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What biomolecular simulations can offer?
Understanding and controlling the function of
membrane receptors associated to brain function at
the level of a single molecule

Ilpo Vattulainen

Department of Physics, University of Helsinki

Center of Excellence in Biological Barrier Mechanics & Disease
E-mail: ilpo.vattulainen@helsinki.fi

Web: https://www.helsinki.fi/en/researchgroups/biophysics

Although understanding the functioning of the brain is undeniably problematic, one could
assume that it cannot be too difficult if the goal is to understand the functioning of individual
cell membrane receptors that have a role in the functioning of the brain. The fact is that
numerous drugs have been developed for the treatment of neurological diseases such as
depression, and these drugs act or are assumed to act on individual receptors, and they also
work. But even if the individual receptors could be identified, how can their operational
environment, that is the nanoscale cell membrane region surrounding the receptor in living
brain tissue, be determined without destroying the living target being studied. Further, if this
were possible in living subjects, how can we be sure that the drug molecule developed for a
neurological disease mainly affects exactly the receptor it is supposed to affect. Unfortunately,
research in this field is very fascinating in the sense that even though there are plenty of active
drug molecules known, there is not too much certainty about their mechanisms of action.

Computational science in the form of biomolecular simulations is quite useless without
experimental support, but if experimental data are available to validate the simulation models
and test the predictions they produce, computational science is undeniably a tool that generates
insight that cannot be achieved with experimental research. In neurological processes, this
condition is met — there is plenty of experimental data, and due to the complexity of the
phenomena, the added value given by simulations is impressive.

As examples of this added value, we discuss the signaling mediated by neurotransmitters in
synapses, and we highlight how simulations are able to reveal the mechanisms of action of
neurotransmitters with their membrane receptors, such as receptors belonging to the GPCR
family [1]. If the operating environment of these membrane receptors changes, as has been
observed in several neurological diseases, the simulations further show how the function of the
receptors is disturbed [2]. If the function of the receptors is to be restored, drug molecules can
produce the desired response. With the help of simulations, however, it can be shown that drugs
that have been developed and found to work, such as fluoxetine (Prozac) in the treatment of
depression, do not necessarily interact with the receptor whose activity these drugs were
supposed to regulate [3]. This fascinating result highlights the growing role of computational
sciences in the development of new drugs.

[1] P. A. Postila, I. Vattulainen, T. Rog. Sci. Rep. 2016, 6, 19345.
[2] M. Javanainen et al. PLoS Comput. Biol. 2019, 15, e1007033.
[3] P. C. Casarotto et al. Cell 2021, 184, 1299.
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Molecular dynamics simulations of water in
poly(L-lactic acid) matrix

T. 1. Hukka,2 K. J. Tuomi, 2 and M. Karttunen 2¢

& Chemistry & Advanced Materials, Tampere University

b Physics, Tampere University

¢ Department of Chemistry & Physics and Astronomy, Western University, London, Canada
Email: terttu.hukka@tuni.fi

Poly(lactic acid) (PLA) is one of the most commonly studied [1] bio-based and biodegradable
[2] polymer, which can be used in medical devices and also as a substitute for fossil-based
thermoplastic polymers in certain applications. Water is known to help biodegradation, but it
also simultaneously deteriorates mechanical properties of PLA. The details of the chemistry
involved in the PLA—-water interaction and the changes of the material properties are still not
thoroughly clear in literature.

In this work, we use molecular dynamics (MD) simulations to investigate the poly(L-lactic
acid) (PLLA)—-water interactions at three different water concentrations. For PLLA, we use the
model of Glova et al. [3]. Water is known to act in a manner of a plasticizer in various polymers
lowering the glass transition temperature (Tg) [4]. We determine the effect of water on various
PLLA properties, and in this study present the Tg—composition dependency. We compare our
simulation results with the available predictive, theoretically and empirically derived mixing
models, such as Fox and Gordon-Taylor, and also with experimental results reported in
literature for related poly(D,L-lactic acid) (PDLLA)—water systems [5,6].

[1] T. Casalini. 3 - Bioresorbability of Polymers: Chemistry, Mechanisms, and Modeling. In
Bioresorbable Polymers for Biomedical Applications. G. Perale, J. Hilborn, Eds., Woodhead
Publishing, 2017, 65-83.

[2] A. S. Luyt, S. S. Malik. 16 - Can Biodegradable Plastics Solve Plastic Solid Waste
Accumulation? In: Plastics Design Library, Plastics to Energy: Fuel, Chemicals, and
Sustainability Implications. S. M. Al-Salem, Ed., William Andrew Publishing, 2019, 403-423.

[3] A. D. Glova, S. G. Falkovich, D. I. Dmitrienko, A. V. Lyulin, S. V. Larin, V. M.
Nazarychev, M. Karttunen, S. V. Lyulin, Macromolecules 2018, 51, 552-563.

[4] B. C. Hancock, G. Zografi. Pharm. Res. 1994, 11, 471-477.
[5] J. S. Sharp, J. A. Forrest, R. A. L. Jones. Macromolecules 2001, 34, 8752-8760.

[6] K. Paakinaho, T. I. Hukka, T. Kastinen, M. Kellomaki. J. Appl. Polym. Sci. 2013, 130,
4209-4218.
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Expanding the Paradigm of Structure-Based Drug Design: Molecular Dy-
namics Simulations Support the Development of New Pyridine Based Pro-
tein Kinase C-Targeted Agonists

Saara Lautala, Riccardo Provenzani,? Tlari Tarvainen,® Katia Sirna,” S. Tuuli Karhu,* Evgeni
Grazhdankin,? Antti K. Lehtinen,” Hanan Sad,” Artturi Koivuniemi,® Henri Xhaard,? Raimo
K. Tuominen,® Virpi Talman,® Alex Bunker,” and Jari Yli-Kauhaluoma®

¢ Division of Pharmaceutical Biosciences, University of Helsinki, Finland

b Division of Pharmaceutical Chemistry and Technology, University of Helsinki, Finland
¢ Division of Pharmacology and Pharmacotherapy, University of Helsinki, Finland
Email: saara.lautala@helsinki.fi

Mild activation of the enzyme protein kinase C (PKC) is of potential therapeutic value [1,
2]. The desired activation occurs when PKC C1 domain interacts with an intracellular mem-
brane that incorporates the lipid second messenger 1,2-diacyl-sn-glycerol (1,2-DAG). Design-
ing these therapeutics is however not without pitfalls, largely due to the complex binding envi-
ronment of the lipid-water interface, as we have discovered previously [3]. We identified that
the reason for failure of pyrimidine analogs designed to improve on the previous isophthalate
derivatives were exactly the challenges caused by the lipid-water interface binding environment
[3,4,5]. We observed that the propensity of harmful internal hydrogen bonding in the pyrimi-
dine analogs is enhanced by the lipid environment, which then both obstructs binding and leads
to unfavorable reorientation, and therefor prevents the correct accessing of the PKC C1 domain

[3].

Interestingly, this crucial harmful interaction was only picked up by the more rigorous molec-
ular dynamics simulations (MD), as structure-based docking predicted both isophthalate and
pyrimidines both to bind well to the C1 domain [4,5]. Our investigation therefor highlighted
the need for in silico simulations in the relevant environment already in the design phase. We
have now by implementing lipid environment simulations in tandem with in vitro assays dis-
covered a new promising generation of compounds, pyridines, which readily demonstrate the
desired behavior of possible therapeutics; our most recent study yielded two new potential leads
for therapeutic PKC modulation [6].

These results demonstrated the potential of simulations that include the membrane environment
as a part of the PKC C1 domain modulator design process: both studies uncovered behaviors
that can directly affect the activation of the target protein and were undetectable via traditional
docking studies. Thus, this approach enhances the existing drug design workflow as an addi-
tional computational method to support the traditional CADD approach.

[1] V. Talman et al., Basic & Clinical Pharmacology & Toxicology, vol. 119, no. 2, pp. 149160 (2016).
[2] A. C. Newton et al., Trends in Pharmacological Sciences, vol. 38, no. 5, pp. 438 447 (2017).

[3] S. Lautala et al., J. Chem. Inf. Model. 2020, 60, 11, 56245633

[4] G. Boije af Gennis et al., Journal of Medicinal Chemistry, vol. 52, no. 13, pp. 39693981 (2009).
[5] R. Provenzani et al., Plos One, 13(4) (2018)

[6] S. Lautala & R.Provenzani et al. J. Med. Chem. 2023 66 (7), 4588-4602
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What Defines the Length of Drug—Target
Residence Time of a Small-Molecule
Inhibitor: Insights from MD Simulations

T. Pantsar,”

¢ School of Pharmacy, Faculty of Health Sciences, University of Eastern Finland
Email: tatu.pantsar@uef.fi

When a drug molecule binds to its target protein, it stays bound for some time before
eventually unbinding the target. The actual time how long a drug molecule resides bound to its
target varies among compounds. The lifetime of the drug-target complex may play a crucial
role in drug efficacy, as a long target residence time can, in some cases, be important for drug
efficacy. Understanding the underlying causes of drug-target residence time enables more
rational drug design. However, little is known about the underlying causes of inhibitor
residence time at the molecular level, which complicates drug optimization processes.

We employed long timescale all-atom molecular dynamics (MD) simulations to
investigate two structurally similar p38a MAPK inhibitors with short and long residence
times [1]. The selected inhibitors show comparable inhibitory activities in the biochemical
assays with isolated enzymes, while in the cell-based MK2 translocation assay the inhibitor
with longer residence time demonstrated better efficacy. In the contribution, I will discuss our
key results and their implications for compound design when aiming for inhibitors with
improved target residence time. In addition to the conducted classical MD simulations
(~360 us), we applied and combined Markov state modelling with metadynamics simulations
and WaterMap simulations. We will highlight the importance of protein conformational
stability and solvent exposure, buried surface area of the ligand and binding site resolvation
energy for residence time. Finally, these observations on target protein behavior and the role of
water molecules were confirmed with a structurally diverse small molecule kinase inhibitor
that has an extremely short residence time.

[1] T. Pantsar, P. D. Kaiser, M. Kudolo, M. Forster, U. Rothbauer, S. A. Laufer. Nat. Commun.
2022, 13, 569.
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Constant pH molecular dynamics:
investigating pH-dependent processes in
biomolecules using computers

Noora Aho,? Pavel Buslaev, Anton Jansen,” Paul Bauer,” Gerrit Groenhof  and Berk Hess ?

¢ Nanoscience Center, Department of Chemistry, University of Jyviskyld, Finland
b KTH Royal Institute of Technology, Stockholm, Sweden

Email: noora.s.aho@)jyu.fi

pH is one of the key parameters affecting
the function and dynamics of proteins
and other biomolecules. Biological | rast riexisie. rree L [
processes that depend crucially on the | GROMACS f—’ A3 2 4
pH and involve protonation state buﬁer .
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In addition to experimental methods,
classical molecular dynamics (MD) simulations are widely used to study the dynamics of
biomolecules at the atomic level. While in variables such as temperature and pressure are
commonly fixed in MD to match an experimental setup, fixing pH has not been a standard
option. Instead, the protonation states of titratable groups are initially chosen and fixed during
the simulation, by selecting the statistically most probable protonations at the desired pH.

So-called constant pH molecular dynamics enables performing MD at a constant pH. It allows
dynamic changes in protonation states during the MD simulations, by changing the charges of
atoms on the fly depending on the pH set by the user and local electrostatic interactions. With
constant pH MD protonation states are sampled along with atomic coordinates during the
simulation, allowing the investigation of pH-dependent processes and for example running
computational titration. We have fulfilled a long-term request from the simulation community
and implemented an efficient and accurate constant pH MD routine into GROMACS, which is
a popular open-source software for MD simulations of biomolecules. [1,2]

In my presentation, I will provide insights into the possibilities of studying pH-dependent
biological systems using molecular dynamics. I will introduce our recently published constant
pH MD implementation in GROMACS and discuss few interesting applications.

References:

[1] Aho, Noora, et al. "Scalable constant pH molecular dynamics in GROMACS." Journal of Chemical
Theory and Computation18.10 (2022): 6148-6160.

[2] Buslaev, Pavel, et al. "Best practices in constant pH MD simulations: accuracy and sampling." Journal
of Chemical Theory and Computation 18.10 (2022): 6134-6147.



Computational Chemistry Days 2023
Bending of inner membrane by a

mitochondrial supercomplex

Vivek Sharma“

“ Department of Physics, University of Helsinki, Finland
Email: vivek.sharma@helsinki.fi

In many organisms, ATP is generated by utilizing the proton electrochemical gradient across
the biological membrane. A complicated enzymatic machinery called the electron transport
chain (ETC) is responsible for establishing the gradient across the membrane. Varying
architectures and composition of ETC, called supercomplexes, have been observed in different
organisms. The well-defined roles of supercomplexes are yet to be identified, but they likely
serve to enhance energy efficiency. Here, data from coarse-grained simulations will be
presented to show how Tetrahymena thermophila supercomplex, the structure of which has
recently been resolved by cryo-EM, folds the membrane to a highly curved architecture that
may have energetic consequences [1].

[1] Muhleip, A., Flygaard, R.K., Baradaran, R., Haapanen, O., Gruhl, T., Tobiasson, V.,
Maréchal, A., Sharma, V. and Amunts, A., 2023. Structural basis of mitochondrial membrane
bending by the I-11-1112-1VV2 supercomplex. Nature, pp.1-5.

10
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Chalcogen-Chalcogen Secondary Bonding
Interactions

R. S. Laitinen,” M. Rodewald,” J. M. Rautiainen,® H. Gérls,” R. Oilunkaniemi,” W. Weigand,”

¢ Laboratory of Inorganic Chemistry, Environmental and Chemical Engineering, University of
Oulu, Finland. ® Institut fir Anorganische und Analytische Chemie, Friedrich-Schiller-
Universitét Jena, Jena, Germany. ¢ Department of Chemistry, University of Jyviskyld, Finland.
Email: risto.laitinen@oulu.fi

Secondary bonding interactions (SBI) [1] are intra- or intermolecular interactions that are
longer than covalent single bonds, but shorter than the sum of van der Waals radii. They have
also been called non-covalent bonding, soft-soft, closed-shell, semi-bonding, non-bonding, and
weakly bonding interactions. In case of Group 17, 16, and 15 compounds, they are also known
as halogen, chalcogen, and pnictogen bonds, respectively. The strength of SBIs involving p
block elements increases upon going down the groups in the Periodic Table. The complete
description of SBIs requires the consideration of orbital interactions (N> — ¢*), as well as
electrostatic and dispersion contributions [2].

Chalcogen-chalcogen SBIs have been explored by considering solid-state structures of all
members in the series of [Fe(CsH4E):E’] (E, E’ = S, Se, Te) using DFT calculations at
PBEO/pob-TZVP level of theory involving periodic boundary conditions [3]. The
intermolecular close contacts were considered by QTAIM and NBO analyses. The tellurium
macrocycles Te,(CHz2)sn, Tes(CH2)en, and Te,(CH2)7, (n = 1-4) are also excellent models to
study intermolecular Te~Te SBIs. The stacking of these molecules due to SBIs leads to
infinitely long hollow tubes. Their bonding in the solid state has also been explored with DFT
calculations involving periodic boundary conditions [4].

Te,(CH,),, Te,(CH,),, Te,(CH,),5

=

N. W. Alcock, Adv. Inorg. Chem. Radiochem., 15, 1-58 (1972).

2. (a) S. Kolb, G. A. Oliver, D. B. Werz, Angew. Chem. Int. Ed. 2020, 59, 22306. (b) R. Gleiter,
G. Haberhauer, D. B. Werz, F. Rominger, C. Bleiholder, Chem. Rev. 2018, 118, 2010. (c) T.
Chivers, R.S. Laitinen, Chem. Soc. Rev. 2015, 44, 1725. (d) A. F. Cozzolino, P. J. W. Elder, I.
Vargas-Baca, Coord. Chem. Rev. 2011, 255, 1426.

3. M. M. Karjalainen, C. Sanchez-Perez, J. M. Rautiainen, R. Oilunkaniemi, R. S. Laitinen,
CrystEngComm 2016, 18, 4538.

4. M. Rodewald, J. M. Rautiainen, T. Niksch, H. Gorls, R. Oilunkaniemi, W. Weigand, R. S.

Laitinen, Chem. Eur. J. 2020, 26, 13806.

12
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Criteria for HER on Auss-based
nanoclusters

L. Laverdure,” Lopez-Estrada,” N. Mammen,? M. M. Melander, H. Hikkinen®, and K.
Honkala®

¢ Department of Chemistry, University of Jyviskyla
b Department of Physics, University of Jyviskyla
Email: laura.b.laverdure@jyu.fi

The hydrogen evolution reaction (HER) is crucial in addressing climate change. Industrial scale
hydrogen production, however, requires catalysts. Nanomaterials offer several advantages over
conventional HER catalysts, notably the possibility of atomic precision in tailoring the intrinsic
activity. Thiolate protected MAu24(SR)1s (M = Au, Cu, Pd) nanoclusters are of particular
interest because the charge state and composition can be precisely tuned thereby altering the
electrocatalytical activity towards HER. Here, we present a comprehensive computational
study examining how the charge state and dopants affect the catalytic activity of
[MAu24(SCH3)18]9 towards the Volmer step of the HER.

If a single adsorbed hydrogen atom is the key intermediate, then according to the Sabatier
principle, its adsorption energy should be thermoneutral for an ideal HER catalyst. This
reasoning is behind the scaling relations typically used to identify promising HER catalysts
computationally. Our results show that adsorption energies alone are an insufficient criterion;
experimentally relevant redox potentials, the corresponding catalyst's charge states, and the
kinetic barriers should also be considered. With these parameters, we explain the relative
activity of MAu24(SR)1s (M = Au, Cu, Pd) clusters reported by Kumar et al. [1] Our results
validate a more thorough computational approach that includes redox potentials which
determine charge to understand and screen electrocatalytically active nanoclusters.

[1] B. Kumar, et al. Nanoscale 2020, 12, 9969-9979.
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Raman spectra of 2D titanium carbide
MXene from machine-learning force field
molecular dynamics

Ethan Berger,” and Hannu-Pekka Komsa ¢

¢ Microelectronics Research Unit, Faculty of Information Technology and Electrical Engineer-
ing, University of Oulu, P. O. Box 4500, Oulu, FIN-90014, Finland

Email: ethan.berger @oulu.fi

MXenes represent one of the largest classes of 2D materials with promising applications in
many fields and their properties are tunable by altering the surface group composition. Raman
spectroscopy is expected to yield rich information about the surface composition, but the inter-
pretation of the recorded spectra has proven challenging. The interpretation is usually done via
comparison to the simulated spectra, but there are large discrepancies between the experimen-
tal spectra and the earlier simulated spectra. In this talk, we present a computational approach
to simulate the Raman spectra of complex materials which combines machine-learning force-
field molecular dynamics and reconstruction of Raman tensors via projection to pristine system
modes. This approach can account for the effects of finite temperature, mixed surfaces, and
disorder. We apply our approach to simulate the Raman spectra of titanium carbide MXene
and show that all these effects must be included in order to appropriately reproduce the exper-
imental spectra, in particular the broad features. We discuss the origin of the peaks and how
they evolve with the surface composition, which can then be used to interpret the experimental
results.

[1] E. Berger, Z. P. Lv and H. P. Komsa. J. Mater. Chem. C, 2023, 11, 1311-1319.

Density Functional

Machine
Learning
Force Field

Molecular Dynamlcs 100 200 300 400 500 600 700 800
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Hematite Clusters on Anatase TiO, Surface and Effect of Oxy-
gen Vacancy: A First Principles Study

K. Asikainen,* M. Alatalo ¢, M. Huttula ¢ and S. Assa Aravindh ¢

¢ Nano and Molecular Systems Research Unit, University of Oulu
Email: Kati.Asikainen@oulu.fi

The search of photocatalytic materials, used in several environmental applications, has become
increasingly important during the recent years. The prototype material, TiO,, has been intensively
studied and a lot of attention has been paid to its 3.2 eV band gap, which is too large for visible
light absorption, and quick recombination rate. Since TiO, is a cheap and abundant material,
several methods have been developed to improve its properties. One way to proceed is to combine
TiO, with other semiconductors with a smaller band gap. One such material is hematite, Fe,O5,
which has a bulk band gap of 1.9-2.2 eV and earlier works have reported to improve photocatalytic
properties of TiO, [1].

We have performed first principles calculations using the VASP code [2], in order to study the
atomic, magnetic and electronic properties of (Fe;03), (n = 1,2) clusters on the anatase TiO,(101)
surface [3]. The choice of a small cluster size was motivated by the earlier experimental study of
Fe,Oj5 clusters on the TiO, surface [4]. We used the GGA+U approach in order to get more realis-
tic band gaps for both hematite and TiO,. We find that the adsorption of the clusters on the surface
is energetically favorable, thus enabling the modification of the surface properties. Due to the
adsorption, impurity states arise, narrowing the band gap. We observe a notable electron transfer
from the cluster to the surface attributed to a formation of heterojunction in the heterostructure
which may play a crucial role in the photocatalytic reactions. Low charge transfer at higher cov-
erage can support the claim that increase in Fe,O5 concentration and cluster size can hinder the
photoactivity of TiO, [4].

We also studied the possibility of altering the properties of the heterostructure by introducing an
oxygen vacancy in the heterostructure of TiO, and (Fe,0O5);. The vacancies are shown to further
alter the electronic structure, and also locally affect the magnetic and charge transfer properties
of the system. The results show that the oxygen vacancy can be widely used for tuning both the
electronic and magnetic properties of the heterostructure of TiO, and Fe,Os5.

[1] A. Hiltunen et al. Sustainable Energy Fuels 2, 2124 (2018); Y-Q. Cao et al. Sci. Reports 10,
13437 (2020).

[2] G. Kresse and J. Hafner Phys. Rev. B, 47, 558 (1993); G. Kresse and J. Hafner Phys. Rev. B,
49 14251, (1994); G. Kresse and J. Furthmiiller Comput. Mat. Sci. 6, 15 (1996); G. Kresse and J.
Furthmiiller Phys. Rev. B 54, 11169 (1996).

[3] K. Asikainen et al. arXiv:2301.11034 [cond-mat.mtrl-sci] (2023).

[4] Q. Sun et al. J. Hazard. Mater., 229-230, 224 (2012).
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Molecular size effect on the gas phase

selective hydrogenation of substituted
alkynes on PdAg (111) single atom alloy

H. H. Ibrahim,* T. Weckman ¢ and K. Honkala ¢

@ Department of Chemistry, Nanoscience center, University of Jyviskyla
Email: hanan.h.ibrahim@jyu.fi

Single-atom alloys (SAA), prepared by the dispersion of single active metals in less active host
metals, are promising new catalysts with unique properties, such as improved activity and
selectivity. The selective hydrogenation of alkynes into alkenes is an important process in the
synthesis of many fine chemicals. The selective hydrogenation of acetylene (AC) into ethylene
has been studied extensively on SAA catalysts, but less attention has been paid to the partial
hydrogenation of phenylacetylene (PA) and the other higher substituted alkynes.

In this work, we study the hydrogenation pathways for phenylacetylene on PdAg SAA catalyst
as well as on pure Pd and Ag surfaces, using the density functional theory. Our results show
that the PdAAg SAA improves the activity of the host metal Ag(111) by improving the binding
of the reactants and by lowering the activation energies of the hydrogenation steps. However,
our results show that the selectivity of the dilute SAA does not improve over pure host metal.

We address how the effectiveness of the SAA catalyst depends on the size of the adsorbate
molecule by comparing three different alkynes: acetylene, phenylacetylene and
diphenylacetylene. We observe that SAA improves on the binding of smaller molecules over
larger ones relative to the host metal. This has implications for SAA catalyst design as the
composition of the SAA catalyst depends on the size of reactant molecule.

[1] R. T. Hannagan, Chem. Rev. 2020, 120, 21, 12044—12088
[2] A. V. Rassolov, kinet catal. 2020, 61, 6, 869-878

16



Computational Chemistry Days 2023

Modeling of Self-Assembled Monolayers
and their Wetting Properties for Surface
Engineering

Ygor M. Jaques,*?* Sakari Lepikko,”¢ Robin H. A. Ras,>® Adam S. Foster?? and Maria
Sammalkorpi®“¢

¢ Department of Chemistry and Materials Science, Aalto University

b Department of Applied Physics, Aalto University

¢ Center of Excellence in Life-Inspired Hybrid Materials (LIBER), Aalto University
4 Nano Life Science Institute (WPI-NanoLSI), Kanazawa University

¢ Department of Bioproducts and Biosystems, Aalto University

Email: ygor.moraisjaques@aalto.fi

Plant surfaces commonly exhibit super-hydrophobicity, meaning that they efficiently repel
water. The repelled water rolls off but also, e.g. drags dirt with it, thus keeping the surface
clean. Replicating such behavior in the synthetic materials around us is of extreme importance
for applications such as water harvesting [1], liquid manipulation [2], and directional oil-water
separation [3]. This would allow making substantial progress in solving the global problems of
clean water scarcity and the pollution of its sources. One way of achieving rapid water removal
on synthetic materials surfaces is through topographically modifying the microstructure of
surfaces and using highly repelling coatings, such as self-assembled monolayers (SAMs).
SAMs provide high uniformity, high quality and are interesting prototyping coatings for
tailoring surfaces and thin film design.

In the present work, we focused on control of the wetting behavior via design of
octyltrichlorosilane (OTS) SAMs on a silica substrate. Our experimental characterization work
showed that depending on the coverage of the SAMs, water contact angles change gradually
from about 10° to 110° exhibiting a wide range of static and dynamic wetting behavior.
Interestingly, the contact angle hysteresis and contact line friction are low both for the low-
coverage hydrophilic OTS SAMs and the high-coverage hydrophobic SAMs. We mapped the
molecular level structure and wetting characteristics of the OTS coatings via atomistic detail
molecular dynamics simulations. The simulations results indicate that the low friction of both
low-and high-coverage SAMs originates from the mobility of interfacial water molecules and
can be connected with the SAM layer structure. The findings demonstrate a counterintuitive
mechanism for slipperiness. The work enables further engineering of surface wetting
characteristics via the SAM coatings and advancing our understanding of the relationship
between surface roughness and wetting behavior. [4]

[1] Park, K.-C. et al. Nature 2016, 531 (7592), 78-82.

[2] Wang, X. et al. Advanced Functional Materials 2020, 30 (1), 1902686.

[3] Wang, Z. et al. Angewandte Chemie International Edition 2016, 55 (4), 1291-1294.

[4] Lepikko, S, Jaques, Y. M., Junaid, M., Backholm, M., Lahtinen J., Julin, J., Jokinen, V.,
Sajavaara, T., Sammalkorpi, M., Foster, A. S., Ras, R. H. A. Nature Chemistry (under review).
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The detailed understanding of elastic properties and mechanical durability of ceramic materials
is important for their utilization in advanced devices and as catalysts. For accurate representa-
tion of d-metal oxides and especially their magnetic ordering and geometries, hybrid density
functional (DFT) methods are required [1]. We have carried out a systematic study of the elas-
tic properties of binary d-metal oxides [2] with hybrid DFT at the DFT-PBEO level of theory
with TZVP basis set within the CRYSTAL code package [3].

The two implementations [4,5] within the CRYSTAL code result in both polycrystalline and
single crystal bulk moduli, which are compared with experimental data. The bulk modulus date
is then used to observe periodic trends in several structure types, namely rutile, corundum, and
rocksalt. For both magnetic and non-magnetic d-metal oxides the used level of theory results in
an accurate representation of elastic properties when compared with experimentally measured
values.

[1] M. S. Kuklin, K. Eklund, J. Linnera, A. Ropponen, N. Tolvanen, A. J. Karttunen Molecules,
2022, 27, 874.

[2] K. Eklund, J. Alajoki, A. J. Karttunen Cryst. Growth Des., accepted, DOI:
10.1021/acs.cgd.2c01543.

[3] R. Dovesi, A. Erba, R. Orlando, C. M. Zicovich-Wilson, B. Civalleri, L. Maschio, M.
Rerat, S. Casassa, J. Baima, S. Salustro, B. Kirtman Wiley Interdiscip. Rev. Comput. Mol.,
2018, 8, e3160.

[4] W. Perger, J. Criswell, B. Civalleri, R. Dovesi, Comput. Phys. Commun., 2009, 180, 1753.
[5] A. Erba, A. Mahmoud, R. Rolando, R. Dovesi, Phys. Chem. Miner., 2013, 41, 151.
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The least volatile organic compounds participating in atmospheric new-particle
formation are very likely accretion products from self- and cross-reactions of peroxy radicals:
RO> + R’0;. This class of reactions presents a remarkable challenge to computational
chemistry methods, and has been identified as one of the unsolved problems in atmospheric
chemistry [1]. The reaction path involves at least an initial pre-reactive complex (RO....R’0»),
a covalently bonded tetroxide intermediate (RO4R’), and a subsequent product complex
(RO...07...R’0). The tetroxide can only be formed on a singlet potential energy surface, while
the O co-product must be formed in its triplet ground state for the reaction to be
thermodynamically feasible. The two alkoxy radicals (RO and R’O) in the product complex
must therefore be coupled as a triplet, allowing the overall system to remain a singlet. The
tetroxide decomposition thus involves no less than four unpaired electrons, making it
impossible to describe with standard single-reference methods [2]. Even multireference
methods struggle with the tetroxide decomposition step, with different methods and active
spaces and sometimes leading to qualitatively different conclusions concerning, for example,
the decomposition energetics, or the possible existence of a RO; intermediate.

In contrast, the tetroxide formation step can be treated using standard reaction kinetics
approaches, and for systems with a non-negligible activation energy, master-equation
calculations using high-level single-reference energies (albeit informed by our multireference
reaction mechanisms) yield overall RO, + R’O; reaction rates in order-of-magnitude agreement
with experiments [2]. For systems without activation barriers, similar accuracy for the overall
rates can be reached through an even simpler semi-empirical approach, based on non-reactive
molecular dynamics estimates of the pre-reactive complex lifetimes [3]. Branching ratios
between different product channels are unfortunately more difficult to estimate, as they involve
a competition between three or more very rapid (nanosecond-timescale) reactions of the weakly
bonded *(RO...R’0) product complexes, including dissociation to free alkoxy radicals (radical
channel), intermolecular H-shifts forming carbonyl + alcohol products (molecular channel),
and intersystem crossings (ISCs) allowing accretion product formation (ROOR’ channel) [4].
For chemically complex reactants, even more channels open up, for example alkoxy scission
reactions, which upon subsequent ISC permit the formation of thermally stable ether and ester
accretion products [5]. Especially the ISC rates are strongly dependent on the complex
geometry, and machine-learning methods will likely be required to properly predict thermally-
averaged ISCs for aerosol-relevant large RO> + R’O; systems.

[1] T. Dibble, Atmos. Environ. 2008, 42, 5837.

[2] V. Salo et al., J. Phys. Chem. A 2022, 126, 4046.

[3] C. Daub et al., ACS Earth & Space Chem. 2022, 6, 2446.

[4] G. Hasan et al., J. Phys Chem. A 2020, /24, 8305 and 2023, /27, 1686.
[5] O. Perédkyla et al., J. Am. Chem. Soc 2023, in press.
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The selective separation of scandium (111) from rare earth elements is an important topic in the
field of hydrometallurgy due to the increasing demand for scandium in various industrial ap-
plications. Recently, quaternary ammonium-based ionic liquids (QAILs) have emerged as
promising extractants for the selective separation of scandium (111) from rare earth elements.
In this response, the experimental and DFT studies for the selective separation of scandium
(1) from rare earth elements using novel QAILs has been discussed.

Experimental studies have been conducted to investigate the extraction behaviour of
scandium (111) and rare earth elements using QAILSs. It has been found that QAILSs can selec-
tively extract scandium (111) over rare earth elements from aqueous solutions at pH 3-5. The
selectivity for scandium (I11) extraction is attributed to the difference in the coordination chem-
istry of scandium (111) and rare earth elements. QAILSs have a chelating effect on scandium (I11)
due to the presence of nitrogen atoms in the cationic moiety of QAILSs. Moreover, the extraction
of scandium (I11) using QAILs is influenced by various parameters such as temperature, the
concentration of extractant, and the acidity of the aqueous phase. Density functional theory
(DFT) calculations have been carried out to elucidate the mechanism of scandium (I11) extrac-
tion using QAILs. DFT calculations have shown that the complexation of scandium (I11) with
QAILs involves the formation of a chelate ring between the scandium ion and the nitrogen
atoms of the QAILSs. The energy of complex formation is found to be higher for scandium (111)
than rare earth elements due to the smaller ionic radius of scandium (I11) compared to rare earth
elements. DFT calculations have also shown that the selectivity of QAILs for scandium (111)
extraction is influenced by the steric hindrance of the QAILSs.

In conclusion, experimental and DFT studies have shown that QAILs can selectively
extract scandium (I11) over rare earth elements from aqueous solutions. The selectivity of
QAILs for scandium (I11) extraction is attributed to the difference in the coordination chemistry
of scandium (I11) and rare earth elements. DFT calculations have provided insights into the
mechanism of scandium (I11) extraction using QAILSs.

[1] Zhang, Z., Wang, J., Li, Y., Li, T., & Zhang, X. Sep. Purif. Technol. 2019, 226, 24.

[2] Zhang, Z., Li, Y., Li, T., & Zhang, X. J. Rare Earths. 2020, 38, 407.

[3] Li, Y., Zhang, Z., Li, T., Zhang, X., & Li, C. Phys. Chem. Chem. Phys. 2019, 21,
9446.

[4] Li, Y., Zhang, Z., Li, T., Zhang, X., & Li, C. Phys. Chem. Chem. Phys. 2020, 22,
12428.
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5" generation emitter molecules
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Molecules with an unusual reverse order of the lowest excited singlet (S;) and triplet (T)
states are called 5" generation emitter molecules because delayed fluorescence with a very
high quantum yield of luminescence is expected from them due to the inverted singlet-triplet
gap. Heptazine (1,3,4,6,7,9,9b-heptaazaphenalene) derivatives belong to this class of molecules
thanks to a combination of multiple resonance (MR) effects and a significant double excitation
character. Excitation energies of the T and S; states of heptazine derivatives calculated at the
coupled-cluster and second-order multiconfiguration perturbation theory levels show that the
singlet-triplet gap is indeed inverted as compared to the one expected from Hund’s rule.[1]

However, the rate constant of the intersystem crossing (ISC) is very small for symmetry rea-
sons. The ISC rate can be increased by substituting heptazine with a heavy element. The
substitution also breaks the symmetry leading to a faster ISC rate. We have designed gold(I)
containing heptazine derivatives and studied computationally the effect of the gold(I) metala-
tion and coordination on the optical properties of heptazine (see the figure). Ab initio calcula-
tions at the approximate second-order coupled cluster (CC2) and extended multiconfigurational
quasi degenerate perturbation theory at the second order (XMC-QDPT?2) levels show that the
molecule has an inverted singlet-triplet gap due to the alternating spatial localization of the
electron and hole of the exciton in the heptazine core. A non-vanishing one-electron spin-orbit
coupling operator matrix element between T and the S| state leads to a large ISC rate constant
for the S| <— T transition suggeting that the molecule represents this new family of complexes
and may be the first reported organometallic 5"'-generation emitter molecule.[2]

[1] L. Tu¢kova M. Straka, R. R. Valiev, D. Sundholm, Phys. Chem. Chem. Phys. 2022, 24
18713. DOI:10.1039/D2CP02364D

[2] D. Blasco , R. T. Nasibullin , R. R. Valiev, D. Sundholm, Chem. Sci. 2023
DOI:10.1039/D3SC00345K
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Single-molecule magnets (SMMs) are molecules with a bistable magnetic ground state and
that display slow relaxation of magnetization. [1] The two states of the ground doublet corre-
spond to opposite orientations of the magnetic moment, and the slow relaxation implies that
the system can be prepared in either one of these states for prolonged periods of time. This
controllable magnetic ground state coupled with the small size of the molecules means that
SMMs have possible applications in quantum information processing [1]. To date, the mag-
netic moment in all experimentally characterized SMMs originates from open d or f shells of
d or f block metals. However, I recently showed at a theoretical level that it is possible to
construct SMMs using the main-group element bismuth without any need for transition met-
als, lanthanides or actinides. Furthermore, due to the strong spin-orbit coupling of the heavy
p-block element, on certain metrics it is possible that bismuth-based SMMs can have higher
operational temperatures than even the best current SMMs based on dysprosium. Preliminary
estimates of the stability of the bismuth-based SMM predict that it is experimentally accessible

[3].

In the present work I will discuss the concept of main-group SMMs and their design princi-
ples. The results are based on both high-level quantum-chemical multireference calculations
and simple theoretical derivations. Considering both the availability of heavier main-group el-
ements and the chemical feasibility of the possible structures, it is demonstrated that bismuth
in the oxidation state O or tellurium in the oxidation state +1 are the most promising candidates
for the experimental realization of main-group SMMs.

[1] C. Benelli, D. Gatteschi. Introduction to Molecular Magnetism. From Transition Metals to
Lanthanides. 2015, Springer.

[2] C. Godfrin, A. Ferhat, R. Ballou, S. Klyatskaya, M. Ruben, W. Wernsdorfer, F. Balestro.
Phys. Rev. Lett. 2017, 119, 187702.

[3] A. Mansikkamiki. Chem. Commun. 2023, 59, 1837.
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Organometallic compounds are those in which there is a metal-carbon bond present. In
organometallic chemistry, Metallocene is a special class that has haptic covalent bonds between
a metal ion and two arene/ring ligands surrounding it. In this set of compounds, the metal ion
coordinates to the m-electron system of arene rather than individual atoms, forming haptic
bonds. Lanthanocene is a metallocene with a lanthanide metal center and contrastingly these
systems are often perceived to have electrostatic bonds. Recently, some of these systems were
found to feature strong magnetic axiality useful to design, efficient single-molecule magnets

[1].

Computational studies were conducted for bonding considerations of ligands: cyclopentadiene
and cyclobutadiene with lutecium ion using Energy Decomposition Analysis [2] (EDA) and
Natural Orbital Chemical Valence [3,4] (NOCV).

This study concluded that the interaction of lanthanide-carbon bonds was largely electrostatic
in nature as expected by general norm, though it had a significant covalent contribution, and it
doesn’t greatly vary between different geometries studied. The covalency character was de-
pendent on properties like substitution by bulkier ligands producing steric effects and the ring
structure. An energy partitioning scheme with molecular orbital correlation diagrams was pro-
duced to provide insights into bonding characteristics qualitatively.
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[1] Zhang, P. Zhang, L. & Tang, J. Dalton Trans. 2015, 44, 3923-3929.

[2] Kitaura, K. & Morokuma, K. International Journal of Quantum Chemistry. 1976, 10, 325—
340

[3] Mitoraj, M. & Michalak, A. Organometallics. 2007, 26, 6576-6580.

[4] Mitoraj, M. Michalak, A. & Ziegler, T. J. Chem. Theory Comput. 2009, 5, 962.
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[(H)Ni(OH)]" complex cation is able to activate dioxygen as well as methane in separate
reactions.[1,2] This remarkable reactivity was shown to be due to the intramolecularly oxidized
radicaloid hydroxyl ligand in the first excited quartet state. Here, activation of dioxygen by
[(H)Ni(OH)]" was investigated using highly correlated Coupled Cluster and multi reference ab
initio calculations as well as Density Functional Theory (DFT). Formation of hydroperoxo
complex, a key intermediate for generation of all the observed products was corroborated.
Orbitals and wave functions utilized to monitor the electron transfer events reveal that, after
complexation of dioxygen with [(H)Ni(OH)]" an intramolecular electron transfer from the Ni-
center to the hydroxyl takes place.[3] The productive spin surface is found to be the overall
quartet generated directly by the addition of triplet dioxygen and quartet [(H)Ni(OH)]". The
redox non-innocent character on the activator complex seems to help protect the reactive
molecule in the hot state until the complex loosely binds to O: to initiate a dramatic
reorganization in the electronic structure.

intframaolecular insertion of Oy
e transfer | into NiH bond |

[1] Schlangen, M.; Schroeder, D.; Schwarz, H. Angew. Chem., Int. Ed. 2007, 46, 1641.

[2] Dede, Y.; Zhang, X.; Schlangen, M.; Schwarz, H.; Baik, M-H.; J. Am. Chem. Soc. 2009,
131,12634.

[3] Kim JH.; Buyuktemiz M.; Alict G.; Baik MH.; Dede Y. Chem. Eur. J. 2022, 29,
€202203128.
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NMR spectroscopy of 12°Xe guest atom in molecular and materials cavities is increasingly
used to obtain detailed, local information about the atomic and electronic structure of the host
material. '>Xe NMR spectral features are very sensitive to physical conditions-dependent
dynamical processes and understanding them at the microscopic level requires theoretical first-
principles modelling. In this presentation, I will show how modelling increases the amount
of information obtained from simple '>Xe NMR spectra as well as resolves and predicts new
spectral features. Our approach combines state-of-the-art relativistic quantum-chemical (QC)
calculations of the electronic structure and Xe NMR parameters with statistical Monte Carlo
(MC) and molecular dynamics (MD) simulations of the whole host-guest system in solid or sol-
vent environments. I will discuss few applications, in which we were able to predict unknown
crystal structures of fluorophenol clathrates [1], give quantitative finite temperature estimates
of Xe chemical shift inside the cavities of solid porous organic cage (POC) material [2], pro-
vide evidence of endohedral Xe in metal organic polyhedral (MOP) supramolecular complex
[3] as well as its hidden diastereomers [4], predict and explain features of unexpected CEST
signals in new shift regions for bridged resorcinarene cage (BRC) biosensor candidates [5], and
confirm '?*Xe chemical shifts in a porous liquid of POC [6]. In these studies, the state-of-the-
art modelling combined with modern experimental methods and analysis provides valuable,
otherwise unattainable, information on, e.g., the occupancies of the cavities, binding constants,
thermodynamic parameters, exchange rates, as well as relaxation and diffusion parameters.

[1] M. Selent, J. Nyman, J. Roukala, M. Ilczyszyn, R. Oilunkaniemi, P. J. Bygrave, R. Laitinen,
J. Jokisaari, G. M. Day, and P. Lantto. Chem. Eur. J. 2017, 23, 5258.

[2] S. Komulainen, J. Roukala, V. V. Zhivonitko, M. A. Javed, L. Chen, D. Holden, T. Hasell,
A. Cooper, P. Lantto, V.-V. Telkki. Chem. Sci. 2017, 8, 5721.

[3]J. Roukala, J. Zhu, C. Giri, K. Rissanen, P. Lantto, V.-V. Telkki. J. Am. Chem. Soc. 2015,
137, 2464.

[4] J. Jayapaul, S. Komulainen, V. V. Zhivonitko, J. Mares, C. Giri, K. Rissanen, P. Lantto,
V.-V. Telkki, L. Schroder. Nat. Commun. 2022, 13, 1708.

[5] S. Komulainen, P. U. A. 1. Fernando, J. Mares, A. Selent, R. Khalili, P. T. Cesana, A. Ebel-
ing, A. M. Kantola, N. K. Beyeh, K. Rissanen, B. DeBoef, P. Lantto, V.-V. Telkki. Cell Rep.
Phys. Sci. 2023, 4, 101281.

[6] S. E. Mailhiot, P. Peuravaara, R. J. Kearsey, B. D. Egleston, S. Komulainen, R. L. Green-
away, A. I. Cooper, J. Vaara, P. Lantto, V.-V. Telkki. submitted for publication (2023).
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Aerosols have a significant impact on the Earth's climate, human health, and the chemistry of
the atmosphere. The acidity of aerosols is known to play a major role in determining their
physicochemical properties and thus their impact on these areas [1]. Therefore, acidity of
aerosol components is an important factor to consider when studying atmospheric aerosols.

Aerosol acidity is represented in climate models using observationally-based proxies, such as
the pH of the bulk aerosol solution. However, these proxies do not always accurately represent
the entire aerosol population, leading to large uncertainties in climate projections [2].
Additionally, the organic fraction, which often comprises significant amounts of components
with acid functionality, is considered as un-dissociated and the H+ concentration in aerosols is
assumed to have no contribution from the organic fraction [3]. Organic aerosols can make up
30-90% of the total aerosol mass, depending on the location and atmospheric conditions, and
plays an important role in different atmospheric processes such as formation and growth of the
new particles, and cloud droplet activation. Despite its abundance and importance, organic
aerosol is still one of the least understood components of atmospheric aerosol [4]. The
dissociation of the organic fraction could play a significant role in the measure of aerosol
acidity and influence the aerosol microphyscial and chemical processes. Representing organic
dissociation in climate models are therefore expected to improve the accuracy of the aerosol
acidity representation and potentially lead to a better understanding of the role of organic
aerosols in climate.

In this work, we have introduced organic dissociation in the ECHAM box model HAMBOX
and assess its impact on sulfur chemistry and cloud microphysics via cloud droplet number
concentrations (CDNC) and short-wave radiative effect (RE). We calculated CDNC for an air
parcel, based on the predicted total aerosol population sulfate mass, and compared to
predictions without accounting for organic dissociation. The resulting CDNC was then used to
estimate the short-wave radiative effect from cloud formation using methods given by Bzdek
et al. [5]. We found that the increased H" concentration from organic dissociation increases the
kinetically driven oxidation of sulfur dioxide and the sulfate mass in the aerosol population is
significantly increased, compared to simulations without accounting for organic dissociation.
The increased sulfate concentrations in turn change the size distribution significantly and
impact the estimation of CDNC and RE.

[1] M. A. Freedman, E-J. E Ott, K. E. Marak. J. Phys. Chem. 2018, 123(7), 1275

[2] H.O.T. Pye, et al. Atmos. Chem. Phys. 2020, 20(8), 4809

[3] M. Kanakidou, et.al. Atmos. Chem. Phys. 2005, 5(4), 1053

[4] S. Legg. Interaction 2021, 49(4), 44

[5] B. R. Bzdek, J.P. Reid, J. Malila, N. L. Prisle. Proc. Natl. Acad. Sci. 2020, 117(15), 8335.
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Signal intensity in nuclear magnetic resonance (NMR) spectroscopy is governed by the
population difference between nuclear spin states. At room temperature the populations are
almost equal, rendering NMR a method of low inherent sensitivity, requiring a high
concentration of spins for a sufficient signal. Understanding chemical processes at the
molecular level requires development of low-concentration NMR.

Advances in noble-gas hyperpolarisation [1] and indirect detection [2] have rendered it
possible to use encapsulated *2°Xe as a probe for molecule-selective sensing in down to
picomolar concentration. Xenon forms a non-covalently bound host-guest system with a
cryptophane (Cr) cage, which is equipped with an affinity tag that selectively binds with an
analyte. The binding event is reported by the chemically sensitive NMR signal of Xe. These
systems are called Xe NMR biosensors (XBSs) [3].

Understanding XBSs at the molecular level is pivotal in their continued development.
Computational modelling is required to achieve such microscopic information on, e.g., the
chemical exchange of free and host-bound Xe and H.O, NMR chemical shift (CS) of Xe, and
nuclear spin dynamics of the entire XBS. By using molecular dynamics simulations and
quantum-chemical calculations we have been able to, e.g., demonstrate the important role of
explicit H2O molecules in the exchange of Xe [4], and show that the average CS of Xe
depends linearly on its coordination number through the action of so-called paramagnetic
channels during collisions with other atoms.

In addition, we have observed the formation of water channels (hydrogen-bonded networks)
through the cavity of water-soluble Crs. The dynamics of H.O molecules in such channels is
stabilised by lone-pair oxygens on the structure of the host, having important consequences
on the energetics of XBSs. By computationally analysing the NMR relaxation rates of *H
spins in stabilised H.O molecules we propose NMR measurements to confirm the existence
of water channels.

The talk will cover the computational methodologies and workflows required for multiscale
modelling of XBSs and shed light on the microscopic details of Cr-confined Xe and H20,
crucial for the development of XBSs as a method of low-concentration NMR.

[1] T. Walker and W. Happer, Rev. Mod. Phys, 1997, 69, 629 642

[2] L. Schroder, T. Lowery, C. Hilty, D. Wemmer and A. Pines, Science, 2006, 314, 446-449.

[3] M. Spence, S. Rubin, I. Dimitrov, J. Ruiz, D. Wemmer, A. Pines, S. Qin Yao, F. Tian and P., Proc. Natl. Acad.
Sci. U.S.A., 2001, 98, 10654-10657.

[4] P. Hilla and J. Vaara, Phys. Chem. Chem. Phys., 2022, 24, 17946-17950.

[5] P. Hilla and J. Vaara, Manuscript in preparation.
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“ Department of Chemistry, University of Helsinki
Email: stefan.taubert@helsinki.fi

Aromaticity can be assessed based on the magnetic criterion: a molecule being able to sustain
a diatropic magnetically induced ring current is considered aromatic. We can model the ring-
current paths and ring-current strengths (susceptibilities) using the GIMIC method (Gauge-
Including Magnetically Induced Current) [1]. Aromatic stabilization or antiaromatic
destabilization can lead to certain synthetic routes being preferred. In this contribution, I will
discuss two cases [2,3], where we have been able to provide evidence for such stabilization and
destabilization due to aromaticity and antiaromaticity, respectively, and thus help
experimentalists to explain the stability and reactivity of certain synthesized molecules.

[1] For the program, see https://github.com/qmcurrents/gimic. For a recent overview, see D.
Sundholm, H. Fliegl, and R. J. F. Berger. WIREs Computational Molecular Science, 2016, 6,
639.

[2] T. Nikkonen, M. M. Oliva, S. Taubert, M. Melchionna, A. Kahnt, and J. Helaja. Chem. Eur.
J. 2015, 21, 12755.

[3] D. S. Casadio, S. Aikonen, A. Lenarda, M. Nieger, T. Hu, S. Taubert, D. Sundholm, M.
Muuronen, T. Wirtanen, and J. Helaja Chem. Eur. J. 2021, 27, 5283.
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Using Atomic Cluster Expansion in
Molecular Dynamics

T. Jarvinen,? C. Ortner ¢

¢ Department of Mathematics, the University of British Columbia
Email: tjarvinen@math.ubc.ca

In recent times there has been significant progress in the development of Machine Learned
Interatomic Potentials (MLIPs). The Atomic Cluster Expansion (ACE) [1,2,3,4] is a particular
flavour of these new MLIPs which has been shown to give an excellent cost/accuracy balance
for a range of systems. We give a brief introduction to ACE, show how ACE models can be
trained on ab initio datasets and then employed in molecular dynamics simulations with near ab
initio accuracy. We also discuss a few cases where ACE has been successfully used and where
we expect ACE to work well. Finally, we mention ongoing developement of ACE methodology
in electronic structure and what can be expected in the future.

[1] R. Drautz. Phys. Rev. B 2019, 99, 014104.

[2] Y. Lysogorskiy, C.v.d. Oord, A. Bochkarev, et al. npj Comput Mater 2021, 7, 97.

[3] M. Bachmayr, G. Csanyi, G. Dusson, et al. J. Comp. Phys. 2022, 454.

[4] E. Gelzinyte, W. C. Witt, C.v.d. Oord, et al. The ACE1. j1 Software Suite. In preparation.
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Complete basis set limit studies of the nu-
merical behavior of density functionals

S. Lehtola

Department of Chemistry, University of Helsinki
Email: susi.lehtola@helsinki.fi

Thanks to the improvements in algorithms and approximations accrued during several decades
of development, as well as the amazing advances made in computer engineering, density func-
tional theory (DFT) has become widely used across various disciplines to understand the struc-
ture and behavior of materials starting from first principles. Motivated by this success, many
new density functional approximations (DFAs) are published every year; our Libxc library [1]
containing over 600 DFAs at the moment. Despite this seemingly large number of available
functionals, only few new DFAs get used by others than their original developers, and even
fewer actually become widely used in the literature. Although the assumption is that new func-
tionals are better than old ones, this is often not the case, as has been shown in the rich literature
full of benchmarks on various functionals’ accuracy on various properties of various systems,
see ref. 2 for a recent many-faceted review, for example.

However, the numerical behavior of density functionals has been investigated to a much smaller
extent. In this contribution, I will discuss our recent works related to the study into the well-
behavedness of density functionals. In our definition [3], a well-behaved density functional
should yield total energies that converge smoothly to the complete basis set (CBS) limit by
(1) affording smooth convergence to the quadrature grid limit at fixed density, (ii) a smooth
convergence of the self-consistent field (SCF) procedure within a fixed basis set, as well as (iii)
rapid convergence to the CBS limit in calculations with increasingly large basis sets. However,
we have shown that many recent density functionals break this criterion. Already at fixed
electron density, many functionals such as r’SCAN are ill-behaved in the evaluation of the total
energy of atoms [3]. Fully numerical calculations [4-7] allow studying the effect of relaxing
the density in self-consistent calculations, which demonstrate that most Minnesota functionals
are ill-behaved already for the hydrogen atom [7], producing large oscillations in the Laplacian
of the density VZn. The Li and Na atoms are also challenging for Minnesota functionals, as
well as the recent B97M-V and wB97M-V functionals of Mardirossian and Head-Gordon [8].

[1] S. Lehtola et al, SoftwareX 7, 1 (2018). doi:10.1016/j.softx.2017.11.002

[2] N. Mardirossian and M. Head-Gordon, Mol. Phys. 115, 2315 (2017).
doi:10.1080/00268976.2017.1333644

[3] S. Lehtola and M. A. L. Marques, J. Chem. Phys. 157, 174114 (2022).
doi:10.1063/5.0121187

[4] S. Lehtola, Int. J. Quantum Chem. 119, €25968 (2019). doi:10.1002/qua.25968

[5] S. Lehtola, Int. J. Quantum Chem. 119, €25945 (2019). doi:10.1002/qua.25945

[6] S. Lehtola, Phys. Rev. A 101, 012516 (2020). doi:10.1103/PhysRevA.101.012516

[7] S. Lehtola, J. Phys. Chem. A, in press (2023). doi:10.48550/arXiv.2302.00440

[8] S. Lehtola, J. Chem. Theory Comput, in press (2023). doi:10.48550/arXiv.2302.06284
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A large database of Raman spectra created
with optimized computational workflow

M. Bagheri,” and H. -P. Komsa ¢

¢ Microelectronics Research Unit, Faculty of Information Technology and Electrical Engineer-
ing, University of Oulu

Email: mohammad.bagheri @oulu.fi

Raman spectroscopy is a widely used material analysis technique based on the vibrational prop-
erties of materials. Raman spectra provide information about the vibrational modes, atomic
structure, and chemical composition of materials but spectrographic analysis relies on com-
parison to known spectra. Hence, experimental databases of spectra have been collected but
limited to well-known materials or the materials may contain significant amount of impurities
of unknown identity, for instance.

The spectra can also be simulated using atomistic first-principles methods to complement ex-
perimental databases. However, current methods for the simulations of Raman spectra are com-
putationally demanding. Thus, the existing databases of computational Raman spectra contain
only a fairly small number of entries.

We present an optimized workflow to calculate the Raman spectra which can reduce the com-
putational cost [1] and takes full advantage of the phonon properties found in existing material
databases [2]. The workflow was benchmarked and validated by comparison to experiments
and previous computational methods for select technologically relevant material systems. Us-
ing the workflow, we performed high-throughput calculations for a large set of solid materials
(5099) belonging to many different material classes and collected the results in a database that
can be browsed online on the CRD website. [3]

[1] M. Bagheri, H.-P. Komsa, Sci. Data 2023, 10, 80.

[2] A. Togo, Phonon database 2018, http://phonondb.mtl.kyoto-u.ac.jp
[3] M. Bagheri, H.-P. Komsa, Computational Raman Database 2023, https://ramandb.oulu.fi
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Molecular dynamics simulations of peroxy
radical interactions

C.D. Daub.? R. Valiev, ¢ V. Salo, ¢ I. Mandal, ¥ R. Ramazanov, ¢
R. B. Gerber, ? and T. Kurtén ¢

¢ Department of Chemistry, University of Helsinki
b Department of Chemistry, Hebrew University of Jerusalem
Email: christopher.daub@helsinki.fi

Biimolecular interactions between peroxy radicals (RO,) are key reactions in atmopheric chem-
istry. So far, most of our research on this topic in the Atmospheric Computational Chemistry
group has focused on improving our calculations of the energetics of these reactions and on un-
derstanding the stationary states of the reactions (reactants, products, and transition states)[1-3].
The focus of my work has been on doing molecular dynamics (MD) simulations of these sys-
tems, in order to better understand the different possible reaction paths and to go beyond the
transition state theory (TST) approach to calculating reaction rates of interest to atmospheric
scientists.

In my talk, I will present some results from two different MD approaches. First, I will show
what we have learned from simple empirical force-field based methods[4,5]. Although these
cannot simulate the bimolecular reaction itself, they are surprisingly accurate for predicting the
lifetime of complexes of two peroxy radicals. By simulating thousands of collisions between
peroxy radicals, and computing the histogram of association lifetimes, we have demonsrated a
strong correlation between this lifetime and the experimental rate coefficient for those reactions
which are barrierless. This allowed us to make some predictions of experimental reaction
rates for large o-pinene-derived peroxy radicals relevant in models of atmospheric aerosol
formation. I will also present some new results on the extension of the collision simulations to
also include peroxy radical-water complexes.

The second part of my talk will focus on metadynamics simulations using the CASSCF elec-
tronic structure method to study the dissociation of two systems involved in peroxy radical
chemistry, namely CH30,CH3 and CH304CH3. Modelling the free energy of CH30O,CHj3
dissociation into 2 CH3O radicals is straightforward, and gives results agreeing well with the
results of energetic calculations and TST. On the other hand, the variety of possible disoccia-
tion pathways from the tetroxide intermediate CH30O4CHj3 renders it difficult to design active
spaces of orbitals which can describe all of them. I will discuss our progress in meeting these
challenges.

[1] R. Valiev et al. J. Phys. Chem. A. 2019, 123, 6596.

[2] V. Salo et al. J. Phys. Chem. A. 2022, 126, 4046.

[3] G. Hasan et al. J. Phys. Chem. A. 2023, 127, 1686.

[4] C. D. Daub et al. Phys. Chem. Chem. Phys. 2022, 24, 10033.
[5] C. D. Daub et al. ACS Earth & Space Chemistry. 2022, 6, 2446.
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Luminescence Properties of Zn(II) and

Pb(II) complexes with Phenanthro-diimine
Ligands

T. Eskelinen,”

“ Department of Chemistry and Materials Science, Aalto University
Email: toni.eskelinen@aalto.fi

Phenanthrene-based pyridyl-imidazole (1) and its anthracene (I.2) and phosphonium (L1P™)
derivatives were used as N,N-chelating ligands to construct complexes [Zn(L1)Cl:],
[Zn(L2)Cl:], [Zn(L1P*)Br:]" and [PbsBrs(L1P*):] and the photophysical properties of the title
complexes were investigated both experimentally and computationally.'* All complexes were
luminescent in the solid state with the Zn(I) complexes showing fluorescence from either a
ICT or 'm-n* state. However, due to high spin-orbit coupling associated with lead,
phosphorescence emission with *m-m* parentage was observed for the Pb(II) complex.
Electronic structure calculations at the (Time Dependent-) Density Functional Theory level
were used to shed light on the nature of the excited states responsible for the emission.

1. D. Temerova, K. S. Kisel, T. Eskelinen, A. S. Melnikov, N. Kinnunen, P. Hirva, J. R.
Shakirova, S. P. Tunik, E. V. Grachova, 1. O. Koshevoy, Inorg. Chem. Front. 2021, 8, 2549-
2560.

2. D. Temerova, T.-C. Chou, K. S. Kisel, T. Eskelinen, N. Kinnunen, J. Jinis, A. J. Karttunen,
P.-T. Chou, I. O. Koshevoy, Inorg. Chem. 2022, 61, 19220-19231.
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Computational Studies of Reaction Routes for 3(RO---OR’) Intermediates Formed in
Peroxy Radical Self- and Cross-Reactions
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aDepartment of Chemistry, University of Helsinki, POB 55, FIN-00014 Helsinki, Finland
bInstitute for Atmospheric and Earth System Research, Faculty of Science, University of Hel-

sinki, Helsinki 00014, Finland

Email: galib.hasan@helsinki.fi

Atmospheric aerosol (liquid or solid particles suspended in air) have major health effect since
they are the main diverse of air-pollution-related mortality. They also affect the climate by
forming cloud condensation nuclei [1]. Gas phase dimer (accretion product) formation is re-
garded as a significant reaction in the atmosphere because it can lead to the formation of
very-low volatility highly oxygenated organic molecules (HOMs), which later form aerosol par-
ticles [2]. On the other hand, organic peroxy radical (RO;) are the key intermediates in the
chemistry of the atmosphere. One of the main sink reactions of RO; is the recombination
reaction ROz + R’O [3]. This reaction goes through an intermediate complex (RO...20,...0R’).
The 303 is very weakly bound, and evaporates from the system, giving a 3(RO...R’O) dimer
cluster. This dimer has three major reaction channels: 1) R_4=0 + R’"OH 2) ROOR’, and 3) RO2+
R’0Os.

In our study, we have performed a systematic conformation search on the 3(RO...R’0) dimer
cluster on the triplet potential energy surface using a state-of-the-art quantum chemical
approach [4,5,6,7]. Then we tried to calculate the reaction rate of three channels: evaporation
or dissociation to RO + R’O, a hydrogen shift reaction forming R_H=0 + R’"OH, and a “spin-flip”
(intersystem crossing) leading to the formation of ROOR’ “dimer” accretion products. We
have found that all these channels are indeed competitive (with typical rates of at least
greater than 10° s%, and many have rates exceeding 10'° s'!) in the atmosphere. Our recent
studies [7] suggest that alcohol + carbonyl and ROOR’ accretion formation channels are
competitive for small and medium sized RO;. However, for complex R or R’ the binding energy
effect may render the H-shift channel uncompetitive over ISC. The overall results suggests
that the computationally proposed novel RO; + RO; reaction mechanism is qualitatively
compatible with experimental results on accretion product formation and may thus play a key
role in the formation of organic aerosols.

[1] Loeb, Norman G., and Seiji Kato. J. of Clim. 2002, 15, 1474.
[2] Bianchi, F., et al Chem. Rev. 2019, 119, 3472.

[3] Dibble, Theodore S. J. Am. Chem. Soc. 2001, 123, 4228.

[4] G. Hasan, et al., J. Phys. Chem. A. 2020, 124, 8305.

[5] G. Hasan, et al., J. Phys. Chem. A. 2021, 125, 10632.

[6] G. Hasan, et al., J. Phys. Chem. A. 2023, 127, 1686.

[7] R. Valiev, et al., J. Phys. Chem. A. 2019s, 123, 6596
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lactate ester molecules

Eetu Hyypi6“, S. Karl-Mikael Svensson® and Juha Vaara ¢
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E-mail: ectu.hyypio@oulu.fi

The signal produced by Nuclear Magnetic Resonance (NMR) is inherently weak, and thus it is
of interest to amplify it. The SABRE-Relay method has been developed at the University of
York [1], set on amplifying the signal in the '"H and '*C NMR spectra of different target
molecules. The aim of our computational research is to model the situation in the experiments
and answer how the signal becomes enhanced. The interesting molecules used in the
experiments, and therefore in the computational study, are lactate esters, of which methyl
lactate can be seen below. We carry out spin dynamics simulations using DFT-computed spin-
spin coupling networks for the spin systems formed by methyl, ethyl and butyl lactate and
investigate the transmission of spin density from the initially fully polarized OH proton to the
other 'H- and *C-nuclei in the systems. We investigate the effects of the coherent dynamics on
the polarization transfer.

[1] Ben J. Tickner, S. Karl-Mikael Svensson, Juha Vaara, and Simon B. Duckett
The Journal of Physical Chemistry Letters 2022 13 (29), 6859-6866
DOI: 10.1021/acs.jpclett.2c01442
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Predicting liquid-liquid phase separation
in ternary organic—-organic—water mix-
tures using COSMO-RS

N. Hyttinen*

¢ Department of Chemistry, Nanoscience Center, University of Jyvaskyld
Email: noora.x.hyttinen @jyu.fi

Liquid-liquid phase separation (LLPS) affects the water uptake of aerosol particles in the at-
mosphere. Mahrt et al. studied LLPS in particles containing proxies or primary and secondary
organic aerosol (POA and SOA, respectively) under various relative humidity (RH) conditions
[1]. They observed LLPS in more mixtures at relatively high RH (45% or 90%) than in dry
conditions (RH<5%). This indicates that the increasing water content leads to phase separation
in ternary SOA-POA—water mixtures. Here, LLPS was predicted in ternary mixtures contain-
ing water and two organic compounds using conductor-like screening model for real solvents
(COSMO-RS) [2]. A computational method, such as COSMO-RS, allows for the estimation of
new information on mixing states and mixtures that cannot be accessed experimentally.

COSMO-RS predicts LLPS in all of the studied ternary mixtures containing water and POA
and SOA, due to the limited solubility of the hydrophobic POA proxies in water. However, the
RH needed to reach high enough water content in the mixtures depends on the two organics.
For example, water activity is close to 1 (corresponding to 100% RH) at phase separation in
cis-pinonic acid—diethyl sebacate—water mixture [2]. This agrees with the experimental obser-
vations, where no LLPS was observed below 90% RH [1]. On the other hand, two phases were
observed in particles comprising dioctyl phthalate and cis-pinonic acid [1]. Based on COSMO-
RS predictions, LLPS occurs under lower RH than in the mixture containing diethyl sebacate,
around 40% RH.

In addition to computing the entire phase diagram, the possibility of LLPS can be assessed with
activity coefficients of each constituent in the infinite dilution in the other two constituents.
For example, the activity coefficient of cis-pinonic acid in water, diethyl sebacate and dioctyl
phthalate is relatively high, signalling LLPS in the binary mixtures. Because of the very low
solubility of organics in water (in case of LLPS), water activity is close to 1 at phase separation.
The RH required for LLPS is therefore close to 100 %, unless other phase separations form
from the interaction between the two organic compounds.

This work was supported by the Academy of Finland grant no. 338171. Computational re-
sources were provided by CSC - IT Center for Science, Finland.

[1] FE. Mahrt, E. Newman, Y. Huang, M. Ammann, A. K. Bertram. Environ. Sci. Technol. 2021,

55, 12202-12214.
[2] N. Hyttinen. Phys. Chem. Chem. Phys. 2023, in press.
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Computational chemical shift of xenon in
carbon nanotubes
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Email: tiia.jacklin@oulu.fi

After carbon nanotubes (CNTs) were found they have, because of their unique electric and
mechanical properties, been extensively studied using a wide range of different methods, one
of which is nuclear magnetic resonance (NMR). Though fast relaxation of nuclear spins makes
the >C NMR measurements difficult, both experimental and computational studies of CNTs
have been done.

An alternative approach is to measure a probe '2?Xe atom that has flexible, large electron cloud
sensitive to its surroundings and temperature. Experimental Xe NMR for CNTs have been
carried out but no computational studies exist. In this study [1], we compute, for the first time,
the trends of the chemical shift of xenon at several sites in close vicinity of different types of
CNTs. The obtained results are useful in interpreting both former and current experimental
data.

We report '2?Xe shift inside and outside of multiple single-wall CNTs. We study tubes with
different chiralities, both chiral (n,m) and achiral (n,0) nanotubes, some of which belong to
the semiconducting (R = (n —m) mod 3 = 1,2) and quasi-metallic (R = 0) families. The
dependence of the chemical shift on the diameter of the CNT is also investigated. Periodic
infinite-length as well as finite Clar-cluster models are used. Additionally, a double-wall CNT
and a few nanotube bundles consisting of identical CNTs, are studied. In bundles, four xenon
sites are considered: inside (I) and outside (O) surfaces, in the groove (G) of two tubes, and in
the interstitial (IC) channel between three tubes.

Our results indicate that the Xe shift is not sensitive to the chirality of the CNT but there is
a slight shift difference between semiconducting and quasi-metallic families. Tube diameter
dependence is clear only for narrow CNTs. We also show that the Xe shift inside the CNT
is close to zero or even negative with respect to the low-density Xe gas reference. The shift
inside the CNT is slightly larger for quasi-metallic than for semiconducting family in the same
diameter range.

[1] T. Jacklin, R. Khalili, S. Komulainen, J. Vaara, A. M. Kantola, V.-V. Telkki and P. Lantto.
Manuscript in preparation. 2023.
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POxload: Predicting the Drug Loading of
Polymer Micelles by QSPR Modeling

Josef Kehrein,“” Robert Luxenhofer” and Alex Bunker’
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Email: josef.kehrein@helsinki.fi

Amphiphilic ABA-triblock copolymers, comprised of poly(2-oxazoline) and poly(2-oxazine),
can solubilize poorly water-soluble drugs; they form micelles with exceptionally high drug
loading [1]. However, loading capacity (LC) and loading efficiency (LE) are highly
dependent on the chemical structures of both the loaded drug and the monomers which
contain readily-tunable sidechains [2]. Recently, a cheminformatics-driven QSPR modeling
approach showed promising results for predicting such parameters [3].

In this work, experimental results from several recent publications [2-7] were combined with
in-house data to create an extended database of nearly 3000 formulations, varying in polymer
and drug structure, drug concentration and the time point for measuring solubilization. 2D
polymer-drug mixture descriptors were calculated and used for building different QSPR
prediction models, focusing on varying levels of LC and LE. The models were then used to
screen larger drug libraries (FDA, DrugBank). We envision validating our models with
additional experiments and providing a web tool for scientists to assess the usage of these
polymers as delivery systems for novel drug candidates.

ABA-triblock copolymer QSPR models POxload

Polymer micelle Hydrophilic Ablocks Polymer-drug
Hydrophobic B blocks ! mixture web tool
{ descri ptors EDA

Hydrophobic drug '._I T P_' DrugBan load
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5 | 1
g LE/LC 1 [ =T |
= RF, SVM, NN, sl -

S XGB, PLS ..
H

2 4 6 8 10 I - o = i
Drug concentration [g/L] . NEW formulatlons

[1] O. Sedlacek, R. Hoogenboom. Adv. Ther. 2020, 3, 1900168.

[2] M.M. Liibtow, L. Hahn, M.S. Haider, R. Luxenhofer. J. Am. Chem. Soc. 2017, 139,
10980-10983.

[3] V.M. Alves, D. Hwang, E. Muratov, M. Sokolsky-Papkov, E. Varlamova, N. Vinod, C.
Lim, C.H. Andrade, A. Tropsha, A. Kabanov. Sci. Adv. 2019, 5, eaav9784.

[4] L. Hahn, M.M. Liibtow, T. Lorson, F. Schmitt, A. Appelt-Menzel, R. Schobert, R.
Luxenhofer. Biomacromolecules 2018, 19, 3319-3128.

[5] M.M. Liibtow, M.S. Haider, M. Kirsch, S. Klisch, R. Luxenhofer. Biomacromolecules
2019, 20, 3041-3056.

[6] M.S. Haider, M.M. Liibtow, S. Endres, S. Forster, V.J. Flegler, B. Bottcher, V. Aseyev,
A.C. Poppler, R. Luxenhofer. ACS Appl. Mater. Interfaces 2020, 12, 24531-24543.

[7] M. S. Haider, R. Luxenhofer. ChemRxiv preprint 10.26434/chemrxiv-2022-s8xc3 2022.
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The challenge of targeting drugs to the central nervous system lies in the blood-brain barrier,
which prevents most drugs from reaching the brain. In order to treat neurological diseases,
drugs need to reach the target tissue in the central nervous system. To achieve this, the blood-
brain barrier contains transporter proteins, such as the sodium-dependent multivitamin
transporter, monocarboxy/late transporter 1, and cationic amino acid transporter 1, that can be
taken advantage of. The project aims to investigate the utility of these three transporters in
enhancing brain drug delivery using 3D in silico models for each transporter. Molecule libraries
will be screened to support prodrug design, and structural analysis can help in improving the
binding selectivity of the found molecules. Molecular dynamics simulations will be conducted
to study the behavior of the proteins and their transport mechanisms. These computational
methods can aid the research in simulating the system in ways that are not possible
experimentally. So far, the simulations have revealed a novel conformational state which
requires further investigation. Observed conformation changes and states can give a better
understanding about the internal interactions and dynamics of the protein and thus shed light
on its mechanism of action. This is crucial information when designing prodrugs on novel
targets which can open new pathways for drugs to reach the brains.
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Induced current densities in porphyrin nanostructures

Atif Mahmood, Maria Dimirova, Lukas N. Wirz, Dage Sundholm
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Email: atif. mahmood@helsinki.fi

Magnetically induced current densities (MICD) of Zn-porphyrinoid nanostructures have
been studied at the density functional theory (DFT) level using the B3LYP functional. The
studied Zn-porphyrinoid naostructures consist of balls (two crossing porphyrinoid belts),
tubes, rings and clam-shell like molecule. The Zn-porphyrin units are connected to each
other via butadiyne linkers as in rings and a recently synthesized porphyrinoid cross-belt
structure.[*-31 The studied nanotubes are constructed by connecting the neighbors via ethyne
bridges at their meso carbon atoms.[*51 A clam-like molecule has porphyrin units connected
on one side via butadiyne linkers and on the other side they are fused. The MICDs are
calculated using the gauge-including magnetically induced currents (GIMIC) method.[57]
Current-density pathways and their strengths were determined by numerically integrating
the MICD passing through selected planes that cut chemical bonds or molecular rings. The
current-density calculations of the nanoballs and rings show that they are globally non-
aromatic but locally the individual porphyrin rings are aromatic but are 20% weaker than in
a single Zn porphyrin, whereas oxidation leads to globally aromatic cations sustaining ring
currents that are somewhat stronger than observed for a Zn porphyrin. Calculations of the
current densities show that there is a paratropic ring current around the nanotubes. Fusing
porphyrinoids as in the fully fused cross-belts and clam-shell molecules results in
complicated current-density pathways that differ from the ones usually appearing in
porphyrinoids. The neutral fused cross-belts molecule is antiaromatic, whereas its dication
IS non-aromatic.
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Figure 1: The magnetically induced current density in the nanoball and in a cross-belt porphyrinoid structure.

References:
1. Cremers J., Haver R., Rickhaus M., Gong J. Q., Favereau L., Peeks M. D., Claridge
T.D. W., Herz L. M., Anderson H. L. J. Am. Chem. Soc. 2018, 140, 5352.
2. Fliegl H., Valiev R., Pichierri F., Sundholm D. In Chemical Modelling. 2018, 14,
Chapter 1, 01.
3. Mahmood A., Dimitrova M., Wirz L. N., Sundholm D. J. Phys. Chem. A, 2022, 126,
7864.
Dimitrova M., Sundholm D. In Aromaticity. 2021, Chapter 5, 155.
Mahmood A., Dimitrova M., Wirz L. N., Sundholm D. J. Phys. Chem. A. 2022, 126,
1936.
6. Sundholm D., Dimitrova M., Berger R. J. Chem. Comm. 2021, 57, 12362.
7. Juselius J., Sundholm D., Gauss J. J. Chem. Phys. 2004, 121, 3952,
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ﬁ new chance for an old, Amber-like force-
eld
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The Amber-like forcefield has been greatly succesfull in molecular dynamics (MD) simulations
of biomolecules and other systems as well. As a great advantage, there are several excellent
software packages to choose from. There are also tools to get parameters for molecules that are
not present in the forcefield, in applications like in silico drug screening. This gives a rather
efforthless ingredients for a large-scale molecular simulations. For example, the Antecham-
ber suite of Amber package assigns general atom force field (GAFF) types for Lennard-Jones
(LJ) parameters and bonding interactions, whereas the partial charges are obtained by semi-
empirical calculation.

Here we are interested in a mixture of simple surfactants, decanoate and hexanol in water
solution, in a combined NMR/MD study. Using the GAFF/Antechamber, we have 9 LJ pa-
rameters (two parameters per one LJ interaction) inherited from the GAFF atom types and 52
partial charges. The partial charges are the only specific parameters for the newly parameter-
ized molecule. The accuracy of the simulation depends on these charges. Moreover, there is
usually freedom to choose from several water models, where e.g. OPC model has very differ-
ent partial charges compared to SPC or TIP4P models. Study of surfactants is one of many
cases where the intermolecular interactions largely determine the results. That is where using
“blindly” assigned partial charges fitted to an electron density of the molecule, obtained as
a quick approximation in Antechamber seems to be an insufficient investment. Here blindly
refers to the fact, that other molecules (in particulain water) have been possibly parameterized
by different methods and there is no connection to intermolecular energies or forces. The three
set of forces: solvent-solvent, solvent-solute and solute-solute, can be out of balance resulting
in incorrect aggregation behaviour.

We have therefore reassigned the atom types of our molecules, and obtained 17 common,
(atom-type specific) LJ-parameters, and 53 atom-type-pair specific, between atoms of surfac-
tants and solvent (water and sodium ions). On the other hand, we have currently only 17 partial
charges, belonging always to a distinct atom type, as in the case of LJ-parameters. Therefore
the total number of parameters (pair for each LJ) is 157 as compared to 71 from Antechamber,
which are fitted agains gradients of accurate QC calculations (0B97X-D4; def2-QZVPP). The
separate LJ-pair interactions constitute independent parameters for solvent-solute forces, along
with solute-solute interactions, whereas the solvent-solvent parameters are left untouched,
keeping the well-known properties of the chosen water model as it is. LJ-interactions present
only part of the interactions, in our approach, the electrostatic interactions are still interdepen-
dent and the LJ potential may not be able to correct for it sufficiently. Nevertheless, the flexi-
bility of our parameterization is much larger compared to the GAFF-Antechamber parameters,
and more importantly the parameters are obtained using forces from high-level QC calculation.
Analysis of the parameters together with results of preliminary simulations will be presented.
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Self assembly of mixed surfactants in water
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Atmospheric aerosols have an important role on the water-droplet growth and thus, cloud for-
mation [1]. Some of their constituents are surfactants having typically long carbon chains with
a hydrophilic head and a hydrophobic tail. Understanding the dynamics and the geometrical
distribution of surfactants in water are of utmost importance to build climate models.

Some of the most important surfactants present in the atmosphere are the sodium decanoate,
hexanol, sodium dodecyl sulfate (SDS) and sodium hexanoate. In NMR experiments it is ob-
served that once sodium decanoate and hexanol are mixted in water, they have the same diffu-
sion coefficient, D. On the other hand, in a mixture of SDS and sodium hexanoate, different
D are observed for each one of the surfactants. This indicates that the decanoate and hexanol
cluster together while SDS and hexanoate do not. The goal of this project is to support or
provide alternative arguments for the conclusions reached from experiments by computational
means.

Representations of the two experimental mixtures were computed by means of classical atom-
istic molecular dynamics (MD) simulations. Trajectories of 5 microseconds were obtained
for two oppositely distributed starting configurations: all the surfactants clustered together on
one hand and spread apart on the other. Systems consisting on 200/50 (decanoate/hexanol),
100/100 and 100/2000 (SDS/hexanoate) were studied. The simulations were performed with
the GROMACS [2] software with the AMBER force field [3].

The MD simulations were not in disagreement with the experiments for both mixed systems.
Thus, these results will be beneficial while providing more accurate models to study the climate,
since the distribution of these polar molecules within the droplet and on its surface helps us to
gain insights on the cloud albedo [4], which has a decisive effect on cooling or warming the
atmosphere.

[1] N. L. Prisle et al. "Surfactant effects in global simulations of cloud droplet activation",
Geophys. Res. Lett., 39, 1.05802 (2012).

[2] M.J. Abraham, T. Murtola, R. Schulz, S. Pall, J.C. Smith, B. Hess, and E. Lindahl, “GRO-
MACS: High performance molecular simulations through multi-level parallelism from laptops
to supercomputers,”’, SoftwareX, 1-2 19-25 (2015)

[3]J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, D. A. Case, "Development and testing
of a general AMBER force field". Journal of Computational Chemistry, 25,2004, 1157-1174.
[4] M. Facchini, M. Mircea, F. Sandro; R. Charlson, Nature 1999, 401, 257-259, DOI:
10.1038/45758.
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3C NMR of Paramagnetic Layered Double
Hydroxides (LDH)
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LDHs are ionic solids with a characteristic layered structure consisting of positively charged
metal cation layers and intercalated anion layers, which maintain the charge neutrality [1].
Mg,Al-LDH materials with carbonate (COs>") anion layer have been synthesized in which a
definite amount of divalent Mg is replaced with paramagnetic Ni** to get a series of samples
with increasing Ni concentration of 18%, 34%, 68% and 84% [2]. 1*C solid-state NMR of these
materials has been recorded. It has been found that the '*C NMR shielding tensor has three
distinct eigenvalues, i.e, it possesses both anisotropy and rhombicity (asymmetry). This is the
same for the natural Mg>Al-LDH, but both the anisotropy and asymmetry are strongly
dependent on the concentration of the paramagnetic Ni ion doping. We use computational
approaches to explain these experimental observations.

The contributions to the total '3C shielding tensor of the intercalating CO3* can be divided
into an orbital contribution (analogous to shielding in closed-shell substances) within the CO3*
ion and both short and long-range paramagnetic contribution of the metal-oxygen layers. The
long-range paramagnetic contribution arises due to the dipolar part of the hyperfine coupling,
which is modelled as a lattice sum over the randomly distributed Ni-ions in the II-valued sites
furnished with electron-spin susceptibility giving rise to a localized point dipole at each Ni
centre [3]. This effect constitutes an important contribution to both the anisotropy and
asymmetry, whereas the isotropic shift only changes a little as observed experimentally. It is
observed that the close-range contributions - especially the contact terms are crucially
important in attaining a qualitative agreement with the experimental data for both the isotropic
13C shift and its eigen values. This is the due to the negetive spin density delocalising from the
cation layers to the cation sites in the interlayer space.

[1] C. Forano, T. Hibino, F. Leroux, C. Taviot-Gueho, Layered Double Hydroxides, Dev. Clay
Sci 1,2006, 1,1021-1092

[2] S. S. C. Pushparaj, C. Forano, V. Prevot, A. S. Lipton, G. J. Rees, J. V. Hanna and U. G.
Nielsen, J. Phys. Chem. C, 2015, 119, 27695-27707

[3] L. Benda, J. Mares, E. Ravera, G. Parigi, C. Luchinat, M. Kaupp, J. Vaara, Angew. Chem.,
Int. Ed., 2016, 55 , 14713
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Modelling the growth of zincone ALD/MLD
hybrid thin films: a DFT study

M. J. Mikinen,* and K. Laasonen ¢
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Thin films can be fabricated using atomic and molecular layer deposition (ALD and MLD). By
combining these two methods, one can fabricate hybrid thin films. Possible future applications
of these hybrid thin films include photoelectric devices, sensors, solar cells, protective coatings,
flexible electronics, and thermoelectric energy harvesting. The fabrication process of hybrid
thin films is not fully known from the perspective of the chemical reaction mechanisms.
Chemical reactions used to fabricate these hybrid materials are adsorption reactions, which can
be studied using density functional theory (DFT) -modelling, and thus we can reveal chemistry
happening in the reactor during the thin film fabrication process.

DFT was used to study adsorption reactions responsible for the growth of hybrid thin films.
Hybrid thin films under investigation consisted of diethyl zinc and an organic phenol, which
was either 4-aminophenol or hydroquinone, depending on the thin film. These thin films were
studied using both gas-phase reactions, and surface models. The surface models consisted of
ethyl-saturated zinc oxide and the adsorbing organic precursor.

Modelling of the reaction pathways was conducted using the GPAW program. DFT was used
with Perdew—Burke—Ernzerhof (PBE) exchange and correlation functional. Van der Waals
correction TS09 was used due to weak interactions caused by the ethyl ligands. Relaxed surface
scans were used to find energetically favorable structure for the physisorption reaction of 4-
aminophenol on the zinc oxide surface. All of the reaction barriers were calculated using
nudged elastic band -method with climbing image. Bader analysis was used to study the effect
of ethyl ligands of the surface on the adsorption reactions.

The precursor adsorbed to the surface through exothermic physisorption, and after that more
strongly using either ligand-exchange or dissociation reaction. 4-aminophenol reacts more
stronger with its hydroxyl group. Key step of the total reaction is the removal of the ethyl group
as ethane. We have identified some ethyl removal processes and they depend on the coverage
of ethyl.
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Deep learning in infrared spectroscopy
L. Nikkanen, S. Lehtola, D. Sundholm

¢ Department of Chemistry, Faculty of Science, University of Helsinki

We have used DeepMD [1], which is a deep learning program based on the TensorFlow—
framework, to perform molecular dynamics simulations lasting up to a nanosecond with near
MP2—precision. The dipole moment was predicted along the trajectory of the simulation using
a neural network. The infrared spectra is obtained as the Fourier transform of the autocorrela-
tion function of the time derivative of the dipole moment [2].

Simulated IR-spectrum for ethanol
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Molecular structures were obtained by running xtb—metadynamics simulations [3]. This al-
lowed the deep learning model to see more extreme geometries on the potential energy sur-
face. The MP2 calculations of forces and dipole moment were performed for randomly chosen
structures along the trajectory using Turbomole [4]. The molecular dynamics simulations were
run with LAMMPS [5]. The deep learning model was taught using GPU accelerated learning
provided by CSC’s Puhti HPC. A spectrum for ethanol has been successfully simulated (see
figure). We are working our way up to simulate bigger molecules to see how the method scales
with the size of the molecule.

(1) L.Zhang, M. Chen, X. Wu, H. Wang, W. E and R. Car, Phys. Rev. B, 2020, 102, 041121.

(2) L. D. M. Peters, J. Kussmann and C. Ochsenfeld, J. Chem. Theory Comput., 2017, 13,
5479-5485.

(3) S. Grimme, J. Chem. Theory Comput., 2019, 15, 2847-2862.
(4) S. G. Balasubramani et al., J. Chem. Phys., 2020, 152, 184107.
(5) A.P.Thompson et al., Comp. Phys. Comm., 2022, 271, 108171.
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Fe(V)bis(imido): A first-principles pNMR
study
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The NMR spectrum of the paramagnetic transition metal complex Fe(V) bis(imido) has been
recently recorded by Martinez et al. [1] The current paradigm for theoretical calculation of
NMR chemical shifts for paramagnetic systems is based on the modern form of the Kurland-
McGarvey theory, which parametrizes the nuclear shielding in terms of EPR parameters: the
g-tensor, the zero-field splitting (ZFS) and hyperfine couplings (HFCs). Within the previously
developed quantum chemical “standard method”, the g-tensor and the ZFS are computed at
the complete active space SCF (CASSCF) and n-electron valence state perturbation theory
(NEVPT2) level, while density functional theory (DFT) with a hybrid exchange-correlation
functional is employed for the HFCs. This methodology typically yields qualitatively or semi-
quantitatively correct results. In the present study of the computational NMR shifts of the
Fe(V) bis(imido) complex, standard hybrid functionals fail to produce even the correct order
of magnitude according to experiment for the chemical shifts of a part of the molecule. The
cause is revealed to be an extreme case of the spin contamination problem associated with
hybrid DFT employing unrestricted formalism, in which different electronic spin states are
artificially mixed in. In order to alleviate the spin contamination issue and improve agreement
with experiment, so-called local hybrid functionals are employed in this work in the
computation of the HFCs. In the standard, global hybrid functionals, the amount of exact
Hartree-Fock exchange energy is constant throughout the molecule, whereas in local hybrids,
the admixture is position-dependent. Even though agreement with experiment is still not
satisfactory, the local hybrid results show significant reductions in spin contamination and
notable improvement in chemical shifts compared to global hybrid functionals. The ab initio
DLPNO-CCSD method is also tested, with results partly worse than, and partly better than
the best of the local hybrids.

[1] J. L. Martinez, S. A. Lutz, H. Yang, J. Xie, J. Telser, B. M. Hoffman, V. Carta, M. Pink, Y.
Losovyj, and J. M. Smith. Science. 2020, 370(6514), 356.
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Recent advances in experimental methods, particularly in high-resolution cryo-EM, and
Alphafold2’s breakhtrough in structure prediction, have led to a revolution in structural
biology [1]. The advances are particularly evident in the study of large biomolecular
complexes.

Respiratory complex I (CI) is the first enzyme in the respiratory chain responsible for energy
production in mitochondria and bacteria [2]. It is a large protein complex consisting of ca. 45
individual subunits, which efficiently catalyze proton translocation across the membrane in
strong coupling to the reduction of ubiquinone. Even though the proton pumping mechanism
of CI remains to be understood, the advent of high-resolution Cryo-EM structures and
molecular simulations have brought understanding of several catalytic states that may form
during enzyme turnover [3].

In this study, we conducted a comprehensive analysis of all published experimental CI
structures alongside their Alphafold2 predictions, examining their conformational landscape
and the structural features associated with the catalytically relevant states. To enable this
analysis, we developed automated and general pipelines for processing the heterogeneous
structural data.

Our findings contribute to a deeper understanding of the structural determinants associated
with CI's various states, offering valuable insights into the enzyme's function and mechanism.
The automated data processing methods have a potential for broad applicability within the
structural biology community, enabling researchers to harness the power of experimental and
predicted structural data in tandem.

[1] Nature 2021, 596 (7873), 583-589 ; Nat Plants 2022, 8 (1), 14-17

[2] Curr. Opin. Struct. Biol. 2020, 63, 1-9

[3] Sci Adv 2021, 7 (46), eabj322; Nature 2022, 609 (7928), 808-814; Curr. Opin. Struct.
Biol. 2022, 77, 102447
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Tuning the properties of Janus van der
Waals hetero structures by varying
interface terminations: A first principles
investigation

S. Assa Aravindh
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The ever-growing energy needs demand technological development related to photo catalysis.
Conventional photo-catalytic materials suffer from low quantum efficiency, charge-
recombination, and chemical back-reactions. Janus van der Waals hetero structures, are 2D
materials where a metal atomic layer M is sandwiched between layers X and Y of two different
chalcogen, halogen, or pnictogen atoms owing to finite out-of-plane dipole moments, and
possess enhanced photocatalytic properties due to their intrinsic Rashba effect, strongly bound
excitons, and strong interaction with light [1]. In this study, two dimensional (2D)
GaAs/MoSSe Janus interfaces were investigated using first principles calculations. The effect
of different atomic terminations on the interface stability, electronic properties and charge
transfer at the interfaces were analyzed and found that conducting properties are altered with
respect to different terminations. Metallic states are formed at the stable MoSSe/GaAs interface
due to the presence of 2D occupied antibonding states in MoSSe and the band alignment at
the interface. We demonstrate that the non-symmetric structure of MoSSe Janus material plays
a key role in controlling the electronic properties of the stable Janus interface, which will be
crucial deciding factor for practical applications [2].

[1] Linfeng Pan et al. "Boosting the performance of Cu20 photocathodes for unassisted solar
water splitting devices." Nature Catalysis 2018,1.6, 412-420.

[2] A. Albar and S. Assa Aravindh. "Emergence of metallic states at 2D MoSSe/GaAs Janus
interface: a DFT study."Journal of Physics: Condensed Matter 2021, 33.47, 475701.
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Unexpected 3C-NMR shifts in carbon
nanomaterials
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Graphynes (GYs) are a class of two-dimensional carbon materials. Due to their unique
structure, they have been proposed for a variety of applications, such as separation of gases,
cleaning of water, or as new electrode materials for large-capacity batteries.

GYs can be formally derived from graphene by inserting linear C-C links into its structure.
Depending on the number of such inserted links and their positions, a large variety of structures
can be created with a broad range of pore sizes and electronic, chemical and mechanical
properties. Since the application of GY's is determined by their structure, it is important to have
tools for its reliable investigation.

In this contribution we discuss the nuclear magnetic resonance (NMR) as such tool. NMR is a
non-destructive method and provides highly localized, nucleus-specific information. We
investigated its suitability for graphynes by theoretical calculations of 13C-NMR chemical
shifts for a set of graphyne systems (a-graph(di)yne, B-graphyne, y-graph(di)yne, rhombic
gryphyne, and 6,6,12-graphyne) [1]. The calculations revealed that NMR is indeed capable of
separating different GY structures. Interestingly, it also showed that the GYs provide
unexpected NMR chemical shifts that are often in contradiction to the usual range of shifts
appearing in typical organic molecules with similar carbon hybridization. Further analysis
showed that even the bond lengths in these systems are different from typical bond lengths in
analogous organic molecules.

The results show that although NMR is a powerful technique to distinguish the GY structures,
the unique nature of these systems might require quantum-chemical computations to correctly
interpret the spectra and assign the chemical shift signals.

[1] P. Stépanek, P. Lantto Phys. Chem. Chem. Phys. 2022, 24, 25513-25521.

y-graphyne a-graphyne
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Tailoring Carbene-Metal-Amides for
Thermally Activated Delayed Fluorescence: A
Systematic Computational Study on the
Effect of Cyclic (Alkyl)(amino)carbene
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Carbene-Metal-Amides (CMAs), a novel class of thermally activated delayed fluorescence
(TADF) emitters, have been shown to exhibit extraordinary photoluminescence properties, and are
on their way in making OLED devices. Thanks to a small excited singlet-triplet gap with nearly
zero exchange energy (AEst), the conversion from triplet to singlet state (T1/S1) occurs rapidly,
resulting in a photoluminescence quantum efficiency of up to 100%.!!

Cyclic (alkyl)(amino)carbenes (CAACs) form a central constituent of the CMAs.[?! Here we report
a systematic computational study on the effects of the CAACs on the photoluminescence
properties of the CMAs, aiming at design and optimization of new TADF emitters based on
carbene-gold-carbazolate complexes. DFT and TD-DFT calculations at MN155)/def2-TZ VP>
level have been carried out for over 60 complexes, with focus on experimental synthesis prospects.
Both SO-S1 and SO-T1 excitations are characterized as charge transfer from HOMO to LUMO,
such that the HOMO and LUMO are mainly localized on the amide and Au-carbene moieties,
respectively. We demonstrate that for this series of compounds AEsr is strongly correlated with the
overlap of the participating orbitals, SO-S1 oscillator strength, and vertical SO-S1 and SO-T1
excitation energies. Hence, compromises are required in fabricating potential TADF emitters with
low AEst and high photoluminescence quantum yield (PLQY). Systematic structural
modifications reveal strategies for controlling AEst, which decreases especially by substituting the
CAACs by aromatic rings containing electron withdrawing groups. Ground and excited state
geometry optimizations indicate that carbene and amide adopt nearly coplanar orientation in the
SO and T1 states, but prefer rotation to perpendicular orientation in the S1 geometry.

[1] D. Di, A. S. Romanov, L. Yang, J. M. Richter, J. P. H. Rivett, S. Jones, T. H. Thomas, M. A.
Jalebi, R. H. Friend, M. Linnolahti, M. Bochmann, D. Credgington. Science 2017, 356, 159.

[2] A. S. Romanov, C. R. Becker, C. E. James, D. Di, D. Credgington, M. Linnolahti, M.
Bochmann. Chem. Eur. J. 2017, 23, 4625-4637.

[3] H. S. Yu, X. He, S. L. Li, D. G. Truhlar, Chem. Sci. 2016, 7, 5032-5051.

[4] F. Weigend, M. Héser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett. 1998, 294, 143—-152.

[5]F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.
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Obesity poses a serious threat to human health on a global scale [1, 2]. Identifying compounds
with anti-adipogenic activity through rapid screening could potentially offer solutions to
address this public health issue. Polyphenols are abundant micronutrients that are present in
the human diet and are involved in a wide range of biological activities; thus, it is regarded as
potential anti-adipogenic compounds [3, 4]. Due to the large number of polyphenols, it is a
challenge to rapidly evaluate whether candidate polyphenols have anti-adipogenic activity.
Previous study showed that the lipid rafts, enriched with sphingolipids and cholesterol, are
considered a potential target of polyphenols for the regulation of cellular processes and diseases
[5]. Here, a strategy was developed to rapidly screen for active polyphenols targeting lipid rafts
using molecular dynamic simulation, and then this strategy was validated by 3T3-L1
preadipocyte assay [6]. This screening strategy consists of six steps, which are 1) activity
measurement, 2) parameter calculation, 3) model construction, 4) activity classification, 5)
activity prediction of candidates, and 6) experiment validation of candidates. Therefore, this
rapid screening strategy we proposed in the present study is high throughput, inexpensive,
regents free and effort saving.

[1]. Blther M. Metabolically Healthy Obesity. Endocrine reviews. 2020; 41(3):4-32.
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The molecular mechanism of respiratory complex I (NADH:ubiquinone oxidoreductase) has
remained one of the biggest mysteries in bioenergetics. Being the largest enzyme in the
respiratory chain, it couples the electron transfer process to proton pumping across the inner
mitochondrial membrane, spatially separated by ~200 A from one another. This phenomenon
raises an enigmatic question: how does the energy released from the redox reaction can be
transmitted for such long distances? In our work, we advocate the hypothesis that it can be
accomplished by the translocation of protons along the central hydrophilic axis of the enzyme
- a highly hydrated region revealed by the structural data [1-4]. We utilise state-of-the-art
quantum mechanical/molecular mechanical (QM/MM) simulations to study the dynamics of
horizontal proton pathways in the high-resolution structure of respiratory complex I from
Yarrowia lipolytica [4]. We apply QM/MM free energy umbrella sampling simulations to
various proton routes bridging highly-conserved protein residues of the ND2 subunit of the
enzyme. Our results show low free energy barriers and favourable thermodynamics for the
proton pathway laterally spanning the entire ND2 subunit. For the first time, we emphasize
the critical role of tyrosine residues in coordinating the transmission, and show reasonable
energetics for the proton transfer in interfacial regions of the ND2 subunit with the adjacent
NDA4L and ND4 subunits. Our results elucidate the long-range energy translocation processes
in the membrane part of the enzyme, casting doubts on the canonically admitted proton
pumping models in respiratory complex I.
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Atoms and molecules in magnetic fields have been studied computationally to a large extent,
mainly employing Gaussian basis sets. However, large basis set truncation errors are a problem
in these types of calculations. We perform fully numerical electronic structure calculations on
atoms with Z < 18 in the presence of an external magnetic field. We obtain basis set truncation
errors by comparing these results to a variety of Gaussian basis sets. This way we identify
the problematic areas of the GTOs, which can serve as a base for improving the basis sets for
electronic structure calculations in magnetic fields.
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