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Abstract

The aim of this thesis is to investigate strength and origin of the stabilization for various
types of noncovalent interactions. As this knowledge could lead to a deeper understand-
ing and rationalization of the binding phenomena. Further, to participate on the de-
velopment of new noncovalent data sets, which are nowadays inevitable in the process
of parametrization and validation of new computational methods.

In all the studies, different binding motifs of model complexes, which represent usually
crystal structures, structures from unrelaxed scans or the local minima, were investi-
gated. The calculations of the reference stabilization energies were carried out at ab
initio level (e.g. CCSD(T)/CBS, QCISD(T)/CBS). Further, the accuracy of more ap-
proximate methods (e.g. MP2.5, DFT-D or SQM methods) toward reference method,
was tested. In order to obtain the nature of the stabilization the DFT-SAPT decompo-
sition was frequently utilized.

In the first part of the thesis, the importance and basic characteristics of different types
of noncovalent interactions (e.g. halogen bond, hydrogen bond, 7 - -7 interaction etc.),
are discussed. The second part provides the description of computational methods which
were essential for our investigation. The third part of the thesis provides an overview
for part of our research during my PhD studies, relevant to the topic of the thesis.



Abstrakt

Cielom tejto prace je uréit silu a povod stabilizacie rdznych typov nekovalentnych inter-
akcii, a to z dovodu, Ze tato znalost by mohla viest k racionalizicii a hlbsiemu pochope-
niu vézbovych motivov. Dalsim cielom je podielat sa na vyvoji novych nekovalentnych
datasetov, ktoré st v stucasnosti nezastupitelné v procese parametrizdcie a testovania
novych vypoctovych metdd.

V ramci jednotlivych projektov boli skimané rozne vazbové motivy modelovych kom-
plexov, ktoré predstavuji zvycajne krystalove struktury, sStruktiry z neoptimalizovanych
skenov alebo lokdlne minima. Referencné stabilizacné energie boli pocitané na ab ini-
tio irovni (napr. CCSD (T)/CBS alebo QCISD (T) / CBS). Nésledne bola testovand
presnost vypoctovo menej naroénych metéd (napr. MP2.5, DFT-D alebo SQM metddy)
voci referencnej metode. DFT-SAPT vypocty boli ¢asto vyuzivané za ucelom zistenia
povahy stabilizacie komplexov.

Prvé cast prace sa zaoberd vyznamom a zakladnymi vlastnostami roznych typov nekova-
lentnych interakcif (napr. halogénova vizba, vodikova vizba atd.). Druh4 cast popisuje
vypoctové metédy, ktoré boli dolezité v ramci nasich §tidif. Posledn4 ¢ast tejto prace ma
za ciel poskytnif prehlad o ¢asti ndsho vyskumu, ktory stvisi s témou tejto dizertaénej
prace a na ktorom som sa podielal poc¢as mojho doktorandského stidia.



1 Summary of Ph.D. Thesis

1.1 Introduction

Noncovalent interactions have been the subject of intensive research during last couple
of decades. The proper knowledge of these interactions is a prerequisite for designing
wide range of materials as well as understanding many relevant biological phenomena.
Noncovalent interactions, such as hydrogen bond, halogen bond, 7 - -7 stacking, etc.,
play an important role in processes like the molecular recognition, crystal packing, pro-
tein folding, stacking of nucleobases [1-4]. Although these interactions are at least by
an order of magnitude weaker than covalent interactions, their impact on structure and
function of biomolecules and molecular crystals is fundamental.

1.1.1 Halogen Bond

Halogen bond is attractive noncovalent interaction between covalently-bonded halogen
(Cl, Br, I) and electron rich partner (N, O) [5]. Ability of the compounds containing
chlorine, bromine or iodine to form direct close contacts of the type R-X---Y-R’, where
the halogen X acts as Lewis acid and Y is any electron donor moiety, is driven by the o-
hole [6]. The o-hole is a region of positive electrostatic potential (ESP) of halogen atom,
which appears along the extension of the covalent R-X bond (¢f. Figure 1).

Figure 1: ESP (blue - positive, red - negative) of the CF3Br molecule; o-hole is blue-
green region on the Br atom.

The o-hole is usually surrounded by negative region of the electrostatic potential,
thus the linear interactions of halogen species with nucleophiles and perpendicular in-
teraction with electrophiles can be easily explained. This arrangement of positive and
negative regions of electrostatic potentials provide possibility to have attractive interac-
tion also between two halogen atoms; so called ”dihalogen bond” [7].

The significant potential hidden in the halogen bond was demonstrated in various ap-
plications. Imakubo et al. and Amico et al. showed that halogen bonding can serve as
a tool for predictable packing of molecules which can be used for designing the materials
with desirable properties [8,9]. These works meant the beginning of new field which
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is now rapidly growing and has relevance to magnetics, optics and electronics [10-12].
Increased interest in halogen bonding followed after the recognition of its widespread
occurrence in biological systems. This was observed after publishing Auffinger survey
on crystal structures from Protein Data Bank [13]. The role of halogen bonding in many
biological and medicinal areas is now being investigated; among these are protein-ligand
interactions, conformational stability, drug design, docking processes [13-15].

1.2 Aims of the Study

The aim of the dissertation is to investigate the strength and origin of the stabilization
for various types of noncovalent interactions, such as hydrogen bond, halogen bond,
charge-transfer etc., by utilizing different types of computational methods. As, this
knowledge could lead to deeper understanding and rationalization of the binding phe-
nomena. Further, to participate on the development of new noncovalent data sets, which
are nowadays inevitable in process of parametrization and validation of new computa-
tional methods.

1.3 Methods

Throughout study, investigation of different types of noncovalent complexes was car-
ried out employing following computational methods. Considered structures of com-
plexes represent generally crystal structures or minima on the potential energy surfaces,
which were obtained by performing a gradient optimization mostly at the MP2 or DFT
level. The high level reference calculations were carried out at ab initio level (e.g.
CCSD(T)/CBS [16], QCISD(T)/CBS [17]). Further, the ability of more approximate
methods, as MP2.5 [18], MP2.X [19], DFT based methods with empirical dispersion
correction [20], as well as SQM [21] methods, to reproduce the reference interaction
energies was tested. In order to obtain the nature of the interaction the DFT-SAPT
decomposition was frequently utilized [22]. Methods as NPA [23], Mulliken population
analysis [24], or DMA [25], were used for assessing the importance of the charge-transfer
and electrostatic character of the interaction, respectively.

1.4 Results and Discussion
1.4.1 L7 Data Set

The benchmark values of interaction energies, calculated at the QCISD(T)/CBS and
CCSD(T)/CBS level, were provided in this study; for following seven large noncovalent
complexes (named L7 set), stabilized mostly by dispersion interaction:

”"CBH”, the octadecane dimer in stacked parallel conformation; "GGG”, a stacked gua-
nine trimer arranged as in DNA; "C3A”, a stacked circumcoronene: - - adenine dimer;
"C3GC”, astacked circumcoronene and Watson-Crick hydrogen-bonded guanine-cytosine
dimer; "C2C2PD”, a parallel displaced stacked coronene dimer; "GCGC”, a stacked
Watson-Crick H-bonded guanine-cytosine dimers arranged as in DNA; and "PHE”,



an amyloid fragment, a trimer of phenylalanine residues in mixed H-bonded-stacked
conformation. Structures of all complexes are shown in Figure 2.

CBH GGG C3A C3GC

C2C2PD GCGC

Figure 2: Structures of the complexes from the L7 data set.

The performance of Wave Function Theory (WFT), DFT and SQM methods for L7
set was tested. The Figure 3 presents the rRMSD error for all investigated methods.
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Figure 3: Relative RMSD (in %) for all investigated methods.



1.4.2 Charge-Transfer Complexes

The strength of interaction for the eleven noncovalent complexes of charge-transfer (CT)
character (c¢f. Figure 4) was investigated in this project. Further, the importance
of electrostatic, induction and dispersion for stabilization was established. Subsequently,
the nature of the stabilization was compared between above mentioned CT complexes
and hydrogen bonded as well as dispersion bound complexes from the S22 data set.

N(CH3);....50;

NHs....50; HCN....CIF H,0....CIF

Figure 4: MP2/cc-pVTZ optimized structures of all the CT complexes.

The DFT-SAPT energies revealed the following:

(1) The DFT-SAPT and CCSD(T)/CBS interaction energies are in most cases roughly
comparable, with the average error of 7%.

(2) The first-order polarization (Coulomb) energy is systematically the largest (attrac-
tive) term, and this term is always larger than the DFT-SAPT stabilization energy.
The same is true for H-bonded complexes of the S22 set; for stacked and mixed com-
plexes, the dispersion energy is dominant and the electrostatic term is mostly smaller
than the SAPT stabilization energy.

(3) The dispersion energy and the JHF term are comparable. In most cases, the disper-
sion energy is slightly more attractive and only in the case of the NHj- - - CIF complex
the oposite is true. The complexes containing the BH3 are different and here the in-
duction energy is much larger than the dispersion and dHF terms. The induction en-
ergy is larger than (or comparable) to the dispersion energy also for the NHj- - - CIF
and NMes- - - SO, complexes. In the S22 set, the JHF term is always smaller (or even
much smaller) than the dispersion energy, and the induction energy is systematically



the smallest term. The rather large dHF and induction terms are thus characteristic
features of CT complexes and reflect the importance of the CT energy term.

1.4.3 On the Nature of the Stabilization of Benzene: - - Dihalogen and
Benzene- - - Dinitrogen Complexes

The potential energy surface of benzene--- X, complexes (X = F, Cl, Br and N) was
investigated, within this study. The five different conformers were considered for each
benzene- - - Xy complex (cf. Figure 5).

— <~
== o= === S=ox S

Sa Sb Ta Tb Tc

Figure 5: Five different conformers considered for the benzene- - - Xy complexes.
The global minimum of the benzene- - - dihalogen complexes corresponds to the T-
shaped structure (Ta), whereas that of benzene- - - dinitrogen corresponds to the sand-

wich one. This difference can be easily interpreted on the basis of ESP of the diatomics,
as the ESP of dihalogens possess o-hole contrary to the ESP of dinitrogen (c¢f. Figure

6).
F2 C|2 Br2

Figure 6: ESP of dihalogens and dinitrogen.
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The DFT-SAPT analysis revealed that the relative importance of the electrostatic
and CT term for stabilization increases upon moving to heavier dihalogen (cf. Figure 7)
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Figure 7: DFT-SAPT decomposition for the Ta conformer of benzene- - - dihalogen com-
plexes.

1.4.4 Why Is the L-shaped Structure of X,--- X, (X = F, Cl, Br, I) Com-
plexes More Stable Than Other Structures?

This work compares the relative stability of five different conformers (cf. Figure 8) of X,
dimers (X = F, Cl, Br, I, N), which was determined at the B97-D3, M06-2X, DFT-
SAPT, and CCSD(T) levels.

m— o
_________________ D e C—
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Figure 8: Structures of the L-shaped (LS), T-shaped (TS), parallel (P), parallel-displaced
(PD), and linear (L) conformations.

Study revealed that the LS structure is the most stable structure for all dihalogen
dimers. This trend is the most pronounced in the case of iodine and bromine; for

dinitrogen dimer, the LS, TS, and PD structures are comparably stable (cf. Figure 9).
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Figure 9: CCSD(T)/CBS stabilization energies (in kcal.mol™!) for all X, complexes.

The dominant stabilization energy for dihalogen dimers is dispersion energy, followed
by Coulomb energy; in the case of dinitrogen dimer, it is only the dispersion energy (cf.
Figure 10). In the case of dihalogen dimers, the preference of the LS structure over
the others, resulting mainly from the concert action of Coulomb and dispersion energies,
can explained by the presence of a o-hole; in the case of dinitrogen, comparable stability
of LS, TS, and PD structures is obtained, as all are dominantly stabilized by dispersion
energy (cf. Figure 10).

1.4.5 On the Origin of the Substantial Stabilization of the DTCA.--1I, and
DABCO- - -1, complexes

Complexes of DTCA and DABCO with different electron acceptors were examined in this
study.

The stabilization energies of the crystal structures of DTCA---I and DABCO- -1,
complexes (cf. Figure 11) determined by the CCSD(T)/CBS method are very large and
exceed 8 and 15 kcal.mol™!, respectively.

The DFT-D method (B97-D3/def2-QZVP) strongly overestimates these stabilization
energies, which support the well-known fact that the DF'T-D method is not very appli-
cable to the study of charge-transfer complexes. On the other hand, the M06-2X/def2-
QZVP method provides surprisingly reliable energies. The stabilization energies of both
complexes decrease when passing from iodine to chlorine and dramatically increase when
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Figure 10: Coulomb (A), induction (B), and dispersion (C) components of the DFT-
SAPT interaction energy (in kcal.mol™), listed for all diatomic complexes.
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Figure 11: Structures of the DTCA- - - Iy and DABCO- - - Iy complexes.

iodine is replaced by IF. When replacing halogen with ICHj3 or nitrogen, the stabiliza-
tion energy strongly decreases and becomes repulsive. DFT-SAPT analysis has shown
that a substantial stabilization of these complexes arises from the charge-transfer energy
included in the induction energy and that the respective induction energy is more at-
tractive than that of other non-covalently bound complexes. The reference stabilization
energies of the complexes mentioned as well as of those where iodine has been replaced
by lighter halogens (Bry and Cly), Ny, IF or ICH3 correlate well with the magnitude
of the o-hole (Vg ma value; corresponding R? values are 0.932 and 0.950 for DTCA and
DABCO), as well as with the LUMO energy of electron acceptors (R? = 0.782 and 0.873
for DTCA and DABCO, respectively).
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1.4.6 Differences in the Sublimation Energies of Benzene and Hexahalogen-
benzenes

The crystals of benzene and hexahalogenbenzenes have been studied in this work, by
means of the DFT-D and DFT-SAPT theory.

The most stable dimer structure of benzene corresponds to the T-shaped structure,
while that for hexahalogenbenzenes corresponds systematically to the PD structure (cf.
Figure 12).

A B

Figure 12: The most stable pair structures for benzene, hexafluorobenzene, hex-
achlorobenzene, and hexabromobenzene; silver = C, white = H, pink = F, orange =
Cl, and green = Br; (A) side view; (B) perspective view.

Investigation of pairwise interactions revealed that the significant increase in the total

stabilization energy as well as that in the experimental sublimation energy when passing
from hexafluorobenzene to hexachloro- and hexabromobenzene is caused by the increase
in dispersion energy. Indeed, the DFT-SAPT decomposition shows that the dominant
part of the interaction energy originates in the dispersion energy. Nevertheless, the rel-
ative importance of the electrostatic contribution increases when passing to heavier
halogens.
The new structural type, found in the crystals of hexachloro- and hexabromobenzene, is
stabilized by dihalogen bond (c¢f. Figure 13). However, the stabilization energies of these
structures are not substantially larger than the stabilization energies of others, mainly
T-shaped structures of hexahalogenbenzenes.

1.4.7 Interactions of Boranes and Carboranes with Aromatic Systems

The variability of binding motifs, of boranes and carboranes with aromatic and aliphatic
molecules, was explored within this project.

The DFT-SAPT/CBS yields a stabilization energy for the diborane- - - benzene complex
(cf. Figure 14 left) of 3.6 kcal.mol™!, which is in close agreement with the benchmark
CCSD(T)/CBS energy (4.0 keal.mol™!). The major stabilization in this complex comes
from dispersion (7.6 kcal.mol™!), followed by electrostatics (4.5 kcal.mol™!). The induc-
tion and 0HF terms are negligible.
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Figure 13: (A) Structure of the planar dihalogen-bonded dimer of hexachloro- and
hexabromobenzene, with two ("cyclic”) dihalogen bonds, (B) Structure of the distorted
dihalogen-bonded dimer of hexachloro- and hexabromobenzene, with one dihalogen
bond.

:

Figure 14: The optimized structures of the model complexes: CgHg---BoHg (left);
stacked C¢Hg- - - CB11Hy, (middle); and planar CgHg- - - CB11Hy, (right).

Replacing aromatic systems with cyclic aliphatic ones results in a change of the bind-
ing motif and a drop in the stabilization energy by up to 50%. Specifically, the stacking
BsH- - - 7 interaction is replaced by van der Waals contacts of the interacting hydrogen
atoms. The source of stabilization comes in the former case from both dispersion and
electrostatic terms, whereas the latter interactions are governed by dispersion only.
Larger icosahedral cage carborane, monoanionic CB;;Hj,, interacts with benzene em-
ploying two binding motifs: (i) The less stable minimum displays a stacking arrange-
ment with a C-H---7 hydrogen bond (¢f. Figure 14 middle). The interaction is
slightly stronger (DFT-SAPT/CBS value of -3.9 kcal.mol™!) than for the diborane. Like
the BoH- - - m bonding of diborane, the leading stabilizing terms are dispersion, followed
by electrostatics. (ii) The more stable minimum has a planar arrangement, with five bi-
furcated dihydrogen bonds of the B-H- - - H-C type (c¢f. Figure 14 right). Its interaction
energy amounts to -5.3 kcal.mol™! and is also composed mainly from the attractive elec-
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trostatic and dispersion terms. The dianionic BjyH?, molecule interacts with benzene
only in the planar arrangement with five bifurcated dihydrogen bonds of the B-H--- H-C
type (cf. Figure 14 right). The DFT-SAPT/CBS stabilization energy amounts to 10.1
kcal.mol™!. Finally, the balance of dispersion (79%), electrostatic (64%) and induction
(61%) components in stabilizing the Bij;H7; - - - benzene complex is rather unique.

1.5 Conclusions
1.5.1 L7 Data Set

The set of seven extended molecular complexes (called the L7 set), stabilized mostly by
dispersion interaction was presented. The best method in this study in absolute per-
formance is MP2.5, delivering binding energies with a rTRMSD of only 4% with respect
to the QCISD(T) reference. The performance of the MP2.X method, parametrized to-
ward noncovalent interactions, is surprisingly worse (rRMSD = 14%). The SCS-MP2 and
SCS-(MI)-MP2 methods are rather disappointing (rRMSD = 18 % for both methods),
although they performed better for this test set than for the S66 data set of medium-
sized noncovalent complexes. The DFT-D3 methods represent the best trade-off between
the accuracy and computational cost, with a rRMSD ranging from 9-17%.

1.5.2 Charge-Transfer Complexes

The DFT-SAPT stabilization energy for all of the CT complexes studied is close to the C-
CSD(T)/CBS values; this agreement applied even for complexes with substantial CT.
The DFT-SAPT analysis has shown the dominant position of the first-order polarization
(Coulomb) term, which is systematically the most important one. Dispersion energy is,
for most of the complexes, the second most attractive term. However, the sum of in-
duction and JHF term, covering the CT energy, is comparable or even more attractive
than dispersion term. This applies especially for complexes with significant CT. The im-
portance of the induction and the 0HF terms covering the CT energy is systematically
larger than in the H-bonded and stacked complexes of the S22 set.

1.5.3 On the Nature of the Stabilization of Benzene-: - - Dihalogen and
Benzene- - - Dinitrogen Complexes

The quadrupole moments of dihalogens and dinitrogen have the opposite sign, which can
be easily understood on the basis of the ESP. Analyzing the DFT-SAPT decomposition,
we conclude that the benzene- - Xy (X = Br, Cl) complexes are stabilized mainly by
dispersion energy, followed by the electrostatic term, whereas the benzene--- X, (X =
F, N) complexes are stabilized mainly by the dispersion interaction.

14



1.5.4 Why Is the L-shaped Structure of X,--- X, (X = F, Cl, Br, I) Com-
plexes More Stable Than Other Structures?

The most stable structure among the complexes of homodiatomics possessing the o-hole
is the L-shaped structure. For dinitrogen dimer (a system without the o-hole), it is T-
shaped structure. The stabilization in the case of homodihalogen complexes results from
the existence of a dihalogen bond having comparable Coulomb and dispersion energies.
The T-shaped structure of dinitrogen dimer is stabilized dominantly by the dispersion
energy.

1.5.5 On the Origin of the Substantial Stabilization of the DTCA.- - -1, and
DABCO: - -1, complexes

Significant strength of the DTCA- - -1y and DABCO-: - -1, CT complexes was confirmed
by the CCSD(T)/CBS approach. The stabilization of the DTCA, DABCO:- - - X5 com-
plexes (X = I, Br, Cl, N) can be explained by the magnitude of the o-hole or also by
the values of the electric quadrupole moment of these systems.

1.5.6 Differences in the Sublimation Energies of Benzene and Hexahalogen-
benzenes

It has been demonstrated that the structures of dimers with the highest stabilization
energy differ notably along the crystals. Further, the differences in the experimental
sublimation energies might be attributed to the dispersion interaction. To our surprise,
the dihalogen bonding observed in the hexachloro- and hexabromobenzene plays a rather
minor role in structure stabilization because it is energetically comparable with the other
binding motifs. However, the dihalogen bond is by far the most frequent binding motif
in crystal structures of hexachloro- and hexabromobenzene.

1.5.7 Interactions of Boranes and Carboranes with Aromatic Systems

The diborane- - - benzene complex is stabilized by dispersion, followed by electrostatics.
The induction and JHF terms are negligible. Replacing aromatic systems with cyclic
aliphatic ones is connected with the decrease of the stabilization energy and change
of the binding interaction from stacking BoH- - -7 to van der Waals contacts of the in-
teracting hydrogen atoms. Structures of global minimum for icosahedral anionic cage
(car)borane- - - benzene complexes have planar arrangement with five bifurcated dihy-
drogen bonds of the B-H- - - H-C type.

15



2 Autoreferat dizertacnej prace

2.1 Uvod

Nekovalentné inteakcie si predmetom intenzivneho vyskumu pocas poslednych desatroéi.
Dokladné znalost tychto interakcii je nevyhnutnou podmienkou pri dizajnovani réznych
materidlov ako aj pre porozumenie mnohych vyznamnych biologickych javov. Nekova-
lentné interakcie ako napr.: vodikova vézba, halogénové vazba, 7-- -7 interakcia atd.
maju dolezitu tlohu v procesoch ako st molekolové rozpoznéavanie, crystalizacia, fold-
ing proteinov, ”stacking” nukleovych bazi [1-4]. Aj napriek tomu ze tieto interakcie
st mnohonésobne slabsie ako kovalentné interakcie, ich vplyv na struktiru a funkénost
biomolektl a molekulovych krystalov je zdsadny.

2.1.1 Halogénova vazba

Halogénova vézba je nekovalentna interakcia medzi kovaletne viazanym halogénom (Cl,
Br, 1) a nukleofilnym partnerom (N, O) [5]. Schopnost molekil s obsahom chléru,
brému alebo jédu vytvarat krétke kontakty typu R-X---Y-R’, kde halogén X vystupuje
ako Lewisovd kyselina a Y je akykolvek elektrénovy donor, je dand existenciou o-diery
[6]. o-diera je oblast kladného elektrostatického potencidlu (ESP), ktord patri atému
halogénu a nachdadza sa na osi R-X vézby (cf. Obrazok 15).

Obrazok 15: ESP (modréd - kladnd, ¢ervend - zdpornd) CF3Br molekuly; o-diera je
modro-zelend oblast na atéme brému.

Linearne interakcie halogénovanych molekil s nukleofilmi a kolmé interakcie s elek-
trofilmi sa daju lahko interpretovat, pretoZe o-diera je ohrani¢ena oblastou zaporného
elektrostatikého potencidlu. Toto rozlozenie kladného a zaporneho potencidlu umoznuje
pritazlivu interakciu taktiez medzi dvomi halogénmi; tzv. ”dihalogénovu vizbu” [7].
Potencial halogénovej vazby bol demonstrovany v roznych aplikaciach. Imakubo et al.
a Amico et al. ukazali ze halogénova vazba moze sluzit ako nastroj pri riadenej asociacii
molekil, ktord moze byt vyuzita pri narhovani materidlov s pozadovanymi vlastnostami
8,9]. Tieto studie znamenali zrod nového vedného okruhu, ktory sa momentélne rozrastd
a m4 svoje opodstatnenie v oblastiach ako je magnetizmus, optika ¢i elektronika [10-12].
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Zvyseny zaujem o Studium halogénovej vazby nasledoval potom ako sa ukazalo ze tato
interakcia je rozsirena v biologickych systémoch. K tomuto doslo potom ¢o Auffinger
publikoval svoju stidiu na crystalovych struktirach z PDB databdze [13]. Dnes sa tloha
halogénovej vazby skiima v ramci mnohych biologickych a medicinskych oblasti, ako
napr: protein-ligand interakcie; conformacna stabilita, dizajnovanie liekov, dokovanie
[13-15].

2.2 Ciele prace

Cielom tejto dizertdcie je skiimat silu a charakter stabilizdcie pre rozne typy neko-
valetnych interakcii, ako napr.: vodikova vézba, halogénova vézba, 7---7 interakcia
atd’., pomocou vypocetnych metéd. Vzhladom k tomu Ze tato znalost moze prispiek k
hlb§iemu porozumeniu tychto interakcii a taktiez napomoct pri zdovodiiovani roznych
véizbovych motivov. Dalsim cielom je prispiet k v¥voju novych nekovaletnych datasetov,
ktoré su nevyhnutné pre parametrizaciu alebo testovanie novych vypocetnych metod.

2.3 Metodika

Rozne typy nekovalentych komplexov boli vramci jednotlivych studii skimane pomo-
cou nasledujicich vypoc¢tovych metéod. Analyzované Struktiury komplexov predstavuju
spravidla krystalové struktiry alebo lokalne (globalne) minimé4, ktoré boli ziskané pouzi-
tim MP2 (alebo DFT) gradientovej optimalizacie. Referenéné hodnoty interakénych en-
ergii boli prevedené na ab initio irovni (napr.: CCSD(T)/CBS [16], QCISD(T)/CBS)|[17]).
N4ésledne bola testovand schopnost reprodukovat tieto referenéné hodnoty, pre rozne viac
aproximativne metédy: MP2.5 [18], MP2.X [19], DFT met6dy s empirickou korekciu pre
disperziu [20], ako aj SQM metédy [21]. DFT-SAPT dekompozicia interakénej energie
bola uskutocniované za ticelom objasnit povahu interakcii [22]. Metédy ako NPA [23],
Mullikenové populaéna analyza [24], alebo DMA [25], boli pouzité pre urcenie dolezitosti
charge-transfer alebo elektrostatického prispevku v ramci interakcie.

2.4 Vysledky a diskusia
2.4.1 L7 dataset

V rdmci tejto studie boli prezentované QCISD(T)/CBS a CCSD(T)/CBS referenéné
hodnoty interakénych energif pre nasledujicu skupinu 7 velkych nekovalentne viazanych
komplexov (pomenovanych L7 dataset), ktoré su stabilizované prevazne disperznou in-
terakciou:

"CBH”, dimér octadekanu v paralelnej ”stack” konformacii; ”GGG”, trimér guaninu
v "stack” konformacii v DNA usporiadani; ”C3A”, dimér cirkumkoronénu s adeninom
v "stack” konformacii; ”C3GC”, dimér cirkumkoronénu s Watson-Crick vodikovo vi-
azanym guanin-cytozin parom v ”stack” konformécii; "C2C2PD”, dimér koronénu v par-
alne posunutej "stack” konformacii; ”GCGC”, dimér Watson-Crick vodikovo viazanych
guanin-cytozin parov v ”"stack” konformécii (v DNA usporiadani); a "PHE” | amyloidovy
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fragment, trimér fenylalaninového rezidua v kombinovanej: vodikovo viazanej aj ”stack”
konformacii. Struktiry vsetkych komplexov st znédzornené na Obrazku 16.

CBH GGG C3A C3GC

C2C2PD GCGC

Obrézok 16: Struktiry komplexov z L7 datasetu.

Presnost WET, DFT a SQM metdd bola skiimané na komplexoch z L7 datasetu. Re-
lativna RMSD chyba (rRMSD) pre vsetky testované metédy je znazornend na Obrazku
17.

60 - 60
0-10% wwwem
11-20%

21-% —

rRMSD wrt. reference intE [%]

no N

o o

T T
N
Lm

s

1 1

n N

o o o

[ |
O Y. Y. S Sn g Y & 2 A Y NN
O 2. R, Qo Q0 Ro R R %y iy s s, By B0 0 B, %, %,
0. S0 T 1y, S8, S SO R Ry T8, R R TR, T T, 0, Y,
B Ko Ko Ry %y 0 0 Qo 0, R %, T, T O 2y K K, R
& S T2 Mg 8 R R P g Yo, B B TN B R Ky TR
Y Qy Ry %0 O 70 U . %, . T R <L 2z, S
& > B R B Y B QB % T O
7% Voo Q2 R S0
%AAO%%

Obrazok 17: Relativna RMSD chyba (v %) pre vsetky testované metody.

18



2.4.2 Charge-Transfer komplexy

V tomto projekte bola skiimana sila interakcie v 11 nekovalentne viazanych komplexoch,
ktoré maji charge-transfer (CT) charakter (¢f. Obrazok 18). Mimo iné bola urcena
dolezitost elektrostatickej, indukénej a disperznej interakcie pre stabilizdciu. Nésledne,
bol porovnany charakter interakcie medzi skupinou vyssie uvedenych CT komplexov
a skupinou vodikovo viazanych a ”stack” komplexov z S22 datasetu.

C;H,..CIF C;H,....F; NH;.....F;

NH;....Cl, NH;...CIF BHi...NH;
15_‘ —0-Q —— o= } ‘ o
N(CH3)s....S0;
NH....50; HCN....CIF H;0....CIF

Obrazok 18: MP2/cc-pVTZ optimalizované struktiry pre vsetkych 11 CT komplexov.

Vysledky vyplyvajice z DET-SAPT dekompozicie st nasledovné:

(1) DFT-SAPT a CCSD(T)/CBS interakéné energie si vo vécsine pripadov porovna-
telné, priemernd chyba DFT-SAPT voci CCSD(T)/CBS je 7%.

(2) Polariza¢na (Coulombickd) energia prvého radu is systematicky najzépornejsou (na-
jatraktivnejsou) zlozkou, a je vzdy v absolutnej hodonte vécsia ako celkovd DET-SAPT
energia. To isté plati pre vodikovo viazané komplexy z S22 datasetu; pre ”stack” kom-
plexy a komplexy ”zmiesané¢ho” typu, je disperzna energia najatraktivnejsia a electro-
staticka energia je pre vacsinu komplexov v absolutnej hodnote mensia ako celkova
DFT-SAPT energia.

(3) Disperzna energia a dHF zlozka si porovnatelne velké. Pre vicsinu komplexov je
disperznd energia o trochu viac pritazlivd a iba v pripade komplexu NH;z s CIF je tomu
naopak. Pre komplexy obsahujice BHj3 je indukénd energia vyrazne viac pritazlivd v
porovnani s disperznou energiou a dHF ¢lenom. Indukénd energia je porovnatelne alebo
viac pritazlivd ako disperznd energia taktiez pre NHs- - - CIF a NMes- - - SO, komplexy.
V ramci S22 datasetu je dHF ¢len vzdy menej (alebo vyrazne menej) pritazlivy ako
disperznd energia; indukénd energia is systematicky najmenej stabilizujuca. Vyrazne
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velké hodnoty dHF ¢lenu a indukénej energie si typické pre CT komplexy a poukazuji
na dolezitost CT energie.

2.4.3 Povaha stability komplexov benzénu s dihalogénmi a didusikom

Cielom tejto studie bolo skumat povrch potencidlnej energie komplexov benzénu s X,
molekulami (X = F, Cl, Br a N). Pre kazdy komplex sa vySetrovalo pat roznych kon-
formécii (¢f. Obréazok 19).

S
== == o= S=_x =_x

Sa Sb Ta Th Tc

Obrézok 19: Pat roznych konformécii benzén- - - X, (X = F, Cl, Br, N) komplexov.

V pripade komplexov benzénu s dihalogénmi odpoveda struktira globalneho minima
T-tvar konformdcii, zatial ¢o pre komplex benzénu s didusikom odpovedd ”stack” kon-
formécii. Thito rozdielnost mozno lahko vysvetlit na zdklade ESP jednotlivych diatomik.
ESP dihalogénov vykazuje o-dieru na rozdiel od ESP didusika (c¢f. Obrézok 20).

Fz C|2 BI’2

Obrazok 20: ESP molekul halogenov a dusika.

I 0.046
N»

-

—0.013

0.000

DFT-SAPT analyza ukézala, ze podiel elektrostatickej a ”CT” zlozky na stabilizacii
komplexu narastd v tomto poradi: Fo — Cly — Bry (¢f. Obrazok 21)

20



1.5

1.25

0.75

energy ratio

0.5

0.25

Ben...F, Ben...Cl, Ben...Br,

Obréazok 21: DFT-SAPT dekompozicia pre komplexy benzénu s dihalogénmi v Ta kon-
formacii.

2.4.4 Preco je L-shaped konformér X, --X, (X = F, Cl, Br, I) komplexov
najstabilnejsi?

Téato studia porovnava stabilitu dimérov X, (X = F, Cl, Br, I, N), ktora bola ur¢ena na
B97-D3, M06-2X, DFT-SAPT a CCSD(T) trovniach, pre pét roznych konformdcii (cf.
Obrazok 22).

f— o
_________________ D e C—
—— E—

Obrézok 22: Struktiry konformérov: L-tvar (LS), T-tvar (TS), paralelna (P), paralelne-
posunutd (PD) a linedrna (L).

Analyza odhalila ze v pripade dihalogénovych dimérov je LS konformér najstabilnejsi.

Tento trend je najvyraznejsi v pripade jédu a brému; v pripade didusika, je stabilita LS,
TS a PD konformérov porovnatelnd (cf. Obrézok 23).
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Obrazok 23: CCSD(T)/CBS stabilizaéné energie (v kcal.mol™!) pre vietky X, komplexy.

Dominantnou zlozkou stabilizacie dihalogénovych dimérov je disperzna energia, nasle-
dovana Coulombickou; v pripade komplexu didusika, je to vyhradne disperzna energia
(cf. Obrazok 24).

Vicsia stabilita LS struktiry v pripade dihalogénovych komplexov, vyplyvajica
so spoluposobenia hlavne Coulombickej a disperznej energie, méze byt zdovodnend
pritomnostou o-diery; v pripade didusika, je stabilita LS, TS a PD konformdcii podobna,
nakolko vsetky tieto Struktiry st stabilizované takmer vyhradne disperznou energiou (cf.
Obrazok 24).

2.4.5 Povaha stability DTCA.--1I, a DABCO-: - - I, komplexov

V tejto studii boli skimané komplexy DTCA a DABCO molekl s roznymi elektéronovymi
akceptormi (12, FQ, CIQ, BI‘Q, IF a ICHg)
CCSD(T)/CBS stabilizacné energie krystalovych struktir DTCA---1I; a DABCO-: - -1,
komplexov (cf. Obrézok 25) st velmi velké (presahuji hodnoty 8 a 15 kcal.mol™1).
B97-D3/def2-QZVP metéda vyrazne precenuje stabilizaciu, ¢o potvrdzuje zndmy
fakt, ze DF'T-D metddy nie su tiplne vhodné pre stidium ”charge-transfer” komplexov.
Na druht stranu, M06-2X/def2-QZVP metdéda poskytuje spekvapivo presné hodnoty.
V pripade oboch elektrénovych donorov (DTCA a DABCO) déjde pri zdmene jédu za
chlér resp. fludrid jodny k poklesu resp. prudkému narastu stabilizacie. Pri zamene
jodu za jédmetan alebo didusik dojde k tak vyraznému poklesu stabilizacie, ze kom-
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Obrazok 24: DFT SAPT Coulombicka (A), indukénd (B) a disperznd (C) zlozka in-

terakénej energie (v kcal.mol™!), pre vSetky diatomické komplexy.

T o . g ____________ i

DTCA...I, DABCO...I,

Obréazok 25: Struktﬁry DTCA---1I; a DABCO- - - I, komplexov.

plex zaéne mat repulzny charakter. DFT-SAPT analyza ukdzala Ze podstatni cast
stabilizacie uvazovanych 12 komplexoch pochidza z ”charge-transfer” energie, ktora je
zahrnutd v indukénej energii; a ze indukéné energia je v pripade tychto komplexov, v
porovnani s vacinou inych nekovalentne viazanych komplexov, vyrazne vacsia. Celkova
referenéné stabilizacnd energia vyssie uvedenych komplexov koreluje dobre s velkostou
o-diery (hodnotou Vg e, odpovedajiice hodnoty R? st 0.932 pre komplexy s DTCA
a 0.950 pre komplexy s DABCO), ako aj s energiou LUMO elektrénovych akceptorov
(R? = 0.782 a 0.873).

2.4.6 Rozdiely medzi sublimaénou energiou benzénu a hexahalogénbenzénov

DFT-D a DFT-SAPT metoédy boli pouzité na skiimanie krystalov benzénu a hexaha-
logénbenzénov.
Najstabilnejsia dimérova struktira benzénu odpovedd T-tvaru, zatial ¢o v pripade hex-
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ahalogénbenzénov je to PD struktura (cf. Obréazok 26).

A B

i‘

Obréazok 26: Najstabilnejsie struktiry dimérov pre: benzén, hexafluérobenzén, hex-
achlorobenzén a hexabréomobenzén; striebornd = C, biela = H, ruzova = F, oranzova =
Cl a zelend = Br; (A) pohlad zboku; (B) pohlad zhora.

Analyza parovych interakcii ukézala, ze vyrazny narast celkovej stabiliza¢nej energie

ako aj experimentalnej sublimacnej energie pri postupnej zdmene CgFg za tazsie hexa-
halogénbenzény, je zapricineny narastom disperznej energie. DFT-SAPT dekompozicia
ukézala, ze dominantnou zlozkou interakcnej energie je disperzia. Napriek tomuto
faktu je, v pripade tazsich hexahalogénbenzénov v porovnani s hexafluérobenzénom
a benzénom, podiel elektrostatickej zlozky na stabilizacii crystalu vyssi.
V krystaloch hexachléro- a hexabrémobenzénu bol pozorovany novy vazbovy motiv,
ktory je stabilizovany dihalogénovou vazbou (cf. Obrazok 27). Avsak, stabilita tychto
dimérov nie je vyrazne vacsia ako stabilita inych dimérov hexahalogénbenzénov, ktoré
maju prevazne Struktiuru distortovaného T-tvaru.

(\/\/ |
X

~~
N

Obréazok 27: Struktiry: (A) plandrne dihalogénovo viazané diméry hex-
achléro- a hexabrémobenzénu, s dvomi dihalogénovymi vézbami (”cyklickd” diha-
logénova vézba), (B) distortované dihalogénovo viazané diméry hexachléro- and
hexabrémobenzénu, s jednou dihalogénovou vazbou.
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2.4.7 Interakcie boranov a karboranov s aromatickymi molekulami

V tomto projekte bola skiimana réznorodost vizbovych motivov, bordnov a karbordnov
s aromatickymi a alifatickymi molekulami.

DFT-SAPT/CBS stabilizacnd energia benzén- - - diboran komplexu (c¢f. Obrézok 28 left)
je 3.6 kcal.mol™!, ¢o je v dobrej zhode s referencnou CCSD(T)/CBS energiou (4.0
kcal.mol™!). Hlavnd zlozka stabilizdcie v tomto komplexe pochddza z disperznej in-
terakcie (7.6 kcal.mol™!), elektrostatika je druhd najdolezitejsia a ¢ini 4.5 kcal.mol™!.
Indukény s dHF ¢lenom si zanedbatelné.

T

,gf

Obrézok 28: Optimalizované struktiry modelovych komplexov: CgHg: - - BoHg (viavo);
"stack” konformér CgHg- - - CB11Hy, (uprostred); planarny konformér CgHg- - - CB11Hy,
(vpravo).

Néhrada aromatického systému za alifaticky m4 za nasledok zmenu vazbového motivu
a pokles stabiliza¢nej energie, v niektorych pripadoch az o polovicu. Konkrétne, ”stack”
BoH- - - 7 interakcia je nahradend van der Waalsovymi H---H kontaktami. V prvom
pripade je zdrojom stabilizdcie disperzia a elektrostatika, zatial ¢o v druhom vyhradne
disperzia.
Vacsi icosaedrélny zédporne nabity karboran CBy1Hy, intraguje s benzénom dvomi spo-
sobmi: (i) menej stabilné minimum méa ”stack” usporiadanie s C-H---7 vodikovou
vazbou (cf. Obrazok 28 uprostred). Interakcia je nepatrne silnejsia ako v pripade
dibordnu (DFT-SAPT/CBS hodnota je -3.9 kcal.mol™). 7Z hladiska stabilizdcie je
najdolezitejsia, rovnako ako v pripade BoH-- -7 interakcie v komplexe s diboranom,
disperznd a elektrostaticka zlozka; (ii) stabilnejsie minimum ma plandrne usporiadanie,
s piatimi rozdvojenymi dvojvodikovymi vézbami (B-H---H-C; ¢f. Obrézok 28 vpravo).
DFT-SAPT/CBS interakénd energia tohto minima je -5.3 kcal.mol ! a hlavnymi zlozkami
stabilizdcie st opit disperzia a elektrostatika. Komplex zadporne nabitého B1,H2, bordnu
s benzénom m4 iba jedno minimum s piatimi rozdvojenymi dvojvodikovymi viazbami (
B-H---H-C; ¢f. Obrazok 28 vpravo). DFT-SAPT/CBS interakéna energia tohto kom-
plexu je -10.1 kecal.mol™!, pricom z hladiska dekompozicia je pozoruhodné rovnomerné
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zastupenie disperzie (79%), electrostatiky (64%) a indukcie (61%) na stabilizacii kom-
plexu.

2.5 Zavery
2.5.1 L7 dataset

Sada siedmich velkych komplexov, stabilizovanych prevazne disperznou interakciou bola
prezentovand. Najpresnejsia metdda v tejto studii je MP2.5 s rTRMSD chybou iba 4%,
voci referenénym QCISD(T) hodnotéam. Presnost MP2.X metédy, ktord bola parametri-
zovand na nekovalentné interakcie, je prekvapivo horsia ako presnost MP2.5 metédy
(rRMSD = 14%). Nepresnost SCS-MP2 a SCS(MI)-MP2 metdd, ktoré boli parametrizo-
vané na nekovalentné interakcie je relativne vysokd (rRMSD = 18% pre obidve metédy),
avsak ich presnost je v tomto pripade vyssia ako pri popise intrakeif disperzne viazanych
komplexov z datasetu S66 (rRMSD = 26 a 18 %). DFT-D3 metddy predstavuji najlepsi
kompromis medzi presnostou a vypoctovou naro¢nostou, ich rRMSD chyba sa pohybuje
v rozmedzi 9 az 17 %.

2.5.2 Charge-Transfer komplexy

Pre vsetky skimané CT komplexy, vratane tych s enormne vysokou hodnotou CT
plati, ze hodnoty DFT-SAPT stabiliza¢nych energif si blizke CCSD(T)/CBS hodnotém.
DFT-SAPT analyza ukazala, ze v pripade vSetkych jedenastich komplexov, je Coulom-
bicky ¢len z hladiska stabilizacie najdoleZitejsi. Disperzny ¢len, je pre vacsinu komplexov
druhy najdolezitejsi. Avsak, sucet indukéného a JHF termu, ktory zahina CT energiu,
je porovnatelne velky (v absolutnej hodnote), alebo dokonca prevysuje hodnotu dis-
perzného ¢clenu. To plati obzvlast pre komplexy s vyraznym CT. Dolezitost indukénej
a 0HF zlozky z hladiska stabilizdcie, je systematicky vicsia ako v pripade vodikovo
viazanych, alebo ”stack” komplexov z S22 datasetu.

2.5.3 Povaha stability komplexov benzénu s dihalogénmi a didusikom

Opa¢nd orientdcia kvadrupélového momentu dihalogénov a didusika, moZe byt interpre-
tovana na zaklade rozdielnosti v ESP diatomik. Na zaklade DFT-SAPT dekompozicie
sa d4 usudzovat, 7ze komplexy benzénu s Bry a Cl, st stabilizované disperznou a elek-
trostatickou energiou; zatial ¢o komplexy benzénu s Fy a Ny si stabilizované takmer
vylucéne disperziou.

2.5.4 Preco je L-shaped konformér X, --X, (X = F, Cl, Br, I) komplexov
najstabilnejsi?

L-tvar je najstabilnejsou struktirou pre komplexy dihalogénov (diatomika so o-dierou).
V pripade komplexu didusika, ktory nema o-dieru, je najstabilnejSou struktirou T-tvar.
Stabilizdciu dihalogénovych komplexov: (1) charakterizuje podobne velkd Coulombickd
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a disperznd zlozka; (2) je mozné ju interpretovat na zaklade existencie o-diery. T-tvar
struktura komplexu didusika je stabilizovana takmer vyhradne disperznou interakciou.

2.5.5 Povaha stability DTCA.--1I, a DABCO- - -1, komplexov

CCSD(T)/CBS vypoéty potvrdili vysoki hodnotu stabilizacnej energie DTCA-- -1y a
DABCO---I; CT complexov. Stabilitu komplexov DTCA a DABCO molekul s X,
molekulami (X = I, Br, Cl, N) mozno vysvetlit na zdklade velkosti o-diery alebo na
zéklade hodnoty kvadrupodlového momentu diatomik.

2.5.6 Rozdiely medzi sublimac¢nou energiou benzénu a hexahalogénbenzénov

Analyza krystalov ukazala, ze najstabilnejSie diméry hexahalogénbenzénov a benzenu
maju rozdielne Struktury. Rozdiely v experimentalnych sublimac¢nych energidach su
sposobené disperznou interakciou. Dihalogénové vazby v krystaloch hexachléro- a hexa-
brémobenzénu nie su z hladiska stabilizécie zésadne, nakolko stabilita takto viazanych
dimérov je porovnatelnd so stabilitou dimérov s inou Struktirou (napr: distortovany
T-tvar). Avsak, dihalogénové vizba je zdaleka najcastejsim vazbovym motivom v
krystaloch hexachléro- a hexabrémobenzénu.

2.5.7 Interakcie boranov a karboranov s aromatickymi molekulami

Komplex benzénu s dibordnom je stabilizovany najma disperznou a elektrostatickou
zlozkou interakénej energie. Prispevky indukéného a JHF termu st zanedbatelné. Za-
mena aromatickej molekuly za alifaticki vedie k zmene véazbovej interakcie z BoH- - -7
kontaktu na van der Waalsovské kontakty medzi atémami vodika. Struktiry globalnych
minim komplexov benzénu s CB;1Hi2~ a B1oH 22~ maju plandrne usporiadanie s piatimi
rozdvojenymi divodikovymi vézbami (B-H---H-C).
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