and blocked transport of

electrons and holes in LUMO and HOMO, respectively.
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Figure 3. Charge transfer (Aqg) versus binding energy (Ey) for the PPy-ND
structures. Surface chemistry is coded by color; surface reconstruction is
coded by symbol shape (see the legend in the inset).

Information. All the binding energies are negative, i.e., endother-
mic reactions requiring a supply of energy in order to create the
bonding contacts. An exception is the one-bond contact of PPy on
a-C:0, where E, =0.30eV. This is in agreement with a very short
bond length between ND and PPy of 1.50 A obtained for this
composite. Therefore, not considering a possible energetic barrier
of the interaction, PPy could spontaneously covalently bound the
oxidized amorphous NDs.

According to the binding energies, the least likely is the PPy
chemisorption on the hydroxylated NDs with the most positive
value of E, = —4.22 eV. This assertion is supported by the longest
bond lengths obtained in this case and by low interaction
energies indicating the diminishing covalent character of the
one-bond contacts here.

The binding energies suggest that PPy is more likely to bind
via one covalent bond on hydrogenated, hydroxylated, and
carboxylated NDs, in contrast with peroxide, epoxide, and ether-
terminated NDs, where two covalent bonds are preferred. That is
a consequence of the fact that the former functional groups each
saturate one valence of a surface carbon of ND, while the latter
saturate two and no dangling bond remains in this case. In
addition, for the latter case, the dominance of the two-bond
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contacts is confirmed by high interaction energies indicating
strong covalent bonds. The only exception is the epoxide-
terminated 2 x 1 (111) structure, which also represents the
highest value of all the composited of non-amorphous NDs,
E,=—0.90¢€V. In this case, the unfavorable two-bond contact
may be caused by too high steric repulsions resulting in a
nonplanar character of the formed bonds.

The binding energies also indicate more favorable inter-
actions for the amorphous a-C:O in comparison with the a-C:H
structures due to the more pronounced electrostatics inter-
actions for the a-C:O structures.

High interaction energies (up to 4.94eV per bond for two-
bond contact on anhydride-terminated 2 x 1 (100) ND, see
Table S10, Supporting Information) are obtained for most of the
composites. They correspond to relatively strong covalent bonds
as the typical value for a C-C bond is E;,, ~3.7 eV.P% The
interaction energies thus confirm a highly covalent bond, among
others, in the case of the one-bond contact on a-C:O,
Eni=4.34eV. It should be emphasized that in all cases the
bonds between PPy and ND are via the C surface atoms. The
observed differences between various surface termination types
are thus arising solely due to the different surface chemical
groups in the PPy-ND contact neighborhood.

3.4. Charge Transfer

To evaluate the charge redistribution after the contact formation
in formerly electroneutral complexes we evaluated the charge
transfer, Aq. It was calculated as the difference between the
number of donated electrons from ND to PPy and the number of
electrons donated from PPy to ND based on summing up
molecular orbitals redistributed to both components under
equilibrium conditions.®") Analysis of the total density was
performed in order to obtain coefficients and occupation
numbers for natural bond orbitals. Consequently, positive Agq
correspond to the net number of electrons transferred from ND
to PPy and vice versa for negative Ag.

Charge transfer values are mostly negative. They are
summarized in Table S6-S10, Supporting Information and
displayed in Figure 3 along the Y-axis. The highest absolute value
of charge transfer, Aq=0.36 e, corresponding to the transfer of
electrons from PPy to ND is obtained for the one-bond contact of
PPy on the 2 x 1 (111) anhydride-terminated ND. Consistently
with the energetic preferences, for the hydroxylated NDs were
calculated the lowest values of Aq ~0.09 ™. Generally, the PPy
composites with the hydroxylated NDs show the least promising
features. That is in agreement with the literature, where the
limitation of the hydroxylated NDs in relation to an adsorbate
molecule was reported.*”!

Overall, significant values of charge transfer are obtained for
most of the structures, including the nanodiamonds with an
amorphous surface layer, which are included in Table S10,
Supporting Information. The charge transfer values for the a-C:
H structures are consistent with the values obtained for the
reconstructed hydrogenated NDs.!”*! Moreover, higher charge
transfer is obtained for the a-C:O structures than for the a-C:H
structures. This is the same trend as for the reconstructed
diamond surfaces.
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3.5. Excited States

For three representative structures, two-bond contact of PPy
on epoxide-terminated 2 x 1 (100), one-bond contact of PPy on
hydroxyl-terminated 2 x 1 (100), and one-bond contact of PPy on
carboxyl-terminated 2 x 1 (100) ND, the excited state analysis is
included. Figure 4 shows the electron density difference between
the excited state and the ground state. It is placed on PPy for all
the composites, pointing out the local excitation type of the
transition.

Based on the oscillator strengths, the electron excitation from
the ground to the first excited state is the most likely for the
structures with hydroxyls and carboxyls. For the epoxide-
terminated composite, the highest transition probability is for
the third excited state. Therefore, it is visualized in Figure 4
instead of the first excited state.

For the epoxide-terminated composite, the most contribut-
ing pairs of molecular orbitals to the transition are: HOMO
— LUMO + 38, and with about three times lower coefficient
HOMO —1— LUMO +12. For the hydroxylated case, the
orbitals are: HOMO — LUMO and with about three times
lower coefficient HOMO —1— LUMO + 1. For the structure
with anhydrides, the orbitals are: HOMO — LUMO + 2 and
with about three times lower coefficient HOMO — 2 — LUMO
+6. In agreement with the position of the charge density
difference, the localization of all the mentioned orbitals is on
the PPy part, as visualized in Figure S15, Supporting
Information. That is consistent with the dipole moments
which are mostly aligned to the PPy axis, with the total value of
43.0 D, 25.3 D, and 24.1 D for the epoxide, OH, and anhydride-
terminated ND, respectively. Excitation energies are equal to
3.9,3.9,and 3.6 eV for the epoxide, OH, and COOH-terminated
ND, respectively. Thus, the most pronounced transitions are in
the near UV region.

The first excited state of the structure with epoxides occurs
with much smaller oscillator strength. However, it corresponds
to smaller excitation energy possibly applicable for longer wave

a) b)
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lengths (497.5 nm) in the VIS region of the spectrum. Moreover,
the first excitation of the structure with epoxides is always from
an orbital below HOMO to LUMO. According to Kasha’s rule,
the fluorescence is from the lowest excited state. Therefore,
vibrational relaxation of the excited electron from the third
excited state (LUMO +8 and LUMO + 12) on PPy to the first
excited state (LUMO) on ND is expected before the recombina-
tion. This process could be slowed down owing to the different
localization of the discussed orbitals.

4, Conclusion

Chemisorbed interactions between PPy molecule and ND with
different surface terminations, surface reconstructions as well as
amorphous surface layer were investigated by employing atomic
scale DFT simulations. Based on the analysis of the binding
energies, the most favorable NDs for the chemisorption of PPy
are the reconstructed peroxide, epoxide, and ether-terminated as
well as amorphous oxidized and hydrogenated NDs. Also,
relatively high values of charge transfer and variable energy band
gap of various chemisorbed PPy-ND structures were observed.
Spatial separation of HOMO and LUMO arises for most of the
structures. This includes the structures with amorphous carbon
surface layer that are the closest approximation to the real
detonation nanodiamonds. Under illumination, the HOMO-
LUMO spatial separation may promote dissociation of excitons.
However, analysis of excited states showed that direct HOMO-
LUMO transition has smaller oscillator strength in that case than
higher excited states that are localized on PPy molecule.
Nevertheless, the energetic levels alignment favors the transfer
of electrons from excited LUMO states in PPy to ground state
LUMO in nanodiamond. In addition, excitation to lower states is
still possible with correspondingly lower excitation energy (albeit
with lower oscillator strength). This may lead to optical
absorption in a broader spectral range. Therefore, the
organic-inorganic composite of PPy covalently adsorbed to

Figure 4. Charge density difference between the third excited and ground state for two-bond contact of PPy on epoxide-terminated 2 x 1 (100) ND (a)
and charge density difference between the first excited and ground state for one-bond contact of PPy on hydroxyl-terminated 2 x 1 (100) ND (b) and one-
bond contact of PPy on carboxyl-terminated 2 x 1 (100) ND (c). C atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue.
Blue and purple represent the decrease and increase, respectively, of the electron density after the excitation. The density corresponds to the isovalue of

0.4x103%e A3
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oxygen-terminated diamond nanoparticles provide promising
features for photovoltaic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Optimized structures of PPy on O-terminated 1 x 1 (111) ND edge slab: one-
bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d).
Optimized structures of PPy on O-terminated 2 x 1 (111) ND edge slab: one-bond contact
HOMO (e) and LUMO (f), two-bond contact HOMO (g) and LUMO (h). C atoms are grey, H
atoms white, O atoms red, N atoms blue. Red and green clouds indicate positive and negative
value of the orbital surfaces at the isovalue of 0.01e"A"3,
a) b) e)
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Figure S2. Optimized structures of PPy on O-terminated 1 x 1 (100) ND edge slab: one-
bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d).
Optimized structures of PPy on O-terminated 2 x 1 (100) ND edge slab: one-bond contact
HOMO (e) and LUMO (f), two-bond contact HOMO (g) and LUMO (h). C atoms are grey, H
atoms white, O atoms red, N atoms blue. Red and green clouds indicate positive and negative
value of the orbital surfaces at the isovalue of 0.01e"A"3,

25513,

&,
>
c)

* 1

S



WILEY-VCH

Figure S3. Optimized structures of PPy on OH-terminated 1 x 1 (111) ND edge slab: one-
bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d).
Optimized structures of PPy on OH-terminated 2 x 1 (111) ND edge slab: one-bond contact
HOMO (e) and LUMO (f), two-bond contact HOMO (g) and LUMO (h). C atoms are grey, H
atoms white, O atoms red, N atoms blue. Red and green clouds indicate positive and negative
value of the orbital surfaces at the isovalue of 0.01e"A,

Figure S4. Optimized structures of PPy on OH-terminated 2 x 1 (100) ND edge slab: one-
bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d). C
atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green clouds indicate

positive and negative value of the orbital surfaces at the isovalue of 0.01e"A 3,
d)
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Figure S5. Optimized structures of PPy on COOH-terminated 1 x 1 (111) ND edge slab:
one-bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d).
Optimized structures of PPy on COOH-terminated 2 x 1 (111) ND edge slab: one-bond
contact HOMO (e) and LUMO (f), two-bond contact HOMO (g) and LUMO (h). C atoms are
grey, H atoms white, O atoms red, N atoms blue. Red and green clouds indicate positive and
negative value of the orbital surfaces at the isovalue of 0.01e"A"3,

a)

Figure S6. Optimized structures of PPy on COOH-terminated 2 x 1 (100) ND edge slab:
one-bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO (d). C
atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green clouds indicate
positive and negative value of the orbital surfaces at the isovalue of 0.01e"A3,




WILEY-VCH

Figure S7. Optimized structures of PPy on anhydride-terminated 1 x 1 (111) ND edge
slab: one-bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO
(d). Optimized structures of PPy on anhydride-terminated 2 x 1 (111) ND edge slab: one-
bond contact HOMO (e) and LUMO (f), two-bond contact HOMO (g) and LUMO (h). C
atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green clouds indicate
positive and negative value of the orbital surfaces at the isovalue of 0.01e"A3,

Figure S8. Optimized structures of PPy on anhydride-terminated 2 x 1 (100) ND edge
slab: one-bond contact HOMO (a) and LUMO (b), two-bond contact HOMO (c) and LUMO
(d). C atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green clouds
indicate positive and negative value of the orbital surfaces at the isovalue of 0.01e A3,
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Figure S9. Optimized structures of PPy on a-C:H ND edge slab: one-bond contact HOMO
(@) and LUMO (b), two-bond contact HOMO (c) and LUMO (d). Optimized structures of PPy
on a-C:O ND edge slab: one-bond contact HOMO (e) and LUMO (f), two-bond contact
HOMO (g) and LUMO (h). C atoms are grey, H atoms white, O atoms red, N atoms blue. Red
and green clouds indicate positive and negative value of the orbital surfaces at the isovalue of
0.01e-A3,
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Figure S10. Graphs of HOMO (blue) and LUMO (red) energy levels of i) standalone PPy
(dashed lines), ii) standalone O-terminated ND slabs (dot-and-dashed lines), and iii) PPy
chemisorbed (1-bond, 2-bond) on O-terminated ND (full lines) in the case of 1 x 1 (111) (a),
2 x1(111) (b), 1 x 1 (200) (c), and 2 x 1 (100) (d) ND slabs.
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Figure S11. Graphs of HOMO (blue) and LUMO (red) energy levels of i) standalone PPy
(dashed lines), ii) standalone OH-terminated ND slabs (dot-and-dashed lines), and iii) PPy
chemisorbed (1-bond, 2-bond) on OH-terminated ND (full lines) in the case of 1 x 1 (111) (a),
2 x1(111) (b), and 2 x 1 (100) (c) ND slabs.
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Figure S12. Graphs of HOMO (blue) and LUMO (red) energy levels of i) standalone PPy
(dashed lines), ii) standalone COOH-terminated ND slabs (dot-and-dashed lines), and iii)
PPy chemisorbed (1-bond, 2-bond) on COOH-terminated ND (full lines) in the case of 1 x 1
(111) (a), 2 x 1 (111) (b), and 2 x 1 (100) (c) ND slabs.
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Figure S13. Graphs of HOMO (blue) and LUMO (red) energy levels of i) standalone PPy
(dashed lines), ii) standalone anhydride-terminated ND slabs (dot-and-dashed lines), and iii)
PPy chemisorbed (1-bond, 2-bond) on anhydride-terminated ND (full lines) in the case of 1 x
1(111) (a), 2 x 1 (111) (b), and 2 x 1 (100) (c) ND slabs.
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Figure S14. Relative energy positions of HOMO (in blue) and LUMO (in red) of PPy (dashed
lines), ND slabs with amorphous surface layer (dot-and-dashed lines), and PPy chemisorbed
(1-bond, 2-bond) on a-C:H (a) and a-C:O slabs (b) (full lines).
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Figure S15. Molecular orbitals contributing to the third excited state of the two-bond contact
of PPy on epoxide-terminated 2 x 1 (100) ND (a - d) and its LUMO (e). Molecular orbitals
contributing to the first excited state of the one-bond contact of PPy on hydroxyl-terminated 2
x 1 (100) ND (f - i) and carboxyl-terminated 2 x 1 (100) ND (j- m) and ist LUMO (n).

a) HOMO b) LUMO + 8 ¢) HOMO - 1 d) LUMO + 12 e) LUMO

s b A 3 8k
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Table S1. Summary of bond lengths between PPy and O-terminated ND: ND-PPy bond
length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH groups
in PPy and O atoms on ND surface. Py heterocycles are numbered from the ND edge
(physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py1 Py2 Py3 Py4 Py 5 Py 6
1 x 1 (111), peroxides  1-bond 1,58 2 2.68; 3.04

1 x 1 (111), peroxides 2-bond 1,52; 1,52 0

2 x 1 (111), epoxides 1-bond 1,54 0

2 x 1 (111), epoxides 2-bond 1,54; 1,54 0

1 x 1 (100), ethers 1-bond 1.52 1 2.76

1 x 1 (100), ethers 2-bond 1,47;1.48 0

2 x 1 (100), epoxides 1-bond 1.52 0

2 x 1 (100), epoxides 2-bond 1,52; 1,53 0
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Table S2. Summary of bond lengths between PPy and OH-terminated ND: ND-PPy bond
length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH groups
in PPy and O atoms on ND surface. Py heterocycles are numbered from the ND edge
(physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py 1 Py2 Py3 Py 4 Py 5 Py 6
I x1(111) 1-bond 1,96 2 3.36; 2.78

1 x1(111) 2-bond 1,52; 1,55 0 -

2x1(111) 1-bond 1,78 0

2x1(111) 2-bond 1,53; 1,55 0 -

2 x 1 (100) 1-bond 1,63 2 1.68;3.04

2 x 1 (100) 2-bond 1,52 0 -

Table S3. Summary of bond lengths between PPy and COOH-terminated ND: ND-PPy
bond length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH
groups in PPy and O atoms on ND surface. Py heterocycles are numbered from the ND edge
(physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py 1 Py2 Py3 Py 4 Py 5 Py 6
1 x1(111) 1-bond 1.58 1 1.65

1 x1(111) 2-bond 1.53; 1.56 1 2.06

2% 1(111) 1-bond 1.59 1 1.61

2 x1(11) 2-bond 1.52;1.61 1 2.23

2 x 1 (100) 1-bond 1.53 1 2.61

2 x1(100) 2-bond 1.52;1.54 0 -

Table S4. Summary of bond lengths between PPy and anhydride-terminated ND: ND-PPy
bond length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH
groups in PPy and O atoms on ND surface. Py heterocycles are numbered from the ND edge
(physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py1 Py2 Py3 Py 4 Py5 Py 6
I x1(111) 1-bond 1.57 0

1 x1(111) 2-bond 1.53;1.54 0

2x1(111) 1-bond 1.57 0

2 x 1 (111) 2-bond 1.55; 1.55 0 -

2 x 1 (100) 1-bond 1.53 1 2.64

2 x 1 (100) 2-bond 1.53 0 -

Table S5. Summary of bond lengths between PPy and NDs with an amorphous surface
layer: ND-PPy bond length [A], number of (n) and bond length [A] of hydrogen bonds
formed between NH groups in PPy and O atoms on ND surface. Py heterocycles are
numbered from the bond with ND.

PPy-ND structure Type of bond Bond length [A] n Py 1 Py 2 Py 3 Py 4 Py5 Py 6
a-C:H 1-bond 1.53 0 - - - - - -
a-C:H 2-bond 1.52; 1.53 0 -

a-C:0 1-bond 1.50 1 2.14

a-C:0 2-bond 1.51;1.54 0

10
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Table S6. Summary of binding energy (Ep), interaction energy (Eint), charge transfer (44), and
HOMO-LUMO gap of PPy on O-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure PPy bonding Eb [eV] Eint [eV] Aq [e7] HOMO-LUMO gap [eV]
1 x 1 (111), peroxides 1-bond -2.36 4.25 0.00(1) 0.33
1 x 1 (111), peroxides 2-bond -1.01 8.78 -0.05 0.48
1 x 1 (111), peroxides none - - - 3.31
2 x 1 (111), epoxides 1-bond -0.90 3.18 -0.03 1.35
2 x 1 (111), epoxides 2-bond -2.54 471 -0.16 0.52
2 x1(111), epoxides none - - - 3.10
1 x 1 (100), ethers 1-bond -5.94 4.90 -0.05 0.33
1 x 1 (100), ethers 2-bond -2.55 7.78 0.02 1.61
1 x 1 (100), ethers none - - - 3.29
2 x 1 (100), epoxides 1-bond -1.31 3.70 -0.06 0.76
2 x 1 (100), epoxides 2-bond -1.10 6.67 -0.07 0.81
2 x 1 (100), epoxides none - - - 2.50

Table S7. Summary of binding energy (Eb), interaction energy (Eint), charge transfer (4¢), and
HOMO-LUMO gap of PPy on OH-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint[eV]  4q[e] HOMO-LUMO gap [eV]
1 x1(111) 1-bond -6.23 0.24 -0.02 3.50
1 x1(111) 2-bond -6.06 7.52 -0.01 3.49
1 x1(111) none - - - 4.77
2 x1(111) 1-bond -5.71 0.06 0.05 2.76
2 x1(111) 2-bond -6.22 3.93 -0.09 3.49
2x1(11) none - - - 4.01
2 x 1 (100) 1-bond -4.22 241 -0.04 3.52
2 % 1(100) 2-bond -4.71 9.87 -0.06 3.51
2 x 1 (100) none - - - 3.82

Table S8. Summary of binding energy (Ep), interaction energy (Eint), charge transfer (4q), and
HOMO-LUMO gap of PPy on COOH-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint [eV] Ag [€] HOMO-LUMO gap [eV]
1 x1(111) 1-bond -2.99 3.02 -0.09 2.95
I x1(111) 2-bond -3.87 7.93 -0.10 2.79
1 x1(111) none - - - 3.83
2x1(111) 1-bond -3.19 2.59 -0.11 2.32
2x1(111) 2-bond -6.04 4.54 -0.13 2.31
2 x1(111) none - - - 3.59
2 x 1(100) 1-bond -3.03 4.08 -0.03 3.04
2 x 1(100) 2-bond -3.73 8.71 -0.14 3.00
2 x1(100) none - - - 3.48
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Table S9. Summary of binding energy (Eb), interaction energy (Eint), charge transfer (4q), and
HOMO-LUMO gap of PPy on anhydride-terminated NDs. ND structure without PPy
bonding (“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint[eV]  4q[e] HOMO-LUMO gap [eV]
1 x1(111) 1-bond -2.16 4.29 -0.12 2.60
1x1(111) 2-bond -3.10 8.97 -0.08 2.68
1x1(11) none - - - 3.97
2x1(111) 1-bond -3.82 321 -0.36 231
2x1(111) 2-bond -4.49 431 -0.07 2.23
2 x1(111) none - - - 3.85
2 x 1 (100) 1-bond -2.26 4.46 -.06 2.01
2 x 1 (100) 2-bond -2.7 8.14 -0.10 2.17
2 x 1 (100) none - - - 341

Table S10. Summary of binding energy (Eb), interaction energy (Eint), charge transfer (4q),
and HOMO-LUMO gap of PPy on NDs with an amorphous surface layer. ND structure
without PPy bonding (“none’) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint [eV]  4q[e] HOMO-LUMO gap [eV]

a-C:H 1-bond -0.74 2.48 -0.04 0.70
a-C:H 2-bond -2.74 4,98 -0.08 0.71
a-C:H none - - - 0.57
a-C:0 1-bond 0.30 4.34 -0.07 1.76
a-C:0 2-bond -1.98 5.23 -0.12 0.55
a-C:.0 none - - - 0.58
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DFT calculations reveal pronounced
HOMO-LUMO spatial separation
in polypyrrole—nanodiamond systems
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The low-cost efficient generation of renewable energy and its blending with societal lifestyle is becoming
increasingly pervasive. Diamond-based inorganic—organic hybrid systems may have an immense, yet still
mostly unexplored, potential in photovoltaic solar cells applications. In this work, we study the interactions of
polypyrrole (PPy) with diamond nanoparticles (so-called nanodiamonds, NDs) by computational density
functional theory (DFT) methods. We compute the structural and electronic properties of such hybrid
organic—inorganic systems. During modeling, PPy is chemisorbed and physisorbed on (111) and (100) ND
edge-like surface slabs terminated with oxygen, hydroxyl, carboxyl, and anhydride functional groups, i.e., in the

Received 13th December 2018, arrangements most commonly found in real NDs. Moreover, NDs terminated with an amorphous surface layer

Accepted 26th April 2019 (@-C:H, a-C:0) are considered to approach realistic conditions even further. In a predominant number of
cases, we obtain the spatial separation of HOMO and LUMO at the interface, facilitating exciton dissociation.

Further, there is a favorable energy level alignment for charge transport. The theoretical results, therefore,
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Introduction

Solar energy production, particularly photovoltaics (PV), has
become one of the key elements to support the energy transition
from fossil fuel to renewable energy sources, thereby directly
contributing toward resolving the climate change problem.
In the last ten years, PV has seen exponential growth, with
an installed capacity of over 100 GW in Europe alone. Mass
realization and further exponential growth are expected when
integrated PV becomes common, ie., in roofs, facades, win-
dows, and other objects. However, current silicon-based PV
devices have certain limitations that obstruct their ubiquitous
applications. Although they can reach efficiency of up to 26.7%
in a single junction cell,’ the efficiency-to-cost ratio remains
unsatisfactory as higher efficiencies are reached only for
multiple-junction cells. They can also facilitate the realization
of their full potential (energy conversion efficiency) only under
high and direct solar irradiation, which does not coincide
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show the promising potential of PPy—ND composites in photovoltaic applications.

with areas of the highest energy consumption in developed
countries.

Organic PV (OPV) is a promising alternative, particularly
owing to its ability to cover large surface areas and better
performance under low-light conditions. The development of
high-performance organic semiconductors has enabled OPVs
to become an important source of alternative energy over the
past few years. The newly developed active materials used in
OPVs are nontoxic and enable cost-effective and eco-friendly
roll-to-roll manufacturing with orders of magnitude lower energy
consumption as compared to the manufacturing process for
classic PV. However, current OPV technology still suffers from
fundamental issues. Some examples are degradation, higher cost
of certain key components, and relatively low efficiency of only up
to 11%.”

Worldwide research and development efforts have, therefore,
been directed toward investigating newly combined inorganic and
organic materials,>* which would provide a breakthrough for
OPV-type solar cell performance and wider applications. One of
the main challenges is to increase the efficiency while decreasing
the production and installation costs. Diamond nanoparticles—
nanodiamonds (NDs)—represent an inexpensive (~1 EUR per g)
carbon nanomaterial, possessing a unique set of material,
chemical, and electronic properties. Nowadays, they are commer-
cially used in many areas from lubricants to electronic, chemical,
and biomedical applications.” Various carbon nanostructures
have already been studied as charge-transporting materials and
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additives within a light-harvesting material.®® However, the
potential of NDs in PV and the connected light-to-energy conver-
sion remains mostly unexplored.

The possible functionalization of NDs is diverse, and their
combination with organic materials can lead to novel semi-
conductor-organic functional systems. Polypyrrole (PPy) is a
typical representative of organic semiconductors. PPy is a chemi-
cally stable conjugated polymer® that can effectively absorb visible
light (hence, it is called an organic dye); its conductivity and
energy bandgap (typically within 1.3-3.2 eV) can be controlled
by the preparation method.'®"" Combining PPy with NDs has
potential applications in PV applications based on an experi-
mentally measured transfer of photogenerated charge between
bulk diamond and PPy observed by Kelvin force microscopy
and optical spectroscopy.'”'>'* Earlier experimental studies
have revealed various configurations of PPy binding with NDs."*
Moreover, carbon allotropes in conjunction with polymers have
revealed promising materials for solar cells.">™"”

The most common surface chemical groups found on detona-
tion nanodiamonds (DNDs) are related to oxygen (e.g., peroxides
and ethers were found on chemical vapor deposition (CVD)-
treated diamond films after exposure to atomic oxygen),'®
hydroxyls, carboxyls, and anhydrides owing to the production
process, where newly formed detonation diamond crystallites
react with a cooling medium or arise from the purification
process."® Hydrogen-terminated NDs can be fabricated using a
CVD process”® or from thermal annealing in pure hydrogen.*!
Electronic and physical properties are significantly influenced
by the chemical termination of NDs. In contrast with the negative
electron affinity and surface conductivity of H-terminated
diamonds, the oxygen termination of diamonds yields positive
electron affinity** and higher electrical resistance.*® The higher
electronegativity of oxygen when compared with that of carbon
yields the polarization of the bond between oxygen and carbon
with a negative charge (6—) on oxygen and positive charge (5+)
on carbon. As a consequence of this surface C-O dipole layer,
the vacuum level is above the conduction band minimum.>*
The opposite occurs for the C-H surface dipole.

With regard to the surface structure, the two most common
low-index diamond facets found on the surfaces of natural and
synthetic diamonds are (111) and (100) facets** >’ depending
on the temperature and pressure.”® The (100) surface repre-
sents the most defect-free surface obtained from experimental
syntheses.”® Moreover, the surfaces of DNDs, commercially
available with diameters less than 4 nm,*® contain an amor-
phous layer of carbon on parts of their surfaces. The thermo-
dynamic stability and surface reconstruction of NDs terminated
with oxygen-containing groups under varying conditions and
different surface coverage values of (111) and (100) facets were
studied by both theoretical****>?*1¢ and experimental®**’~>*
methods. On the 1 x 1 (111) ND surface facet, oxygen in the
on-top (i.e., ketone) position or with peroxide bridges is the
most favorable;** the epoxide O-termination is unstable with
respect to the on-top position in this case.”® On the 2 x 1 (111)
facet, oxygen adsorption in the on-top and epoxide positions
were pointed out as the only plausible positions.>®*’ The epoxide
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configuration occurs preferably at 50% or lower oxygen
coverage;>”***” 100% oxygen coverage leads to dimerization.>®
On the 1 x 1 (100) facet, the ether position is preferred at higher
surface coverage.””?*3! Alternatively, etherized 1 x 1 (100) struc-
tures with a bridging ether may be convenient.** For oxygen
surface coverage up to 50% on (100), the 2 x 1 reconstruction is
preferred over the 1 x 1 reconstruction,”” and the epoxy structure
is more favorable than the ether structure.*® The ether position is
stable at high surface coverage.””**** For the (111) and (100)
facets, OH adsorption leads to the destabilization of the 2 x 1
reconstruction as compared to the 1 x 1 reconstruction.’® In the
case of OH termination, there are two competing interactions:
hydrogen bonding and steric repulsions. The former one can
stabilize the surface system, while the latter can destabilize, and
therefore, weaken the surface-adsorbate bonds.”® For the COOH
species, it is only energetically possible to cover the surfaces up to
50%.>® The adsorption of COOH is the most favorable on the
2 X 1 (100) surface, which is exothermic at all the points on the
surface.”” Carboxylic and anhydride groups are supposed to
contribute the most to the spectral bands observed in the
experimental FTIR spectra in the range of 1600-1950 cm™'.*®
Anhydride bridges formed on the ND surface were studied as one
of the most probable groups on a heavily oxidized surface.*®

The hybrid semiconductor-organic PPy-ND interfacial system
cannot be completely understood only based on experimental
techniques. Only a few theoretical works involving PPy-ND systems
have been published, particularly investigating PPy that is
chemisorbed® and physisorbed® on H-terminated NDs; PPy that
is physisorbed on O-terminated NDs® exhibits considerable charge
transfer and promising electronic properties.

In this work, we present a comprehensive theoretical study
of chemisorbed (grafted) and physisorbed (merely adsorbed)
PPy on oxidized ND surfaces and on NDs with additional
hydrogenated or oxidized amorphous carbon layers. We include
commonly occurring surface functional groups: hydroxyls, carboxyls,
and anhydrides.'®! Using many nonequivalent starting conditions,
we analyze the most probable structural configurations and electronic
properties of the PPy-ND system, showing promising potential of
PPy-ND systems in PV energy generation applications.

Computational details

The first-principles density functional theory (DFT) method
implemented in Gaussian 09 electronic structure software®
was used for optimizing all the structures in order to obtain
stable ground-state configurations. Electron density was described
with a long-range corrected hybrid density functional ®B97X-D,*
which includes empirical atom-atom dispersion and eliminates
the self-interaction error. Moreover, ®B97X-D was found to be
optimal for calculations of m-conjugated oligomers.®* Molecular
orbitals were described with the 6-31G(d) basis set including
polarization functions on non-hydrogen atoms.

Modeling the entire ND particle with experimentally accessible
size starting at 1.4 nm® would be computationally unfeasible
at this level of theory. Therefore, we use the (111), (100), and
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amorphous ND surface slabs consisting of 3 C double layers of
6 X 6 atoms, particularly 5 x 6 atoms if structurally needed. The
slabs represent an edge of ND, with one larger “top” surface
aimed at PPy adsorption, one larger “‘side” surface, and a small
side surface closing the corner. These three “outer” surfaces of
ND are functionalized with surface groups, and the remaining
three “inner” surfaces that represent the inner cut planes are
saturated with H atoms in order to maintain the sp® hybridization
of neighboring carbon atoms. These H atoms were fixed during
further optimization. In this way, the inner carbon atom layers
maintain the planar shape, yet retaining a certain amount of
flexibility to relax.

If necessary to saturate two dangling bonds of C atoms,
dimerized H atoms were symmetrically placed around the C
atom. They were kept fixed during optimizations to maintain
the tetrahedral sp® characteristic of the diamond structure,
despite certain steric tension arising between the hydrogen
atoms.*>*® Few other authors have suggested a canted configu-
ration with increased distance between the hydrogen atoms;
however, this problem merits further discussions.**?%%”

Based on the literature and our preliminary calculations, we
choose the most probable 1 x 1 and 2 x 1 surface reconstructions
of both (111) and (100) surfaces fully passivated with oxygens
in the ether, epoxide, ketone, and peroxide positions (these
configurations are referred to as O-terminated NDs), fully
passivated with hydroxyls, 50% passivated with carboxyls, and
passivated with anhydrides from 26% to 36%. The amorphous
carbon layer was created by a random placement of the carbon
atoms of the surface double layer and subsequent optimization
on the slab. Next, surface-terminating functional groups were
added to saturate the free carbon valences. The amorphous
surface was saturated by hydrogens (a-C:H structures) and a
mixture of hydrogens and oxygens (a-C:O structures). For the
reconstructions of the surface slabs as well as the amorphous
surface layer, different surface functional groups were considered.
The slabs with the lowest relative total energy after optimization
were chosen for further optimizations with adsorbed PPy. In the
case of oxygen terminations, for the 1 x 1 (111) surface slab, we
chose 100% termination with peroxides; for the n-bonded 2 x 1
(111) Pandey chain, we chose 50% epoxides; for the 1 x 1 (100),
we chose 50% ethers; and for the 2 x 1 (100), we chose 50%
epoxides. It should be noted that in the case of ethers, epoxides,
and anhydrides, 50% surface coverage yielded a fully passivated
surface. In the case of the OH- and COOH-terminated NDs, 100%
and 50% surface coverage percentages, respectively, were used for
further calculations with adsorbed PPy. In the case of anhydride-
terminated NDs, surface coverage percentages of 25.6%, 35.7%,
and 33.3% in the case of the 1 x 1 (111), 2 x 1 (111),and 2 x 1
(100) NDs, respectively, turned out to be energetically the most
favorable. The amorphous a-C:H slabs were 100% saturated
with H atoms. The amorphous a-C:O slabs were 48.7% satu-
rated with O atoms (10.8% peroxides, 18.9% epoxides, 2.7%
ethers, and 13.5% ketones) and 51.3% with H atoms. To study
the contact formation, different nonequivalent initial config-
urations of the adsorbed PPy on the relaxed slabs were employed
for computations. The PPy was represented by oligomer with six
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PPy heterocycles, which were separately optimized and were
proportionate to the modeled slabs. Nonequivalent positions of
the physisorbed and chemisorbed PPy, including one- and two-
bond contacts, on the optimized slabs were considered as the
initial geometries. The structure with the lowest relative energy
with respect to its corresponding and optimized 1 x 1 (111),2 x 1
(100), or amorphous O- and H-terminated ND slabs was then
considered for further analysis.

PPy and the top ND layer were allowed to relax during these
further computations. PPy does not spontaneously chemisorb
on the diamond surface. Hence, the one- and two-bonded
chemisorbed contacts via C-C bonds were formed because of
the removal of one or two H atoms from PPy, respectively, and a
corresponding number of surface atoms on the ND slabs. The
transition process itself is not studied in this case since the
work is focused mainly on the nature of the bonding between
PPy and ND and the resulting properties of the merged system.
The energy barrier for replacing the oxygen surface groups by
PPy is relatively high and complicates the direct chemisorption
of PPy. However, the structures can exist if we consider the
chemisorption of PPy on H-terminated NDs, where H atoms
are likely to be substituted by PPy, and then replacing the
remaining H-terminations with oxygen-related surface functional
groups. Furthermore, the surfaces of polyfunctional DNDs (the
most common commercially available NDs) contain a mixture of
C-H and oxygen surface groups. PPy is, therefore, likely to graft at
the C-H bond surrounded by oxide groups. Hence, determining
PPy grafted on oxidized NDs can yield a fairly realistic and
possibly common situation.

It should be noted that due to steric reasons, we did not
optimize PPy on hydroxyl-terminated 2 x 1 (100) ND slabs,
carboxyl-terminated 1 x 1 (100), and anhydrides-terminated
1 x 1 (100).

Geometrical parameters, binding energy (E},), interaction
energy (Ein.), HOMO-LUMO gap, and charge transfer (Ag) were
analyzed for a few select and the most suitable structures.

Results and discussion
Structural properties

All the initial PPy-ND structures were formed by design in all
the possible nonequivalent positions and were consequently
allowed to relax to the energy minimum. All of them converged
sooner or later into the structures that were presented in this
study. Only the OH-terminated 1 x 1 (100) ND turned out to be
unstable during the optimization process; it converged into the
2 x 1 surface reconstruction; therefore, it was not included. All
the energetically favorable structures of PPy adsorbed on (111),
(100), and amorphous ND facets resulting from the optimiza-
tion processes are shown in Fig. S1-S9 (ESIt). The geometrical
parameters of the interactions are summarized in Tables S1-S5
(ESIY). The selected representative structures are shown in Fig. 1.

In the case of the physisorbed structures, the geometry
of ND after contact formation remained almost unchanged;
individual atoms on the surface shift within 0.19 A. An exception
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Fig. 1 Optimized structures of PPy physisorbed on epoxide-terminated 1 x 1 (100): HOMO (a) and LUMO (b); PPy physisorbed on anhydride-terminated
2 x 1(100): HOMO (c) and LUMO (d); one-bond contact on carboxyl-terminated 2 x 1 (111): HOMO (e) and LUMO (f); two-bond contact of PPy on
peroxide-terminated 1 x 1 (111): HOMO (g) and LUMO (h); PPy physisorbed on a-C:O: HOMO (i) and LUMO (j); two-bond contact of PPy on a-C:H:
HOMO (k) and LUMO (l). C atoms are represented in grey; H atoms, white; O atoms, red; and N atoms, blue. Red and green colors indicate the positive
and negative values of the orbital surfaces, respectively, corresponding to an isovalue of 0.01 e~ A=,

is the peroxide-terminated 1 x 1 (111) structure, where two
peroxide groups changed into two ketone groups and one
bridging peroxide group. Consequently, a strong hydrogen
bond was created between PPy and both the ketone groups.
Another exception is the rearrangement of one ether group on
the ether-terminated 1 x 1 (100) structure into one ketone
group, forming a strong hydrogen bond with PPy and leaving
one dangling bond on the C atom of the ND surface. For the
hydroxylated NDs, the H atoms of several OH groups near the
contact formation, mostly within the chemisorbed systems,
were rotated up to 130° around the C-H bond (in the case of

11036 | Phys. Chem. Chem. Phys., 2019, 21, 11033-11042

the one-bond contact of PPy on 1 x 1 (100) ND), which led to
the creation of two hydrogen bonds between two nearby OH
groups and the amino group of PPy.

The physisorbed structures converged into PPy lying over the
ND surface and having nonzero dihedral angles between the
individual PPy heterocycles, thereby maximizing the electro-
static interactions at the ND interface. Exceptions are hydro-
xylated NDs, where two configurations with PPy in vertical
positions, but higher in its total energy, are also obtained after
optimization. Moreover, one structure in the horizontal position
is obtained in the case of the carboxyl and anhydride groups.
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Further, it should be noted that there is typical bending of the PPy
molecule over the edge of the slab, i.e., over the edge of the ND
particle (Fig. 1a, b, i and j).

Chemisorbed (grafted) PPy is inclined relative to the ND
surface, deviating from an initially set perpendicular position,
which is observed for all the structures in this work. In the case
of one-bond contact of PPy on epoxide-terminated 2 x 1 (111)
ND, carboxyl-terminated 1 x 1 (111), 2 x 1 (100) ND, and
anhydride-terminated 2 x 1 (100) ND, PPy even bends over the
ND edge because of strong electrostatic interactions. Next, in
the case of chemisorbed structures, ND is modified up to 0.5 A
only in the contact region. For carboxylated (anhydride-
terminated) NDs, the only change in the ND geometry, up to
1.8 (1.6) A, is in the positions of the carboxyl (anhydride) groups
in the case of the two-bond contact on the 2 x 1 (100) (one-bond
contact on the 2 x 1 (111)) ND facet, where the groups tilt to
create space for PPy.

Generally, the bond lengths are shorter for most of the two-
bond contacts in comparison with the one-bond contacts. This
trend was also observed in the case of the H-terminated NDs.”
For the carboxylated structures, this could be the result of less
steric repulsion in the case of two-bond contacts, where two
spacious carboxyl groups are missing.

Owing to the hydrogen bonds, a strong interaction is estab-
lished even for the nonbonding physisorbed structures. The
strongest hydrogen bonds occur between the polar amino
groups of PPy and the terminating O-containing groups of
ND. For the physisorbed structures, on an average, there are
2.2 hydrogen bonds per PPy-ND system. The highest number of
hydrogen bonds is present in the carboxyl-terminated NDs.
Considering the chemisorbed structures, the one-bond contacts
are more likely to create the hydrogen bonds, owing to the feasible
rotation around the one-bond structure in order to accommodate
the electrostatic interactions.

The significance of hydrogen bonds was noted in the
literature,®®* 7 where diamonds with hydrophilic oxygen-
containing surface groups are prone to adsorb polar molecules
via hydrogen bonding and other polar interactions. In the case
of H-terminated surfaces, physisorbed bonding appears to be
primarily mediated via van der Waals interactions. Therefore,
H-terminated surfaces seem to be less likely to physisorb
organic compounds due to the lack of possible polar interactions.
This is in agreement with the fact that the highest binding
energies are obtained for the structures terminated with
O-containing groups.

For hydroxylated NDs, due to the 100% saturation of the ND
surface with OH groups, the chemisorption of PPy leads to
steric repulsions, resulting in the elongation of the bond
lengths of the one-bond contacts. In the case of the one-bond
contacts on the (111) surfaces, the covalent bonds seem to fade
out. In the case of two-bond contacts, owing to the additional
removal of OH groups, PPy adsorption does not cause as much
steric repulsion as that in the case of one-bond contacts.
Further, for two-bond contacts, the OH groups prefer to form
hydrogen bonds between each other than to interact with PPy.
This is also in contrast to the one-bond contacts. Otherwise, the
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bond lengths of all the chemisorbed structures correspond to
covalent bonds.

The optimized structures with amorphous carbon interlayers
exhibit the same structural characteristics as the corresponding
PPy-ND structures without the interlayer (for more details, see
Fig. S9 and Table S10, ESIT). The following features are present.
The establishment of hydrogen bonds between PPy and surface
oxygens for the PPy-a-C:O structures, particularly for the physi-
sorbed and one-bond-contact chemisorbed structures. The latter
is relatively flexible toward rotation around the C-C bond one-
bond contact in contrast with the two-bond contact. The a-C:H
slabs, similar to H-terminated NDs,>® do not participate in
hydrogen bonds; therefore, the distance of PPy from a-C:H is
larger than that from a-C:O.

HOMO and LUMO distribution and energies

In addition to the computed structural configurations, Fig. 1
also shows the HOMO and LUMO surfaces on several repre-
sentative structures of the PPy-ND systems. All the structures
are shown in Fig. S1-S9 (ESIt). It is noteworthy that highly
pronounced spatial separation of the HOMO and LUMO
between PPy and ND can be obtained for a predominant
number of structures. The HOMO-LUMO spatial separation
was not observed only on the following structures: all the
OH-terminated ND structures, except for the one-bond contact
on hydroxyl-terminated 2 x 1 (111); PPy physisorbed on
peroxide-terminated 1 x 1 (111); two-bond contact of PPy on
epoxide-terminated 2 x 1 (111); PPy physisorbed on carboxyl-
terminated 1 x 1 and 2 x 1 (111); one-bond contact of PPy on
2 x 1 (100) COOH-terminated NDj; two-bond contact on a-C:O
ND; and all the composites of PPy with a-C:H. Regardless of the
presence of the amorphous surface layer, the spatial separation
between HOMO and LUMO is found mostly on NDs termi-
nated with O-containing groups, which is in contrast to
H-terminated NDs.

For most of the structures with pronounced spatial separa-
tion, the HOMO is placed along the entire PPy chain. LUMO is
placed below the surface of ND at the location with the
strongest interaction with PPy or at the ND edge enclosed by
the oxygen-containing groups. The spatial separation of the
HOMO and LUMO influences the separation of excitons and
the consequent movement of charge carriers. This contributes
toward the decreased probability of recombination processes
and increases the efficiency of the solar cell. Therefore, this is
highly interesting for PV applications.

The values of the HOMO-LUMO energy gaps of all the
structures are listed in Tables S6-S10 (ESIt). The calculated
HOMO-LUMO gap of the standalone PPy oligomer is 6.95 eV,
which is about twice that when compared with -earlier
experimental’®*"”"”> and theoretical*>*® studies. Such a large
HOMO-LUMO gap corresponds rather to the transport gap (E,)
than to the optical gap (Eg). A similar effect has been reported
earlier in the case of n-conjugated oligomers, where E, exceeded
E, by 2.8 eV.**

The HOMO-LUMO gap of standalone NDs with various
oxygen-containing surface groups and reconstructions is highly
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variable with respect to the different surface functional groups.
The bandgap values are between 3.17 and 9.81 eV. Some of the
surface terminations were studied earlier by means of
DFT.*>**73 For most of such structures, the HOMO-LUMO
gaps increase mostly due to the quantum confinement effects
and larger surface-to-volume ratios, resulting in an increase in
the gap with decreasing size of the ND below 2 nm.*>®°
However, for example, the epoxide-terminated 2 x 1 (111)
ND, the HOMO-LUMO gap of 5.21 eV is in good agreement
with the bandgap of bulk diamond, with an experimentally
determined value of 5.48 eV.”* Moreover, the relative energy
positions of the frontier molecular orbitals, which are of inter-
est here, remain comparable.

After the physisorption or chemisorption of PPy, the calcu-
lated values of the HOMO-LUMO gap are in the range between
2.90 and 7.29 eV, resulting from different surface orientations,
terminations, and types of bonding between PPy and ND. The
reduced bandgap is mostly a result of a shift in the HOMO
toward less negative energies when compared with standalone
NDs. Generally, the highly variable HOMO-LUMO gap depend-
ing on particular PPy-ND structures indicates its possible
tunability in devices based on PPy-ND systems.

The energy levels of HOMO and LUMO of PPy-ND systems
when compared with separately calculated energy levels of PPy
and NDs are shown in Fig. S10-S14 (ESIt).

The HOMO-LUMO gaps of different PPy-ND structures are
the most variable with respect to the different surface func-
tional groups, as also obtained for standalone NDs, while the
HOMO-LUMO gaps of the PPy-ND systems within the same
functional group, but with different surface reconstructions,
differ only up to 2.74 eV.

For most of the structures (except amorphous NDs), the
HOMO of standalone NDs is below the HOMO of standalone
PPy. Moreover, for most of the structures (except OH-terminated
NDs), the LUMO of standalone NDs is below the LUMO of
standalone PPy. This represents a favorable arrangement for the
transport of photogenerated electrons from PPy to ND; for holes,
the transport is in the opposite direction. The situation at the
PPy-ND junction varies depending on surface termination, facet
orientation, and type of bonding. Since on a real ND, there is
typically a mixture of surface functional groups, Fig. 2 shows a
summary of all the calculated HOMO and LUMO energy levels
of standalone PPy and NDs and those of the PPy-ND system.
It should be noted that zero energy does not correspond to the
vacuum energy in our calculations. The vacuum energy could be
obtained by summing up the HOMO energy and ionization
potential. In a notable number of cases, a favorable energy
alignment promoting charge dissociation and one-directional
transport is observed.

Fig. 3 shows a representative result of the relative energy
positions of HOMO and LUMO in the case of COOH- and
anhydride-terminated 1 x 1 (111) NDs. The order of the frontier
molecular orbitals suggests several options for the transfer of
charge carriers between PPy and ND. For all the chemisorbed
structures (as shown in Fig. 3), the energy levels are favorable.
After exciton generation at the interface, electrons are likely to
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a-C:O. Energy levels in grey correspond to hydroxylated and hydrogenated
NDs, where the spatial separation of HOMO and LUMO is mostly not
observed.

migrate toward ND; at the same time, their migration toward
PPy is blocked. Holes are likely to transfer to PPy and are
blocked to transfer to ND. Such a favorable arrangement is not
observed for physisorbed structures (Fig. 3). These results
indicate the considerable flexibility and tunability of PPy-ND
systems since the movement of charge carriers depends on the
ND surface properties and the type of interaction with PPy.

In order to elucidate the pronounced effect of the PPy-ND
system on the HOMO-LUMO energy levels and their spatial
separations, we performed a detailed analysis of the mutual PPy
and ND interaction in terms of binding energy, interaction
energy, and related charge transfer in PPy-ND systems.

Binding and interaction energies

Binding energies (E},) are related to the energy preference of the
respective interactions. They can be calculated as the difference

This journal is © the Owner Societies 2019
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in the total energies of the relaxed structures before and after
contact formation. Their general formula, including all the
considered ND slabs in this work, can be expressed as follows:

Ep, = [Estab + Eovy] — [Econ + (n — 2:1)-E, + m-Eo, + [Ecn ]

(1)

where the variable E corresponds to the total energies of the
C:H slab (Egap), PPy molecule (Eppy), PPy-C:H structure (Econ),
and the molecules desorbed after substitution (Ey,, Eo,, and
Ecy,); n is the number of substituted pairs of H atoms, m is the
number of substituted pairs of O atoms, and [ is the number of
substituted C atoms, depending on the type of formed bond.
Positive E}, corresponds to an exothermic process, i.e., thermo-
dynamically favorable, whereas negative value corresponds to
an endothermic process.

Interaction energies (Ej,.) describing the characteristics of
the bonds between PPy and ND can be calculated according to
the following formula:

Eint = (Eslab-X + EPPy-H) - Econ (2)

where Egja,.x and Eppy.y are the total energies of the ND slab and
PPy calculated by removing the corresponding atoms from
the contact region. It should be noted that for physisorbed
structures, formulas (1) and (2) are coincidental.

The binding and interaction energy values for all the PPy-NDs
structures are listed in Tables S6-S12 (ESIT). For an overview,
the binding energies are graphically shown in Fig. 4 along the
horizontal axis. For physisorbed and chemisorbed structures,
binding energies are exothermic (positive) and endothermic
(negative), respectively. This suggests that physisorbed structures
are energetically favorable and more likely to be spontaneously
formed in real systems. Bond formation in chemisorbed struc-
tures requires additional energy. The only exception is the
exothermic one-bond contact of PPy on a-C:O (E, = 0.48 eV).
This highest E}, value among the chemisorbed structures corre-
lates with one of the shortest bond lengths between ND and PPy
in this study. A positive E}, value indicates that the grafting of
PPy could occur spontaneously, particularly on oxidized NDs
with an amorphous surface. Nevertheless, an energy barrier
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Fig. 4 Charge transfer (Ag) vs. binding energy (E,,) for PPy—ND structures.
Surface chemistry is color coded; surface reconstruction is coded by
symbol shapes (see the legend in the inset). Full and empty symbols
correspond to physisorbed and chemisorbed structures, respectively.

corresponding to the transition state on the reaction coordinate
could significantly slow down the process.

The binding energies of physisorbed PPy on NDs are in the
range of 1.40 and 3.66 eV, with an average value of 2.54 eV.
These are relatively high values in comparison to those of
H-terminated NDs.”>® The most exothermic is the 1 x 1 (111)
physisorbed structure of PPy on O-terminated NDs. On the
other hand, when compared with the remaining O-containing
ND surfaces, the lowest binding energies of the physisorbed
structures are on anhydride-terminated NDs. This could be due
to steric reasons: anhydride groups saturate only up to 35.7% of
the ND surface. In the case of C:O surfaces, the binding energy
is very dependent on the surface orientation and reconstruction.
This is natural considering the preferential formation of ethers,
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peroxides, epoxides, or ketones on the particular surface, as
discussed in the Introduction. These different O-terminations then
lead to different strengths of polar attractions and tendencies of
hydrogen bond formation.

The most negative binding energies (and therefore the most
endothermic and the least probable to occur) are obtained from
the chemisorption of PPy on hydroxylated NDs. The most
positive value of E;, for this surface termination is —3.96 eV.
This is consistent with the relatively long bond lengths.
The interaction energies confirm the diminishing covalent
character of the one-bond contacts for these structures.

The one-bond contacts of PPy on NDs have less negative
values of binding energies as compared to those of two-bond
contacts (and therefore, they are more likely to form) on most
of the hydroxylated, carboxylated, and H-terminated®® NDs;
however, on O-terminated NDs, the situation is the opposite.
Analogous to H atoms, COOH and OH groups saturate one
valence of the C atom of ND. Therefore, no dangling bond is left
in the case of one-bond contacts, which is in contrast to the
one-bond contacts on O-terminated NDs that leave one dan-
gling C bond on the surface. On the O-terminated NDs, the
oxygen functional groups saturate two bonds of C atoms;
therefore, if these groups are not present, it is more favorable
to saturate both the C atoms via a two-bond contact to PPy.

Considering amorphous surfaces, the binding energies
are more favorable toward a-C:O in comparison with a-C:H
structures for every bonding case. Again, this results from the
more pronounced electrostatic interactions in a-C:O structures.
Comparing hydrogenated NDs, the preference of one-bond
contacts over two-bond contacts® is also maintained for
a-C:H structures.

For most chemisorbed structures, the magnitudes of the
interaction energies (Table S10, ESIt) correspond to relatively
strong covalent bonds as the typical value for a C-C bond is
Eine = ~3.7 eV.”” The only exceptions are the one-bond contacts
on hydroxylated 1 x 1 and 2 x 1 (111) NDs, where low
interaction energies confirm the diminishing covalent bond
indicated in the bond length analysis. After relating the interaction
energy to one bond, the highest interaction energy, Ej,. = 6.27 €V, is
obtained for one-bond contact on anhydride-terminated 2 x 1 (100)
NDs. In this case, PPy is bent over the corner of ND and two
additional strong hydrogen bonds contribute to the high
E; value.

With regard to physisorbed structures, the interaction energies
indicate strong interactions for all the studied cases owing to the
nonbonding electrostatic and van der Waals interactions.

Charge transfer

Charge transfer is another measure that reflects the mutual
interaction of PPy and ND. Charge transfer can be calculated as
the difference between the number of donated electrons from
ND to PPy and the number of electrons donated from PPy to ND
based on summing up the molecular orbitals redistributed
to both these components under equilibrium.”® Natural bond
analysis of the total density was performed in order to yield
coefficients and occupation numbers for the natural orbitals.
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Positive charge transfer values (Ag), therefore, correspond to
the net number of electrons transferred from ND to PPy and
vice versa for negative Agq.

The values of charge transfer for all the studied structures
are listed in Tables S6-S10 (ESIf). For an overview, Agq is
graphically summarized along the Y-axis (Fig. 4). For H- and
COOH-terminated NDs, the electrons are transferred from PPy
to ND. For the remaining structures, predominantly for the
physisorbed and one-bond contacts, electrons are transferred
from ND to PPy and the situation is mostly opposite for two-
bond contacts. The highest negative charge transfer, Ag=—0.39 ¢™,
is obtained for the one-bond contact of PPy on the 2 x 1 (111)
anhydride-terminated ND, where electrons effectively transfer from
PPy to ND. The highest positive charge transfer, Ag = 0.31 e, is
obtained for PPy physisorbed on 1 x 1 (111) O-terminated ND,
where electrons effectively transfer from ND to PPy. Nevertheless,
in general, both directions of charge transfer are possible for
both chemisorbed and physisorbed structures. Fig. 4 shows that
charge transfer is independent of binding energy. However, for
physisorbed structures, Aq appears to be divided according to the
surface functional groups. The dependencies of various binding
and electronic parameters are shown in Fig. S15-520 (ESIt). There
are no significant correlations observed.

One of the smallest absolute values of charge transfer is
obtained for amorphous and OH-terminated NDs (within 0.04
and 0.05 e, respectively). In comparison with the remaining
structures, OH-terminated NDs, therefore, show the least favor-
able characteristics. Further, their binding energies are the least
favorable, particularly considering the chemisorbed structures. The
drawback of the OH-terminated NDs was already pointed out in the
literature. It has small negative electron affinity and a lack of
surface-related unoccupied electronic states and could be success-
fully transfer-doped only with an adsorbate molecule with very high
electron affinity.”

Table S10 (ESIt) lists the values of the charge transfer
for NDs with an amorphous surface layer. The highest value
(—0.12 e7) is obtained for the one-bond contact on a-C:O.
On average, similar values of charge transfer are obtained for
the a-C:H structures as those for H-terminated NDs,> both of
which indicate electron transfer from PPy to ND. Furthermore,
the values of charge transfer are lower for a-C:H NDs than the
corresponding a-C:O NDs, which is consistent with the trend
observed in NDs without an amorphous surface interlayer.

Conclusions

DFT calculations were employed to describe the interactions
between PPy and NDs terminated with various oxygen surface
functional groups or terminated with oxidized or hydrogenated
amorphous carbon surface layers. We investigated the PPy
interaction under both physisorbed (noncovalent) and chemi-
sorbed (covalently grafted) conditions. All the different none-
quivalent initial PPy-ND configurations geometrically relaxed
to the structures that are presented in this work, and therefore,
correspond to the global energy minima. The bonding characteristic
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between PPy and ND was confirmed by the analysis of the
interaction energies. A detailed analysis revealed a strong
mutual interaction (in terms of binding energy, interaction
energy, and charge transfer) not only for covalently grafted
PPy to ND, but even larger between PPy and ND in the
physisorbed configurations due to the formation of multiple
hydrogen bonds (H- - -O bridges).

Under both physisorbed and chemisorbed PPy configurations,
the computed results revealed that HOMO and LUMO are highly
spatially separated in all the PPy-ND systems. For most of the
structures, HOMO is positioned on PPy and LUMO on ND. This is
the predominant effect on all the oxidized NDs. Diamond would,
therefore, act as an electron acceptor. Interestingly, separation
does not occur on H- and OH-terminated NDs (with one
exception). The spatial separation persists even on NDs with
an amorphous carbon interlayer, the closest structure to real
ND materials. The analysis involving energy levels showed that
HOMO and LUMO energy levels are favorably aligned for
exciton dissociation in PPy-ND composites. The spatial separa-
tion and energy alignment may be beneficial for PV applica-
tions of PPy-ND systems. The observed effects can most likely
be generalized also for interactions with other organic molecules
(dyes, donor-acceptor molecules, proteins, ec.).
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Supplementary Information

DFT Calculations Reveal Pronounced HOMO-LUMO Spatial Separation in
Polypyrrole-Nanodiamond System

Petra Matunova*, Vit Jirasek, Bohuslav Rezek

Figure S1: Optimized structures of PPy on O-terminated 1 x 1 (111) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on O-terminated 2 x
1 (111) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-bond contact HOMO (i)
and LUMO (j), two-bond contact HOMO (k) and LUMO (). C atoms are grey, H atoms white,
O atoms red, N atoms blue. Red and green clouds indicate positive and negative value of the
orbital surfaces at the isovalue of 0.01e"A3,




Figure S2: Optimized structures of PPy on O-terminated 1 x 1 (100) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on O-terminated 2 x
1 (100) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-bond contact HOMO (i)
and LUMO (j), two-bond contact HOMO (k) and LUMO (). C atoms are grey, H atoms white,
O atoms red, N atoms blue. Red and green clouds indicate positive and negative value of the
orbital surfaces at the isovalue of 0.01e"A3,




Figure S3: Optimized structures of PPy on OH-terminated 1 x 1 (111) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on OH-terminated 2 x
1 (111) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-bond contact HOMO (i)
and LUMO (j), two-bond contact HOMO (k) and LUMO (l). C atoms are grey, H atoms white,
O atoms red, N atoms blue. Red and green clouds indicate positive and negative value of the
orbital surfaces at the isovalue of 0.01e"A™3,

a)




Figure S4: Optimized structures of PPy on OH-terminated 2 x 1 (100) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). C atoms are grey, H atoms white, O atoms red, N
atoms blue. Red and green clouds indicate positive and negative value of the orbital surfaces at

the isovalue of 0.01e"A3,
a) b)

c)




Figure S5: Optimized structures of PPy on COOH-terminated 1 x 1 (111) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on COOH-terminated
2 x 1 (111) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-bond contact HOMO
(1) and LUMO (j), two-bond contact HOMO (k) and LUMO (l). C atoms are grey, H atoms
white, O atoms red, N atoms blue. Red and green clouds indicate positive and negative value

of the orbital surfaces at the isovalue of 0.01e"A™3.
a)




Figure S6: Optimized structures of PPy on COOH-terminated 2 x 1 (100) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). C atoms are grey, H atoms white, O atoms red, N
atoms blue. Red and green clouds indicate positive and negative value of the orbital surfaces at

the isovalue of 0.01e"A3,
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Figure S7: Optimized structures of PPy on anhydride-terminated 1 x 1 (111) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). Optimized structures of PPy on anhydride-
terminated 2 x 1 (111) ND edge slab: physisorbed HOMO (g) and LUMO (h), one-bond
contact HOMO (i) and LUMO (j), two-bond contact HOMO (k) and LUMO (l). C atoms are
grey, H atoms white, O atoms red, N atoms blue. Red and green clouds indicate positive and
negative value of the orbital surfaces at the isovalue of 0.01e"A"3,




Figure S8: Optimized structures of PPy on anhydride-terminated 2 x 1 (100) ND edge slab:
physisorbed HOMO (a) and LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-
bond contact HOMO (e) and LUMO (f). C atoms are grey, H atoms white, O atoms red, N
atoms blue. Red and green clouds indicate positive and negative value of the orbital surfaces at

the isovalue of 0.01e A3,
a) b)
Ma‘ ;SS ; ! i ; J”‘!-a




Figure S9: Optimized structures of PPy on a-C:H ND edge slab: physisorbed HOMO (a) and
LUMO (b), one-bond contact HOMO (c) and LUMO (d), two-bond contact HOMO (e) and
LUMO (f). Optimized structures of PPy on a-C:O ND edge slab: physisorbed HOMO (g) and
LUMO (h), one-bond contact HOMO (i) and LUMO (j), two-bond contact HOMO (k) and
LUMO (I). C atoms are grey, H atoms white, O atoms red, N atoms blue. Red and green clouds
indicate positive and negative value of the orbital surfaces at the isovalue of 0.01e-A-3.




Figure S10: HOMO (blue) and LUMO (red) energy levels of i) standalone PPy (dashed lines),
ii) standalone O-terminated ND slabs (dot-and-dashed lines), and iii) PPy physisorbed or
chemisorbed (1-bond, 2-bond) on O-terminated ND (full lines) in the case of 1 x 1 (111) (a),
2 x1(111) (b), 1 x 1 (200) (c), and 2 x 1 (100) (d) ND slabs.
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Figure S11: HOMO (blue) and LUMO
(red) energy levels of i) standalone PPy
(dashed lines), ii) standalone OH-
terminated ND slabs (dot-and-dashed
lines), and iii) PPy physisorbed or
chemisorbed (1-bond, 2-bond) on OH-
terminated ND (full lines) in the case of 1
x1(111) (a),2 x 1 (111) (b), and 2 x 1 (100)
(c) ND slabs.
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Figure S12: HOMO (blue) and LUMO
(red) energy levels of i) standalone PPy
(dashed lines), ii) standalone COOH-
terminated ND slabs (dot-and-dashed
lines), and iii) PPy physisorbed or
chemisorbed (1-bond, 2-bond) on COOH-
terminated ND (full lines) in the case of 1
x1(111) (a),2 x1(111) (b),and 2 x 1 (100)
(c) ND slabs.
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Figure S13: HOMO (blue) and LUMO
(red) energy levels of i) standalone PPy
(dashed lines), ii) standalone anhydride-
terminated ND slabs (dot-and-dashed
lines), and iii) PPy physisorbed or
chemisorbed  (1-bond, 2-bond) on
anhydride-terminated ND (full lines) in
the case of 1 x 1 (111) (a), 2 x 1 (111) (b),
and 2 x 1 (100) (c) ND slabs.
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Figure S14. HOMO (blue) and LUMO
(red) energy levels of i) standalone PPy
(dashed lines), ii) standalone ND slabs
with amorphous surface layer (dot-and-
dashed lines), and iii) PPy physisorbed or
chemisorbed (1-bond, 2-bond) on a-C:H
() and a-C:O slabs (b) (full lines).
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Figure S15: Bond length vs binding energy (Eb) for the PPy-ND chemisorbed structures
indicated by blue dots.
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Figure S16: Bond length vs interaction energy (Eint) for the PPy-ND structures indicated by
blue dots.
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Figure S17: Interaction energy (Eint) vs binding energy (Ep) for the PPy-ND structures
indicated by blue dots.
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Figure S18: Charge transfer (4q) vs bond length for the PPy-ND structures indicated by blue
dots.
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Figure S19: Charge transfer (4q) vs interaction energy (Eint) for the PPy-ND structures
indicated by blue dots.
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Figure S20: Charge transfer (4q) vs HOMO-LUMO gap for the PPy-ND structures indicated
by blue dots.
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Table S1: Summary of bond lengths between PPy and O-terminated ND: ND-PPy bond
length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH groups
in PPy and O atoms on ND surface for various bonding configurations. Py heterocycles are
numbered from the ND edge (physisorbed PPy) or from the bond with ND (chemisorbed

PPy).
PPy-ND structure Type of bond Bond length [A] n Py1 Py2 Py3 Py4 Py 5 Py 6
1 x 1 (111), peroxides  physisorption - 3 3.73; 1.54 - 1.85
1 x1(111), peroxides  1-bond 1.57 1 3.01 -
1 x1(111), peroxides  2-bond 151;151 0 - -
2 x 1 (111), epoxides physisorption 2 2.04 - 2.10
2 x1(111), epoxides 1-bond 1.55 1 2.18 -
2 x 1 (111), epoxides 2-bond 1.52;1.53 0 - -
1 % 1 (100), ethers physisorption 2 - 1.62 2.99
1 x 1 (100), ethers 1-bond 1.50 1 2.68 -
1 x 1 (100), ethers 2-bond 1.46; 1.56 0 - -
2 x 1 (100), epoxides physisorption 1 - - 3.12
2 x 1 (100), epoxides  1-bond 151 0 - -
2 x 1 (100), epoxides 2-bond 1.51;1.52 0 - -

Table S2: Summary of bond lengths between PPy and OH-terminated ND: ND-PPy bond
length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH groups
in PPy and O atoms on ND surface for various bonding configurations. Py heterocycles are
numbered from the ND edge (physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py 1 Py 2 Py 3 Py 4 Py5 Py 6
1 x1(111) physisorption - 2 2.02 2.94 - B _
1x1(111) 1-bond 1.81 3 225,232,272

1 x1(111) 2-bond 1.51;1.54 0 - -

2x1(111) physisorption - 2 2.76 2.63

2x1(111) 1-bond 1.73 0 -

2 x1(111) 2-bond 1.52;1.54 0 -

2 x1(100) physisorption - 1 1.89

2 > 1(100) 1-bond 1.60 2 1.66; 3.03

2 x 1 (100) 2-bond 1.52;1.53 0 -

Table S3: Summary of bond lengths between PPy and COOH-terminated ND: ND-PPy bond
length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH groups
in PPy and O atoms on ND surface for various bonding configurations. Py heterocycles are
numbered from the ND edge (physisorbed PPy) or from the bond with ND (chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py1 Py2 Py3 Py4 Py5 Py6
1 x1(111) physisorption - 4 - 2.25 2.09 251 202
Ix 1 (111) 1-bond 1.56 3 1.65 - 271 213

1 x1(111) 2-bond 1.52;1.55 1 2.02 -

2x1(111) physisorption - 2 2.63 2.76

2 x1(111) 1-bond 1.73 0 - -

2x1(111 2-bond 1.52; 1.54 0 - - - }
2 > 1(100) physisorption - 3 2.06 2.52 2.34
2 x1(100) 1-bond 1.53 1 2.57 -

2 x 1 (100) 2-bond 1.53;1.53 0 - -
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Table S4: Summary of bond lengths between PPy and anhydride-terminated ND: ND-PPy
bond length [A], number of (n) and bond length [A] of hydrogen bonds formed between NH
groups in PPy and O atoms on ND surface for various bonding configurations. Py heterocycles
are numbered from the ND edge (physisorbed PPy) or from the bond with ND (chemisorbed
PPy).

PPy-ND structure Type of bond Bond length [A] n Py 1 Py2 Py3 Py4 Py 5 Py 6
1x1(111) physisorption - 3 2.00 - 1.98 - - 296
1x1(111) 1-bond 1.56 0 - - - - . }
1x1(111 2-bond 1.52;1.53 0 -

2x1(111) physisorption - 1 2.04

2x1(111) 1-bond 1.55 0 -

2 x1(111) 2-bond 1.53;1.54 0 - - R .

2 x 1 (100) physisorption - 3 2.04 - 2.29 - 2.85

2 x1(100) 1-bond 1.52 2 2.61 - - 1.93

2 x 1 (100) 2-bond 1.52;1.52 0 -

Table S5: Summary of bond lengths between PPy and NDs with an amorphous surface
layer: ND-PPy bond length [A], number of (n) and bond length [A] of hydrogen bonds formed
between NH groups in PPy and O atoms on ND surface for various bonding configurations. Py
heterocycles are numbered from the ND edge (physisorbed PPy) or from the bond with ND
(chemisorbed PPy).

PPy-ND structure Type of bond Bond length [A] n Py 1 Py 2 Py 3 Py 4 Py 5 Py 6
a-C:H physisorption - 0 - - - - - -
a-C:H 1-bond 1.52 0

a-C:H 2-bond 1.51;1.52 0 - - -

a-C:0 physisorption - 3 - 2.02 - 2.14;2.77

a-C:0 1-bond 1.49 1 1.90

a-C:0 2-bond 1.49; 1.53 0 -
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Table S6: Summary of binding energy (Ey), interaction energy (Eint), charge transfer (4¢), and
HOMO-LUMO gap of PPy on O-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure PPy bonding Eb [eV] Eint [eV] Aq [e7] HOMO-LUMO gap [eV]
1 x 1 (111), peroxides physisorption 3.66 3.66 0.31 4.36
1 x 1 (111), peroxides 1-bond -2.00 5.52 -0.03 4.10
1 x 1 (111), peroxides 2-bond -0.57 10.34 -0.05 431
1 x 1 (111), peroxides none - - - 8.07
2 x 1 (111), epoxides physisorption 2.54 2.54 0.04 3.12
2 % 1 (111), epoxides 1-bond -0.88 5.86 -0.02 5.86
2 % 1 (111), epoxides 2-bond -4.41 5.71 -0.13 3.61
2 x1(111), epoxides none - - - 521
1 x 1 (100), ethers physisorption 3.42 3.42 0.03 5.13
1 x 1 (100), ethers 1-bond -6.93 4.98 0.02 2.90
1 x 1 (100), ethers 2-bond -2.12 9.11 0.03 5.36
1 x 1 (100), ethers none - - - 7.56
2 x 1 (100), epoxides physisorption 2.13 2.13 0.02 4.34
2 x 1 (100), epoxides 1-bond -0.79 4.72 -0.06 4.44
2 x 1 (100), epoxides 2-bond -0.42 7.73 -0.04 4.45
2 x 1 (100), epoxides none - - - 6.34

Table S7: Summary of binding energy (Eb), interaction energy (Eint), charge transfer (44), and
HOMO-LUMO gap of PPy on OH-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint [eV] Aq [€] HOMO-LUMO gap [eV]
1x1(111) physisorption 2.69 2.69 0.04 6.64
1x1(111) 1-bond -5.82 1.19 0.02 7.29
1x1(111) 2-bond -5.76 9.52 -0.06 7.27
1x1(111) none - - - 8.88
2x1(111) physisorption 2.24 2.24 -0.002 6.90
2x1(111) 1-bond -5.89 0.99 0.04 6.93
2x1(111) 2-bond -6.63 5.38 -0.13 7.25
2x1(111) none - - - 8.71
2 x1(100) physisorption 2.54 2.54 0.04 7.08
2 x 1 (100) 1-bond -3.96 3.17 0.01 7.28
2 x 1 (100) 2-bond -4.59 11.7 -0.08 7.26
2 x 1 (100) none - - - 9.81
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Table S8: Summary of binding energy (Eb), interaction energy (Eint), charge transfer (4q), and
HOMO-LUMO gap of PPy on COOH-terminated NDs. ND structure without PPy bonding
(“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint [eV] Ag [€] HOMO-LUMO gap [eV]
1 x1(111) physisorption 3.30 3.30 -0.04 6.81
1x1(111) 1-bond -1.09 4.66 -0.09 711
1 x1(111) 2-bond -4.10 9.85 -0.07 6.70
1x1(111) none - . . 777
2x1(111) physisorption 2.93 2.93 -0.07 582
2x1(111) 1-bond -2.89 2.45 -0.10 6.32
2x1(111) 2-bond -5.81 3.25 -0.14 6.17
2x1(111) none - . } 754
2 x1(100) physisorption 2.70 2.70 -0.10 7.02
2% 1(100) 1-bond -2.53 3.83 -0.15 6.98
2 x1(100) 2-bond -2.83 11.36 -0.10 7.21
2% 1(100) none - . B 7.41

Table S9: Summary of binding energy (Eb), interaction energy (Eint), charge transfer (44), and
HOMO-LUMO gap of PPy on anhydride-terminated NDs. ND structure without PPy
bonding (“none”’) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint [eV]  4q[e] HOMO-LUMO gap [eV]

1x1(111) physisorption 2.08 2.08 0.09 5.49
1x1(111) 1-bond -1.86 5.63 0.22 6.55
1x1(111) 2-bond -2.96 10.76 -0.07 6.66
1x1(111) none - - . 7.92
2x1(111) physisorption 2.26 2.26 0.03 5.48
2x1(111) 1-bond -3.29 4.29 -0.39 6.3
2x1(111) 2-bond -4.33 5.66 -0.06 6.1
2x1(11 none - - - 7.83
2 % 1(100) physisorption 1.40 1.40 0.08 4.92
2 x 1 (100) 1-bond -0.92 6.27 -0.22 6.07
2 % 1(100) 2-bond -2.56 9.51 -0.16 5.90
2 x1(100) none - - - 7.32

Table S10: Summary of binding energy (Eb), interaction energy (Eint), charge transfer (4¢), and
HOMO-LUMO gap of PPy on NDs with an amorphous surface layer. ND structure without
PPy bonding (“none”) corresponds to a standalone ND.

ND surface structure Type of bond Eb [eV] Eint[eV]  4q[e] HOMO-LUMO gap [eV]
a-C:H physisorption 1.89 1.89 -0.09 3.17
a-C:H 1-bond -0.20 3.43 -0.01 3.17
a-C:H 2-pond 241 6.11 -0.06 3.17
a-C:H none - - - 3.17
a-C:0 physisorption 2.03 2.03 0.01 3.00
a-C:0 1-bond 0.48 5.05 -0.12 4.76
a-C:0 2-bond -1.66 6.31 -0.03 3.18
a-C:0 none - - - 3.17
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