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Zusammenfassung

Spektroskopische Messungen sind ein unverzichtbares Werkzeug in der chemi-
schen Analyse, auch unter extremen Bedingungen wie zum Beispiel hohen hyd-
rostatischen Driicken kénnen sie wertvolle Erkenntnisse liefern. Zur Bestatigung
der gewonnenenErgebnisse kénnen theoretische Methoden eingesetzt werden,
die Observablen in Lésung verlasslich wiedergeben kénnen. Ein gangiges theore-
tisches Modell ist dasReferencelnteraction Ste Model (RISM), welches in dieser
Arbeit verwendet wurde.

Im Rahmen deser Arbeit wurden die SpektroskopieArten Infrarotspekt-
roskopie (IR), Elektronenspinresonanzspektrokopie (ESREPR) und die Kern-
spinresonanzspektroskopie (NMR) theoretisch untersucht und mit experimen-
tellen Referenzdaten verglichenDie Arbeit gliedert sich dabei in drei Abschnitte,
die wie folgt aufgebaut sind.

Im ersten Teil wurde fur die IR-Spektroskopie eine beeits entwickelte
Methode zur numerischen Berechnung von HRrequenzen mitembedded clus-
ter(EC}RISM unter Gleichgewichtsbedingungen auf diaicht-Gleichgewichts-
thermodynamik erweitert. Als Modellsysteme wurden die druckabhangigen IR
Frequenzverschiebungervon TMAO und dem Cyanidhnion untersucht. Darliber
hinaus wurde der Einfluss elektrostatischer Modelle und so genannter Losemit-
telsuszeptibilitaten eingehend untersucht. Es wurde gezeigt, dass die Druckab-
hangigkeit am besten durch eine Mischung aus Nich&thgewichts und Gleich-
gewichts-Solvatisierung beschrieben werden kann.

Des Weiterenwurde hier EGRISM zum ersten Mal fir die Berechnung von
EPRObservablenbei Umgebungsdruckverwendet. Als Modellsystem wurde das
starre Molekil 2,2,3,4,5,5hexamethylidaolidin-1-oxyl (HMI) verwendet, das
eine sehr starke Abhangigkeit der Hyperfeinkopplungskonstante vorpH-Wert
zeigt. Erste Versuche mit der geometrisch optimierten Struktur zeigten, dass EC
RISM trotz grof3er Abweichung vom Experiment deutlich bessere Ergeisse lie-
fert als eine StandardKontinuumsberechnung. Eine wesentliche Verbesserung in
Richtungder experimentellen Werte, konnte dadurch erzielt werden,dass die Be-
rechnungen nicht mit einer einzelnen Geometrie durchgefiihrt wurden, sondern
mit einer grof3en Anzahl vonSnapshotsdie aus einelb initio-Molekuldynamiksi-
mulation (AIMD) stammen. Weitere Fortschritte konnten durch die Verwendung
der domain-based pair natural orbital coupleetluster theory(DLPNGCCSD-Me-
thode erzielt werden.

Generell kann imZusammenhang mit der theoretischen Beschreibung von
Hochdruckeffekten auf Proteiren die kritische Frage gestellt werden, ob die Ver-
wendung von Kraftfeldern, die fir Umgebungsbedingungen parametrisiert sind,
fur Hochdruckbedingungengeeignet ist. Um diese fage zu beantworten, wurde
die Druckabhangigkeit des Peptidriickgratam dritten Teil untersucht und die
kleinen Molekiile N-Methyl-Acetamid (NMA) und Ac-Gly/Ala-NHMe als Modell-
systeme verwendet. Das experimentelle Gleichgewicht zwischais- und trans-
NMA konnte sehr gut reproduziert werden. Auf der Grundlage dieser Ergebnisse
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wurden die Populationen fur die Hauptkonformere der Dipeptide bestimmt, die
eine gute Ubereinstimmung mitexperimentellen Referenzdatenzeigen. Infolge
der Druckerh6hung wurde nur einegeringfiigige Anderung der Populationen be-
obachtet. Zur weiteren Uberpriifung der Ergebnisse wurden druckabhangige
NMR-Berechnungen durchgefuhrt. Der korrekte Drucktrend wurde fur alle
Amidkerne beobachtet; eine weitere Bestétigung, dass HIGSM in der Lagest,
die Druckeffekte akkurat zu reproduzieren. Diese Ergebnisdennten durch neu-
artige druckabhangige EERISM-Geometrieoptimierungen verbessert werden.
Schlief3lich wurde zur Beantwortung der Ausgangsfrage die vollstandige Rama-
chandran-Ebene mit verschielenen ECRISM und Kraftfeldmethoden berechnet.
Es wurde festgestellt, dass die Druckabhangigkeit nur gering ist und dass der
durch die Kraftfelder verursachte Fehler deutlich gro3er ist als der Fehler, der
entsteht, durch die Verwendung eines umgebungsdrtkoptimierten Kraftfeldes
bei Hochdruck.

Im Rahmen dieser Arbeit konnte gezeigt werderjass EGRISM eine ge-
eignete Methode der Wahl zur Berechnung von spektroskopischen Observablen
in Losung ist. Speziell wenmicht Umgebungsbedingungen traktiert werdensol-
len, spielt ECRISM seine Starke aus, da eslativ leicht erweiterbar ist fur z.B.
Hochdruckumgebungen.
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Abstr act

Spectroscopic measurements are an indispensable tool in chemical analysigen
under extreme conditions such as high hydrostatic pressureshey can provide
valuable insights. Theoretical methods that can reliably reproduce observables
in solution can be used to validate the obtained results. A common theoretical
model is the Reference Interaction Site Model (RISM), which was used in this
work.

Especially the spectroscopy types infrared spectroscopy (IR), electron
spin resonance spectroscopyESREPR) and nuclear magnetic resonance spec-
troscopy (NMR) were theoretically investgated and compared with experi-
mental reference data. The work is divided into three sections as follows.

In the first part, a previously developed method focalculatingIR frequen-
cies with the embedded cluster(ECRISM under equilibrium conditions was ex-
tended to non-equilibrium thermodynamics for IR spectroscopy. The pressure
dependent IR frequency shifts of TMAO and the cyanide anion were investigated
as model systems. In addition, the influensof electrostatic modekand sc-called
solvent susceptibiities were studied in detail. It was shown that the pressure de-
pendence is best described by a mixture of neequilibrium and equilibrium solv-
ation.

Furthermore, EGRISM was used here for the first timé¢o calculate EPR
observables at ambient conditions. The rigid molecule 2,2,3,4,5hexamethyl-
idaolidine-1-oxyl (HMI) was used as a model system, which shows a very strong
dependence of the hyperfine coupling constant otihe pH. First, experiments with
the geometrically optimized structure showed that EERISMgives significantly
better results than a standard continuum calculation despite a large deviation
from the experiment. A significant improvement in the direction of the experi-
mental values was achieved by using a large number of snapshots from an ab in-
itio molecular dynamics simulation (AIMD) instead of a single geometry. Further
progress was made using the domatubased pair natural orbital coupledcluster
theory (DLPNGCCSD) method.

In general, in the context of the theoretical description of higipressure
effects on proteins, the critical question can be raised whetharsing force fields
parameterized for ambient conditions is appropriate for highpressure condi-
tions. To answer this question, the pressure dependence of the peptide backbone
was investigatad in the third part, and the small moleculeN-methyl acetamide
(NMA) and AcGly/Ala-NHMe were used as model systems. The experimental
equilibrium between cis- and trans-NMA could be reproduced very well After
this, populations were determined for the mam conformers of the dipeptides,
showing good agreement with experimental reference data. As a result of the
pressure increase, only anarginal change in the populations was observed. Pres-
sure-dependent NMR calculations were performed twoerify the results further.
The correct pressure trend was observed for all amide nucleconfirming that EG
RISM can accurately reproduc¢he pressure effectsNovel pressuredependent
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EGRISM geometry optimizations could improve these resudt Finally, he full Ra-
machandran plane was calculated using different ERISM and force field meth-
ods to answer the initial question It was found that the pressure dependence is
only small and that the error caused by the force fields is significantly larger than
the error caused by ughg an ambient pressure optimized force field at high pres-
sure.

In this work, it was shown that ECRISM is a suitable method of choice for
the calculation of spectroscopic observables in solution. Especially when nam-
bient conditions are to beexamined, ECRISM shows its strength since it is rela-
tively easily extensiblg e.g, high-pressure environments.
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1 Introduction

1.1 Overview and outline

Despite its extreme conditions, both in terms of temperature and pressure, the
deep sea represents one of the largest habitats on Eaftfihis result is surprising
since proteins, in particular, are very sensitive to changes in temperature and
pressure.For example, i can be observed that pressure has a particullr strong
influence on the intermolecular interactions, the hydrophobic interactions and
the conformational states of proteins? The effect can be so strong that the dena-
turation setsin in the 1-4 kbar pressure range2 The pressuredependent unfold-
ing is caused bythe fact that the partial molar volume of folled proteins is larger
than that of denatured proteins Under pressure, states with smaller partial molar
volumes are thermodynamically favaed.# The differences in the partial molar
volume can be explained by the notideal packing of the folled protein and the
resulting voids, which can be closed by water molecules solvating the peptide
chain, leading to the protein® unfolding56 The pressuredependent unfolding is
generally slow due to the unfavorable activation volume under high pressuré.
Another example of theeffect of high pressureon proteins is reversible inhibition
of the aggregationamyloid A up to a pressure of 180 MPa.
Important applications of high pressure can be foundh industry, science

and engineering.Especially in thefood industry, high pressurecan be usedas a
preservation method and represents agentler alternative in retaining texture,
consistency,smell, and colorcomparedto the commonly used hightemperature
treatment 8.2

Since experimens under high-pressure conditions are elaborate, difficult,
and costly,theoretical modelsto evaluate pressure dependence are a desirable
alternative to get more insightsinto the underlying mechanisms A common
method would beto utilize pressure-dependentmolecular dynamics(MD) simu-
lations with explicit water molecules In the past,MD simulationsaddressing this
problem were utilized10z16; nevertheless, the total number of pressur@epend-
ent unfolding simulations lag behind the number of temperaturedependent
simulations1?” However, all these simulations gedforce fields, which were all pa-
rameterized for ambient conditions, and consequently, the question arises if
these force fields are reliable for extreme conditions likeg.g, high pressure.To
address this problem, in 2016, Holz! et al18 showed that for a specific force field
representing the small osmolytetrimethylamine N-oxide (TMAO), a pressurede-
pendent reparameterization of the atomic point charges was necessary to repre-
sent the increasing dipole moment upon pressurizatiorin contrast, for thecoun-
teracting molecule of TMAO,urea, the force field for ambient pressure showed
the bed results in representing pressuredependent density fluctuations,
whereasscalingthe charges led to worse result$?

Alternative approaches basd on quantum chemical (QC) calculationsise

5
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either implicit solvation models, e.g.,continuum models, or integral equation
theory-based methods.The sacalled extreme pressure polarizable continuum
model (PCMXP) was developedo extendthe widely used continuum models to
the high-pressure regime21z23 The idea behind this approach ivased onone of
the fundamental thermodynamic equatiors, which statesthat the partial deriva-
tive of the free energy with respect to thepressure is equal to thepartial molar
volume. In thePCMformalism, the cavity is adgted to hold this thermodynamic
relation. So far these models have been used to make predictions of reaction
equilibria and vibrational spectroscopic data in noraqueous environments.

An established model to represenaqueous solitions based on integal equa-
tion theory is the embedded cluster reference interaction site model (ERISM)24
The idea behind theEGRISMformalism is to calculake the solute's free energy in
a solvent where the solute and the solvent mutually polarize each othérhe sol-
vent perturbation due to the solute isencoded in the solutesolvent interaction
potential. Additionally, a so-called solvent susceptibly...is used to represent the
solvent response. Normally,..is precomputed, and it containghe pressure infor-
mation via the density and dielectric constant @ the solvent at the corresponding
pressurels Two ways to calculate...are normally used on the one handthe in-
formation can be extracted from a pressuralependent MDsimulation or, on the
other hand, from a 1D RISMcalculation. The interaction potential consists of the
Lennard-Jones interactions and theCaulomb potential. For the former, known
force field parameters are used for both solute and solvenin the case of the elec-
trostatic interactions, the solute partial charges aralerived from QC calculations
and only the solvent charges are taken from a force fielth contrast to the con-
tinuum models, ECRISMretains the granuarity of the solvent and can represent
the effect of Hbonds.

For example, the EGRISM model showedexcellent results in predicting pKa
valuesin the SAMPLG6 challenge for ambient condition®. The first benchmark to
evaluate the performance at high presasre was the study of the pressuredepend-
ent change of the dipole moment of TMA©@ompared with ab initio MD (AIMD)
data.® Another study, with the collaboration of the author, was the prediction of
the pressure-dependent chemical NMR shifts?6 In the first place, the shielding
constantsof the NMRstandard DSS wre calcdated and used asa reference for
pressure-dependent NMRcalculation of the peptide fragment NMAIn a recent
publication??, a pressuredependent correcion of excess chemical potential by
scaling the partial molar volume was introducedBy applying this correction to
calculatingthe pressure-dependention product of water, remarkable agreement
with experimental reference data couldoe obtained. Furthermore, newpressure-
dependentNMR calculations were performed on DSS, TMA&nhd purine nucleo-
tides.27z29

The upcoming section provides a few fundamentals about common force
fields, the application of speatoscopy in solution, and a short history and over-
view of nitroxides. Theoretical descriptions of common solvent models are pre-
sented, where the man focus lies on the continuum and statistical solvent models.

6
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Subsequently, a detailed description of the theg of IR, EPR, and NMR spectros-
copy is provided. In the methodology chapter, the underlying principles of some
calculation methods are explained, and computational details are provided.

The first topic of the resultssection of this thesis addresses the mssure-de-
pendent infrared frequency shifts of TMAO and the cyanide anion. Here, two dif-
ferent aspects are analyzed in detail; on the one hand, the influence of equilibrium
and non-equilibrium solvation on the wavenumbers is investigated. On the other
hand, the impact of different combinations of calculating the electrostatic inter-
action within EGRISM and representing the solvent response with the solvent
susceptibility is benchmarked.

The second part of the results section is dedicated to the first cal@aiions of
EPR parameters with EE€RISM at ambient conditions. In the first instance, the
performance of EGRISM and conductor-like polarizable continuum model
(CPCM calculations in reproducing the isotropic hyperfine couplings are com-
pared on the minima geometries of the test system HMI. Snapshots from an AIMD
simulation of HMI in water were provided for more sophisticated results. The
trajectory was divided into two subsets, one where all water molecules were re-
moved and another where only the first two solvation shells around the XD moi-
ety were retained. EGRISM and CPCM DHiased calculations were compared
with a Quantum-mechanics/molecular mechanics (QM/MM)approach for the
two subsets. DLPNGCSD calculations, in combination with ERISM, will be uti-
lized for the first time to improve the quality of the calculations further. The other
parts of this section will deal with the calculation of the full Wbhand spectrum in
solution at different pH values. In the last part, a short outlook of pressurde-
pendent calculations will be given however experimental reference values are
not available now.

The last chapter of the results part aims to answer how pressure affectise
relative occupancy of the stable peptide backbone model systems. Therefore, on
the one hand, geometries are optimized at ambient conditions using the PCM
solvation model and then subjected to pressurglependent EGRISM calculations.
On the other handthe novel ECRISMbased geometry optimizations are used to
see the influence of pressure on the geometries, minima populations, and NMR
parameters.Initially, the pressure dependence of theid trans equilibrium of N-
methylacetamide(NMA) is investigated,and based on these results, similar anal-
yses are performed for the dipeptidesN-acetyl-L-glycine-. dnethyl amide (Ac-
Gly-NHMe) and N-acetykL-alanine-. dnethyl amide (Ac-Ala-NHMe). Addition-
ally, the Ramachandran surfaces of AGly-NHMe are calculated witha wide
range of different levels of theories and force fields, and the influence of pressure
is discussed.

In the end, an overallsummary of the results is provided and an outlook
is given
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1.2 Force field parameters and typical protein backbone mod-
els

Accurate force fields are the foundation for reliable MD simulation<Critical pa-
rameters within the simulations of the dynamics of poteins are the backbone
torsion and the nonbonded paraneters, which have an essential impact on the
conformational ensemble of proteins. Famous exampled protein force fields are
AMBER30z37 CHARMM#240, and GROMOS. For example the AMBER force field
has the following general fom:
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where 0gj ds the total potential energy of the systemp is the bond force
constant, ®is the bord length anday s the equilibrium value of the bonds. The
terms 0 ,—and—x rare the corresponding quantities for the bond angles» is the
force constant for the torsion n is periodicity, %.is the torsion angle and is the
phase angle. In the last terthe non-bonded interactions are described, whereby
0 and 6 are the Lennard-Jonesterms, respectively.fj andrj are the atomic
charges and - is the dielectric constant of themedium and resenbles the effect
of the solvent if it is not explicitlyrepresented. When the solvent is treated explic-
itly, the value is set to 1In the case of protein force fields,he bond, angle, and
structure parameters are normally parameterized to represent experimentally
measured vibrational frequencies reliably33.34 The parameters for the van der
Waals interactions are difficult to determine using pure quantum mechanical cal-
culations. A combination of an electron correlation method and aevy large basis
set is needed. Due tthe time-consuming nature of such calculations, the param-
eters are often also fitted to experimental data such as evaporation enthalpies or
experimental densities30

One of the main problems in the parameterization of force fields is the gener-
ation of partial charges.Since partial charges are not quantum mechanical ob-
servables, they cannot be extracted directlfrom the wave function. Irstead, the
molecular electrostatic potential (ESP) can bextracted from the wave function.
The partial charges are then fittedo minimize the difference error between the
wave function ESP and the ESP generated from the partial chargAsong the
best-known algorithms for calculating the electrostatic potential are the Merz
Singh-Kollmann#243, the Chelg4, and theChelp@> algorithms. The algorithms dif-
fer significantly in the structure of the grid.

Correcting the torsion angle parameters is usually the last stem the force
field parameterization. This correction is intended, among other thingsto
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eliminate the weaknesses inreating the so-called 1-4 interactions, which occur
due to the fixed partial charge$?
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Figure 1 Typical model systems to represent the peptide backbone. &ans-NMA, B:cisNMA, C:
Ac-Gly-NHMe, D: AcAla-NHMe.

These three typical model systems used in the parameterization process of
OEA pOi OAET AAAEATTA AOA .-! EI O OEA AIE
Gly-NHMe),and (AcAla-NHMe) for thel ande dihedrals. Thed dihedral of NMA
occurs in two different conformations, cisand trans(seeFigure 1), with a strong
preference for thetrans conformer of approximatey 98 % occupation probability
at room temperature #6255 These results were confirmed withmany experiments,
e.g, NMR spectroscopy or vibrational spectroscopy?-6.5” Nearly any kind of the-
oretical approach ranging from MD or Monte Carlo (MC) simulations to quantum
chemical (QC)alculationsand AIMD simulationsin both vacuun®g and different
solventswere applied to this problem.A long list of different models was utilized
to represent the solvente.g, integral equation theory 52 explicit water molecules,
or continuum models.

The conformational landscapes of AGly-NHMe and AeAla-NHMe are much
more complex and were extensively studied theoretically and experimentally in
the past>9%83 For AcAla-NHMe, four main structures regions are foundin aque-
ous solution, which are thePy (¢ 75°,[ 145°),Gs(» 180°, 180°), Geqand | r(*
60°,[ -40°) conformations. These four regions are the main basins for every
amino acid, except proline and glycine. For AGly-NHMe additional basins are
observed, due to the missing side chain, leading to a mirror symmetry in the Ra-
machandran plane34 One of the most common experimerstto determine the con-
formational preferences of the protein backbone is the measurement of theHk
H,) coupling constants?3, which is directly correlated with the « angle through
the Karplus relation 8> However, the NMR experiments haveproblem determin-
ing the conformational preferences due to the long time scale of the measure-
ments. Another disadvantage of the Karpluselation is that the parameterization
is only valid for ambient pressure conditions.An efficient alternative is vibra-
tional spectroscopy, where the amide Il mode is a characteristic beacon to detect
conformational preferences of the backbone and is directly correlated to the di-
hedral angle[ .86z88 |n two recently published studies by Cormanickf-67, the con-
formational preferences of AeGly-NHMe and Ac-Ala-NHMe were investigated us-
ETC OEA o#- AT 1 OET 001 11 AAI 8reanfartnddion®1 1 OAOE
as the main conformation in an aqueous solution. Grouleff and Jenséh
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performed an intensive study about the conformational preferences of AGly-
NHMe and AcAla-NHMe utilizing the OPLS force fieldombinedwith Tinker. The
main conformer found for Ac-Gly-NHMe was the i conformer, and for AcAla-
NHMe, the G eq conformer. It can be seen that a wide range of different results
was obtained. In this thesis, results obtained with the ECGRISM approach will be
appended to the long list which fits well with the theoretical and experimental
results obtained inaqueoussolutions.

1.3 The power of spectroscopic methods to resolve solvent-
caused effects under HP conditions

Spectroscopic methods are among the indispensable instruments in the analysis
of chemical substances. The idea behind spectroscopy is to induce a tinaying
electric field through electrical or magnetic interactions,e.g, in the form of radi-
ation, and thus to change the intraor intermolecular interactions.8® The energy
change is mainly desgbed in the context of the dipole approximation by the tran-
sition dipole moment, whereby a dipole moment must be present in the molecule
under consideration, at least temporarily. The interaction with radiation leads to
absorption, emission, and scatterig. The frequency of the irradiated energy is
largely responsible for which energy levels are excitef. For example, XRay ra-
diation can stimulate internal nuclear electron transitions.UMVIS spectroscopy
is ideal for inducing valence electron transitions. To &atvibrational transitions,
there are possibilitiesto useeither infrared radiation (IR spectroscopy) orinduc-
ing Raman scattering with a laser pulséVith microwave radiation, it is possible
to investigate rotational transitions. Radio frequencies can besed to identify
magnetic resonance transitionse.g, in NMR?0 This work focuses on IR spectros-
copy and magnetic resonance methodsvhich can alsdbe extended to the high
pressure regime.

Infrared spectroscopy is a powerful tool to identify and investigate functional
groups in different aggregation statesAn infrared spectrometer samplesthe fre-
guency range from 400 cni to 4000 cml. The most common way to record an IR
spectrum today isusing the so-called Fourier-transform infrared (FTIR) spec-
trometer.®! The huge advantage of thispecific spectrometer is the possibility of
detecting all frequencies simultaneously instead of setting every frequency one
after another. Besides chemical substance analysis, where especially thecatied
fingerprint area in the IR spectrum is a major pilla??, IR spectroscopy is usedo
identify secondary structural elements in proteins especiallythe amide group of
the protein backbone considered, where three characteristic amide bands occur.
These are the amidd band at 1700 cmt, the amidell band at 1500 cm! and the
amide-11l band at 1400 cm1.93

FTIR spectroscopy can alsbe used to reveal the molecular responses @.g,
piezolytes in water under extreme biophysical condition$4 Such extreme bio-
physical conditions ae high hydrostatic pressures, temperature extremesor
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high salt concentrations. Furthermore, FTIR spectroscopy can also be used to
measure the conformational dynamics between diffenat equilibrium states. This

is of particular interest when studying protein unfolding processes. Especially for
the latter, high pressure isa useful tool, asit allows the selective controling of
the unfolding processes.

NMR spectroscopy isundoubtedly one of the most important and powerful
methods to analyze a compound's chemical structuteThe idea behind NMR is to
expose the molecules to a strong magnetic field, which leads tlee orientation
change of the nuclear spins, resulting in an energetic sglitg (Zeeman splitting,
more detailed background information follows in section2.3).9° If electromag-
netic radiation is now irradiated onto the sample, a transition between the energy
levels can be observedAn important property of NMR is that the energy differ-
ence betveen the levels dependstrongly on the direct chemical environment.
This effect is also known as shielding. Values for the shielding or, more specifi-
cally, for the chemical shift, since NMR measurements are always relative to a so
called standard, can beassigned to individual chemical groups. In addition, the
different nuclear spins within a molecule are coupled, which allows a spatial as-
signment of signals via the sealled Jcouplings %

NMR spectroscopy was used to study the unfoldingnd changesin folding
statesof proteins due to pressurization 997 For example the group of Kalbitzer
showed thatfor the RASnteraction with the GTP analog GppNHf@ second state
is detectable, and the population of this state is increased due to pressurizati&h
The pressuredependent changes of théH and 15N chemical shifts of the amide
bond are strong beacons to detect pressureaused conformational changesThe
1H amide shiftsstrongly correlate with the H-O bond lengthof the NH-OC inter-
molecular interaction. On the other hand the 15N shifts are very sensitive to
changes in the backbone dihedral anglgs and ¢ and even in changs of side
chain torsions..? These changes are responsible faohe linear pressure-depend-
ent changes in the chemical shiftflinear term in the quadratic term to describe
the pressure-dependerce of chemical shifts)®”

While NMR focuses on the nuclear spin in molecules, tieéectron® spin can
also be perturbated by an applied magnetic fieldElectron spin resonancespec-
troscopy (EPR) is associated witlan unpaired electron, and the underlying prin-
ciples are similar to NMRspectroscopy. In contrast topulsed methods inNMR,
most of the EPRspectra are recorded by applying a continuous wave (CW) exper-
iment sinceit is not feasible to record a frequency spectrum most of the tim&he
frequency of the operating spectometer is usually in the microwave range0
Spectroscopic parameters extracted from an EPR spectruane the isotropic hy-
perfine coupling constans, the isotropicg-value, and theg- and Atensors.101 |n
the following section, more details regarding EPRspectroscopy will be provided.
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1.4 Nitroxide as EPR-spin labels

ThescAAT 1 AA & Oi | UNgng po@dgsiunmitrodisulfbniaté @dical, was
first synthesized in 184590 and can be described as the ancestor of modern ni-
troxides. In 1961 and 1964, the foundations for modern nitroxides were laicy
synthesizing the molecules ditert-butyl nitroxide 192 and 2,2,6,6tetramethyl-1-
piperidinyloxyl. 193 By introducing steric blocking groups to the NO moiety, stabil-
ity of the radicals is achieved. An effective spirlamiltonian can be used to fit the
EPR spectrum of nitroxide radicals and to evaluate the influences of the microen-
vironment.100.101 A detailed description of the spinHamiltonian, especially for ni-
troxides, can be found in chapter.3and 3.2.

Nitroxide can be relatively easily ircorporated into biomolecules, like mem-
branes or proteins. For example, fatty acids can be functionalized by attaching a
nitroxide to the hydrocarbon chain. These systems can then be used as molecular
probes to identify different membrane properties, such a hydrophobicity, oxy-
gen solubility, diffusion rates, membrane order and fluidity, and bilayer penetra-
tion of water molecules1%4 Normally, one percent othe fatty acids in a membrane
bilayer are modified. In this manner, avoiding spirspin interactions is guaran-
teed.104

In the year 1965, for the first tme, nitroxides were introduced as a spirlabel
in proteins.105 The groundbreaking work to make nitroxide the spin probe of
choice was performed by Hubbell in the late 1980sral the 199051062108 The sta-
bility and the small molecular weight made nitroxides attractive. Additionally, re-
active groups can be easily incorporatethto nitroxides, which bind to, e.g., cys-
teines. The most commonly used spHabel example is the 1oxyl-2,2,5,5tetra-
methyl-3 epyrroline -3-methyl (MTSL). With its highly reactive methanethiosul-
fonate group, binding to external cysteines can be achieveg hearly 100%. Since
MTSL has five rotatable groups, it is very adaptable to most protein sité® EPR
spectroscopy can then be used to study the topography of the polypeptide
chainl07.109 or electrostatic potentials at any surface sitéi® By applying these
analyses, secondary structures and their orientation in the protei can be identi-
fied108 Additionally, the distance between two spinlabels can be measureéf!
EPR can also be used to resolve conformational equilibria of sgiabel proteins.
For example, McCoy made pressurdependent EPR measurements for a spiia-
beled mutant of T4 lysozymél2 Here, it was demonstrated that with EPR, the
equilibrium between spectrally observable states can be measured and that the
origin of the states can be either attributed to a conformational or a rotameric
exchange. Additionallyby applying EPR under pressure, the relative partial mo-
lar volume and isothermal compressibility between conformational substates
can be determined.
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Figure 2 Structures ofthe nitroxides MTSL (A) HMI (B), and TEMPO (C).

As mentioned above, an important feature of nitroxides is that the spectro-
scopic parameters are very sensitive to the microenvironment. Especially the iso-
tropic hyperfine coupling constant and theAzz component increase in polar envi-
ronments. On the other hand, thegxx component of the g-tensor decreases in
more polar environments113 The Azzand g« components can be used to investi-
gate the local polarity and Hbond network. One nitroxide especially suitable for
the microenvironment is the 2,2,3,4,5,5hexamethylidaolidin-1-oxyl (HMI). This
spin label is used tcanalyze surface potentials, local polarity, ande-values114z
116 For example, a change of 2.5 MHz is observed for the transition from the low
pH range to the high pH rangésee chapter 4.2).

Some points need to be considered to model EPR observables accurately from
a theoretical point of view. On the one hand, a suitable statistical ensemble must
be generated, whereby the solvation must be considered. On the other hand, high
level QC calculations must be performed to get satisfying results compared to the
experimental data. Fortunately, these two tasks can be separated, e.g., hybrid
models like QM/MM can be used!’ For the ensemble generation, MD simulations
could be utilized; however, these methods have the drawback that specific force
fields need to be parameterized to accurately model the intraand intermolecular
interactions.118 A more general and elegant method but more timeonsuming is
the CarParrinello or AIMD simulation.119121 After generating a sufficiently large
ensemble of solvated structures, QC calculations can be utilized to determine the
final parameters. For example, if the target parametesithe isotropic hyperfine
coupling constant, theoretical methods and basis sets need to be utilized to rep-
resent the spin densities in the vicinity of the target nuclei accurately. Thus, the
basis set needs to be flexible in the core region and should pide an accurate
description of core polarization22 The performance of HartreeFock methods to
calculate the latter is poori23.124 Perturbation theory (e.g., seconebrder MP2 the-
ory) cannot solve this probleni®l, and coupledcluster approaches like CCSD are
too time-consuming. Most of the publications focused, therefore, on differeB{¥T
methods1252128 Recently, the secalled domainbased pair natural orbital cou-
pled-cluster theory (DLPNOCCSD(T)}29%131 was extended for openrshell sys-
tems and showed promising results in calculating EPR obervabléx;132,133
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2 Theory

2.1 Solvation models

2.1.1 Explicit and implicit solvation models

A majority of the relevant biochemical processes occun solution. Thus, models
are needed to describe the solvation process within theoretical calculations to
represent the experimental observations reliably The most obvious decision
would be torepresent the solvent expicitly, i.e.,include each solvent atoracoor-
dinate in the calculation. However, this is problematic because the calculation
time significantly increaseslimiting oneself to a few solvent moleculesvhich can
not resolve the whole picture Due to this disdvantage,only these explicit sol-
vent moleculesdirectly involved in intermolecular interactions, e.g.,hydrogen
bonds, are reasonable in theoretical calculationsThe so-called implicit solvent
models represent a significantly more cossensitive methodin terms of compu-
ting time. In these models, the solvent is not atomicallyesolved; instead, it is
characterized by its macroscopic properties. With this representationt is unnec-
essary to calculate the interactions of the individual solvent moleculesith each
other, leadingto massive timesaving. However, this results inthe loss of any
atomic information, leading to possible systematic errors

Among the bestknown implicit solvent models are the secalled contin-
uum models examples are PCK4 (polarizable continuum model), COSMB?5.136
(conductor-like screening model) and CPCM (conductatike polarizable contin-
uum model) 137 The idea behind continuum models is to represent the solvent as
a dielectric continuum in which the solute particle is embedded wit a cavity.
The solvent is solely characterized by its dielectric constant. The basis of this for-
malism is the classical Poisson equation in the following forr#8

2 - > X» T“" »h 2
where - » is the position-dependent () permittivity and”  » is the solute(M)
charge distribution. It is assumed that the solute charge distribution is embedded

in a molecular cavityC, resulting in the following positional dependence for the
permittivity:

p »N Oy
- po oh (3)

where - is the dielectric constant of the pure solventw » is the potential that
describes the solute potentialw plus the contribution of the apparent charge

distribution (, ¥,onthe surfacesT £/ OEA AAOEOU 38 4EA AT OOAODI
are:

- >

Wr W > W >, (4)
and
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» ¥ Kisg (5)

> %
A general problemof continuum models is to find a suitable description of the
apparent surface charges (more details below). Ifraappropriate surface charge
is determined, the electrostatic component of the solvatiorfree energy"d“is

given by:

W »

a3 Py > 91 Qis (6)
C > ®
The different PCM formalisms differ mainly in the design of the surface charges.
The historical first formulation is the DPCM whereby the first letter D stands for
dielectric and is added to PCM to distinguish it from the alternativeuccessos.34
A well-known alternative is the COSM8>136 model mentioned aboveln contrast
to the original formulation, where the permittivity was described by the dielectric
constant of the solvent, hergthe continuum is treated like a conductorand its -
value is set to infinity. Aminor modification of the COSMO model leads tibe
CPCM:37 A common alternative is the secalled integral equation formulation of
PCMthe IEFPCM3? In this thesis, either IEFPCM or CPCM was usedsignificant
advantage of continuum models is that they can be combined with variou3C
methods.
In 2012 an extension of the PCM model for highressure environments was de-
veloped?l.22140 Pressure is introduced to the XAPCM through an increased Pauli
repulsion between the molecule and the medium. Genergllthe density and per-
mittivity increase upon pressurization. For modeling the effect of pressure on the
solute, the boundary of the cavity is shrunkThe final pressure is obtained by dif-
ferentiating the free energy with respect to the cavity volume in th following
manner:

O
'O s (7)
Tw
Here,"O s the free energy of the whole environment system, and it is defined
as:

O 0O 0w o W . (8)
The reference state is defined as a hypothetical state composed of Roter-
acting electrons and nuclei of the solute and by the unperturbed medium at the
chosen thermodynamic conditionsSo far, XFPCM has been used to make predic-

tions of reaction equilibria and vibrational spectroscopic data in noraqueous en-
vironments.

2.1.2 Statistical -mechanical solvation models

In addition to explicit and implicit solvent models, statisticalmechanical solvent
models arepopular for representing the solvent. In contrast to the implicit sol-
vent models, the statistical solvent models retain information about the structure
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and granularity of the solvent, which allows, for example, to model the effect of
hydrogen bonds. The integral equigon theory is an important examplein the cos-
mos of statistical solvent models. It aims to calculate the statistical distribution of
a solvent around a solved particle. The pillar on which this theory rests is the so
called classical density functional teory (cDFT). Analogous to quantum mechan-
ical DFT, where the Hohenberdgohn!4! theorem states thd a unique electron
density can only describe the minimum energy of a systenthe free energy'O”
of a liquid is minimized by exactly one unique particle density. In the context of
this work, a few central aspects should be summarizednd a rough overview of
the subject should be givenBoth Evang42 and Hansen“3 have written detailed
reviews of thecDFT in the past.

One of the centraljuantities within the classical DFT is the grand potential

" ,which can be defined in the granecanonical ensemble as

” > gy OO0 O »8 ©)

The grand potential is a functional of the particle density ». oy g & is an arbi-
trary external potential and* is the chemical potential.

Mermin extended the previously mentioned Hohenbergohn theorem to
an electron gas at finite temperatureand showed that by applying the principle
reductio ad absurduma specific electon density minimizes the grand poten-
tial 144 Transferred to cDFT it follows that the equilibrium particle density mini-
mizes the grand potential. Thifact can be shown by the functional derivatiorof
the grand potential according to the particle density as

[ 8 (10)
T "»
From equations(9) and (10) follows
, 170" 11
T WQg® KB h (1D
and with the definition of the intrinsic chemical potential
- 1.0 . 12
ET r?kj el (12)
equation (11) becomes
" owg® e’ P8 (13)

An elementary part indescribing a fluid systemare the mutual interactions of the
particles. The Free Energy functional depends on these interactions and can be
divided into an ideal part"™O ” and a functional " , which represents the in-
teraction part of 'O” :

O L © B "8 (14)
The ideal part can be derived from the partition function of the ideal gas via:
0" 1 o el e ph (15)

with _  Qf 7ca “ 7 where his the Planck constant] is the inverse temper-

ature, and mis the mass. Te intrinsic chemical potential can be written as:

16



RISMbased pressuredependent computational spectroscopy

- 170" 7 (16)
Fiei" My T’I T T‘] ,,»3
Where the last term will be defined as:
R S (17)
) | 2

@ " h» is the socalled oneparticle direct correlation function and determines
the equilibrium density. The onepatrticle direct-correlation functional is the first

in a series of higherorder correlation functionals that can be obtained by further
differentiation:

T O L S A ek (18)
w "Mphe T T w "Nph» 38
And another differentiation leads to:
T U L ] S S (19)
w "Mpheh» T w "Mheh» h
etc. Now the following definition is introduced:
6> ' Gageh (20)

and the grand potential is written as follows:

" > »6 » "O" h (21)

and the following differentiation w.r.t. the intrinsic chemical potential yields:

1 IR (22)
; B Qr— o » 8
1 o» 160 1 "p
if” » " » and with equations(12) and, it follows:
(.I - ” >8 (23)
1 o»

In this manner, the grand potential is also a generating functional for the equilib-
rium density with respect to the variable6 ».It becomesinteresting when "
is differentiated once againwv.r.t. 6 »:

(L
1 60 1 O»7 O
Here 'O »h» is the density fluctuation function or density-density correlation
function. "O»h» is closely related to the pairwise distribution function
” » h»  via:

orh» ki (24)

orh» " »h» " »7 » » " »” »h (25)
with the relation:

" »h»e 7 Qi h (26)
the pairwise distribution function is directly correlated to the well-known radial
distribution function "Qi . Anotherimportant property is the inverse of the den-
sity-density-correlation function since itis linked to the functional derivative of
the intrinsic chemical potential via:
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I éﬁ (27)
177 »
with the general definition of thefunctional inverse:

"0 w»h» Oph» | » » 8

"O »he

(28)

At this point, another relationship must be introduced in order to obtain the most
fundamental equation of static solvert models, the OrnsteinZernike equation.
From equations(11), (16), (17), and (3), the following expression for the equi-
librium density can be extracted:

" GAOD gy O . (29)
Here z is the secalled fugacity, which is directly proportional to the thermal
x AOAT AT COE 1 ¢

4 _ Agp ‘8 (30)
Equation (29) can now be rewritten in the following form:

c[rin]=in( 7 o) - up)). (31)

If equation (31) is differentiated with respectto” » , it follows:
. . - . UL R A =
o "I o »he 8 (32)
r} n > el ” >
After several substitutions andtransformations,one can now extract the relation-
ship that is calledthe Ornstein-Zernike (OZ}4> equation for uniform fluids with

the density” :

M p O > @ » » h (33)

The discoveryof the OZ equationwas somewhat serendipitous.14> The key
feature of the OZ equation is the connection of the direct correlation function with
the total correlation or pair distribution function. The OZ equation cannot be
solved in the above form alone but only iteratively with the help of another rela-
tion, which links the direct correlation function with the pair-distributions func-

tion. To obtain this relation, the functional " is expanded via a Taylor series
w.r.t. the density of the homogenous reference system:
” >
” ” (.I - ” > ” > 'Q» (34)
17 7»
P "> , . . , s
— - > > > > O
C T ">
0" » 8
With equations (17) and (18), the following relations can be obtained:
” > -
jﬁ L LA S| I ® »”»> (35)
“Ag" >R
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and

S
1> L L S V"R Vo0 ) =2 (36)

O e’ > S
For the excess part of the free energy functionat follows:
” ” A r > TE o e’ B8  (37)

This relation is correct up to the seconebrder if equation (37) is now combined
with equation (17) and inserted into the grandpotential definition in equation
(21), the expression for the density that minimizes the HelmholtAree energyis
given by:

"» " ADDI agd " pd) Sr K 8 (38)

In the following step, the so-called Percus idea can be used. The assumption
is that the external system's sourcés an extracted particle from the uniform ho-
mogeneous fluid. The position of this particle is fixed in spacand the external
potential is then represented as the sum ofadr potentials between the reference
particle and all other particles.Based on these assumptions, all quantities in
equation (38) become radially symmetric, and the density can be represented as
a pair distribution function in the following way:

Q» ADDI 60 7 OS> KRQre (39)

AgB 6» Q» G» h
where 6 » is the pair potential. The latter equation is also called the closure re-
lation.

2.1.3 Reference interaction site model (RISM)

The previous chapter derived the system of equations consisting of the OZ equa-
tion and the closure relation In this form, the equations system only appliedo
simple sphericalfluids. In the year 1972 Blum et al146 extended the OZ equation
to the molecular OrnsteinZernike equation (MOZ) in the following form:

@ phe hrd 2

" @ vebeched» 2Q  pebechiedd 5O 8
In the MOZ not only the distances between two partiaks are included but also
the angle dependence is taken into account, which is represented by the well
known Euler anglese . Equation (40) is the exact analytical expression for the
MOZ but cannot be solved due to the high dimensionality of this equatiomo

avoid this problem, Chandler and Andersen published a series of pap&ts!48in
1972 in which the dimensionality of the MOZ was significantly reduced. For this
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purpose, a secalled sitesite MOZ was derived, in which the molecules are de-
scribed via spherical rigid interaction sites. To model the structure of the mole-
cule, an additional correlation function is introduced, the secalled intramolecu-
lar correlation function] in the form:149

I R SR S (41)

“a

Eq.(41) contains the interaction sites] AT Aand the intramolecular distancel
between these two sites) is the Dirac delta function. The direct correlation func-

tion can be described by aummation of the pairwise sitesite interactions and
can be represented as follows:

. . 42
W i w i 1 8 (42)

For example a water molecule could be taken aa reference here, where thee
sites represent the three atons. Howerer, a two-site model can also be developed
due to symmetly considerations. In todays literature, the model developed by
Chandler and Anderson is called the ondimensional reference interaction site
model (1DRISM). The associated system of equations cla@ described in the fol-
lowing matrix form: 150

| o720 04 ) (43)
Equation (43) can be separated into three parts, a solvergolvent (vv) part, a sol-
vent-solute part (uv), and a solutesolute part (uu). However, these equations
cannot be solved simultaneously but must beolved one afteranother. The basis
is the vv-calculation in the form:

I o:4:0 o:fez]. (aa)
However, equation(44), like the previously described OZ equation, cannot be
solved alone,so the closure relationship is required here again. For a sitsite
model, the closure takes the following form:

Qi p A@bro 1 Qi W i 6 1 h (45)
where u is the pair potential and¢ is the so-called bridge function. Unfortu-
nately, since the bridge function isunknown and ill-defined in 1D/3D RISM it is
usually set to zerqg and the hypernetted chain closure (HNC) is obtainedqua-
tions (44) and (45) can now be solved iteratively. Before thevequaton is solved,
another practical quantity is introduced, the secalled solven susceptibility

F zo z |z, (46)
which reflects the density response of the solvent. Since in equati¢#6),the den-
sity of the pure solventis considered F is the perfect way to integrate infor-
mation regarding pressure or temperature. For the solvensolute (uv) equation,
it follows:
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| oz 22 8 (47)

A simple way to generate pressuraependentl- is to use experimental data, spe-
cifically the OT 1 OAT 06 0 AOI E AAT OE Qhesidad, dne dise A1 AAO
needs the molecular geometry and accurate parameters for the pairwise poten-
tial, which will be discussed later). However, this method is liméd to applying
the HNCclosure or other simple closures, which neglect the bridge functiori.o
still use the contribution from the bridge function, it is possible to constrain the
radial distribution function from the 1D RISM calculation to thevalues obtained
from a radial distribution function calculated using a MD simulation. Roux and
co-workers developed the following expression for the bridgefunction: 151

6 i o 1T i1 re 1 Qi @i 8 (48)
where "Qi is a cubic switching function, which varies between 1 and 0. The ap-
plication of the switching function is necessary because the MD simulations are
performed in a simulation boxof finite size. Beyond the range of the simulation
box, the correlation functions are extrapolated using the known HNC closure.

A considerable advantage of the RISM methodology is the possibilityf
getting a closedform for the excess chemicapotential. Within the HNC approxi-
mation, the corresponding expression for theexcess cheical potential has the
following form: 152153

Wwhr? - oY S oS

f . q

A disadvantage of the RISM formalism in this form is that the RISM calculations
are performed for rigid geometries at a time, and every small change in geometry
results in a new iterative cycle. To elegantly circumvent this problem, Schdt
and Kast>4 developed the following formalism, based on previous works by Sato
et al15 The premise was that a lgght change in geometry has only a negligible
influence onthe direct correlation function & . Corsequently, it is possible to cal-
culate the difference inexcess chemicgbotentials between two geometries*and

*] as follows:

N6 8 (49)

N O

O (50)

SO h hh J
where the carets denote Fourier transforms of the corresponding correlation
functions.

During the 1990s Beglov and Rou¥%, and Kovalenko and Hiratd>?, de-
veloped the threedimensional extension of RISM formalism, the thredimen-
sional reference interaction site model (3D RISM). The resulting 3DI&M equa-

tion has the following form:

Q » " © » »e.. Sse'O»h (51)
where the quantity ... Speg is a precomputed solvent susceptibility function,
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which can be calculated via e@46). The3D RISMequation calculatesthe sol-
OA1T 060 AT EOT OOl PEA (ndedthd infldenc® af Arl inffiitelyi
diluted solute. The corresponding 3CHNC closure is given by:

Q> AGDPIOo » Q» @ » p8 (52)
As a result of the frequent numerical instability of the HN&losure 158 Kast and

Kloss developed a partial series expansion of the HNC closure, thecadtled PSE
n closuress®

g(_bu°(r) 4() et)) U-bu(r) +f) eg) 0 >

expg bu,(r) hf) ef) Hl_U-buo(r)m(r) ef) o

the PSEL closure is also known as the Kovalenkblirata-closure (KH)160 In equa-
tion (53),udescribes the interaction component betweeithe solute and the solv-
ate sitel . The corresponding potential function has the followindorm:

P NN . , » (54)
- Is > 48 98
The first term describes the electrostatic Coulomb interactionsand the second
describes the dispersive Lennardlones interactions between the solute siteg
and the solvent siter. In the latter, the mixed LennardJones parameters and -
occur, where, describes the contact distance between two atoms ands a meas-
ure of the depth of the applied potential (in most caseghe Lorentz-Berthelot161
mixing rules are applied).Usually, these parameters are taken from known force
fields like the GAFF52.183force field, as was done in this thesis. An alternative op-
tion is to use3D RISMo perform a seltconsistent optimization of the parameters
to represent thermodynamic observables correctly During the evaluation of the
electrostatic interactions, the same truncation errors occur that can be observed
during the MD smulation in a finite box. To avoid truncation errors, the idea of
Ewald summation is used, where the electrostatic interactions are divided into
two parts,

o »

(')A‘I,&‘é éA‘IAAﬁQE'{gK)‘IAAH;ﬁTQ (55)
a short-range part
oAl AARQET 006_P P A O (56)
T°- $> =| S b =| S

and a longrange part
AT ARRITT G P
6 > : Aola { s8 (57)
T“- s» =| S ]
After a Fourier transformation, the latter term can be calculated elegantly in the
reciprocal space, where it becomes sherange using a proper smearing factol .
As in the onedimensional case, theexcess chemicalpotential can also be
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calculated with the help of3D RISM However, this depends on the selected clo-
sure; for the HNGclosure, the following equation follows:

0P, TE B G > =Q el > D8 (58)

And for the PSEclosures, the following expression is used:

Q p A O»8

o oQr Q> 106 > 0> (59)
i

2.1.4 The fusion between quantum chemistry and RISM zEG
RISM, RISMSCF, 3D RISM SCF

In 1D RISMand 3D RISMthe pair potential appears,determining the interactions
between solute and solvent or solvent and solvent. While the Lennaiibnes -
rameters mainly originate from known force fields, for the electrostatic interac-
tions, the partial charges or electrostatic potentials can be calculated Ccal-
culations or polarizable force fields, respectively.

Ten-No et al. made the first attemptsto couple the RISM theory with a QC
description of the solute in the early 1990555164.165They developed the secalled
RISMSCF procedurewhere the idea is that the solute partial charges obtained
from an SCF calculation are plugged into a 1D RISM calculation to obtain a solvent
charge distribution around the solute. This solvent charge distribution is then
added to the FockOperator in the SCF calculation to represent the effect of sol-
vent polarization.164 A combination of 3D RISM and Koh&ham DFT was devel-
oped by Kovalenko and Hirat&66.167, which was later implemented into the Am-
sterdam density functional package (ADRY¥8, whereby analytical first derivatives
were developedis®170 Alternative formulations of the 3D RISMSCF were de-
signed by Minezwa’l and Aond-’2. In contrast to the previous RISMSCF versions,
where the solute partial charges were used for solvent polarization, the exact QC
derived electrostatic potential was applied in these implementationsin 2020,
Reimann and Kauppdded tothe ADF implementation of 3D FSM-SCRhe exact
electrostatic potential to polarize the solvent and developed numerical second
derivatives.173

In 2008 Heil, Kloss and Kast developed acombination of the 3D RISM
solvent model with QCcalculations of the partial charges of the solute, the so
called embedded cluster reference interaction site model (ERISM). In 2011 an
alternative variant was presented, in which the8D RISMmodel was couped with
the AMOEBA polarizable force field”* Another implementation of EGRISM,
which is limited to point charge solutesolvent interactions only, was developed
by Ganyecz and Kallay in 202275
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Figure 3 Schematic representation of one ERISM cycle?4

The idea behind EERISM is to calculate the mutugbolarization between so-
lute and solvent. On the one hana polarized wave function of the solute can be
obtained, and on the other handthe Gibbs free energy@  gan be calculated via

Qi1 Qi M (60)
where Qyiis the intramolecular energy of the solute, which can be taken frora
QCecalculation and’ A theexcess chemicgbotential, which is calculated via egs.
(58) and (59). In this formulation, contributions from the so-called thermal cor-
rections are neglected.

The corresponding scheme of RECGRISM cycle is dpicted inFigure 3. Be-
fore the EGRISM cycle starts, a suitable solute geometry must be firstlculated,
usually using a PCM or vacuum geometry optimization. Furthermorenappro-
priate force field for the Lennard-Jones parametersnust be selected. The starting
point is a vacuum QC calculation from which @Celectrostatic potential or the
corresponding partial charges are obtained. The electrostatic potential is used in
the subsequent 3D RISM calculatioto polarize the solvent. At this poinfthe sol-
vent susceptibility is needed from a precomputed 1D RISMcalculation. From this
calculation, a polarized solvent environment is obtained, which is then embedded
in the QC calculation as background point chages. To calculate these point
charges, the charge density is obtained by:

N n""Qm» (61)

where 1y is the partial charge of the interaction solvent site, usually taken from
a known force field. The charge density can then be discretized on a grid, resulting
in the background charges,

n» 7 »ow (62)
whereby  ds the volume of one grid cell. The corresponding Hamiltoaperator
under the influence of the background charges can be written in the following
form:

@ioGa Qx G1 G Qr Qi (63)
where "GQyj ig the total Hamiltonian, the terms on r.h.s. describe the interactions
between the nuclei (n), theelectrons (g), and the point chargesg. Note that the

24



RISMbased pressuredependent computational spectroscopy

target value is not the total energy of the solvensolute system, but only theso-
lute's intramolecular energy under the solvent's influencds required. To calcu-
late these intramolecularenergies,there are two variants; in the first one, the to-
tal wave function of the system is takepand only the intramolecular operators
are applied to it in the following form:

Qi1 o8 A QAa Q8 oiB (64)

This isusually the mostelegant way to calculate the intramolecular energy of the
solute; however, some QCodes do not support these zero SGEycle procedures.
The alternative variant is to subtract the remaining contribution from the total
energy. Normally the term'Q s suppressed during the calculations. The remain-
ing two terms describe the electrostatic interaction of the solute with the back-
ground point charges. To calculate this contributionthe electrostatic potential
from the QCcalculation is multiplied with the final charge density and integrated
over the whole box cell via:

O "o (W8 (65)

After every step of the cycle, the energy residue between the actwadd last steps
is calculated and if the residual value falls below &pecificlimit, the cycle is con-
sidered converged. From the converged wave functigrihe energy of the solute
can be obtained andh variety of spectroscopic observables, for examplehemical
shielding constant or he isotropic hyperfine coupling constant, even under high
hydrostatic pressures.

If the exact quantum mechanica¢lectrostatic potential « » is used to cal-
culate the electrostatic interactions for the corresponding interaction energy

function T\/&" A étﬁlocationr follows:
oM AR - »18 (66)

The full electrostatic potential is then built using a renormalization ansa (de-
rived by Hoffgaard, Heil, and Kasty* via:

AT AA éNﬁAiAAﬁggéE'ﬁ@f)éA éNﬁAiAﬁbﬁﬁ iTc (67)

whereaswo h AT 8 % the difference between the exact electrostatic potential and

the point charge representation at the corresponding grid poin'rc')N hAl Mié fhe! ©©
point charge-based shortrange potential, which is calculated according to the
Ewald sum scheme in ral space.c')N hAl Ai“shthé ioﬁgrange potential, which is
calculated in reciprocal spaceDivergence problems can occur if the difference
ve) AT S Roes not disappear at the edges of the box. In 2018, Kibies andS.

Kastl76 developed a smooth switching approach in which th QC electrostatic po-
tential describes the interactions in the vicinity of the soluteand the potential is
switched to the point charge potential in the vicinity of the box edges. The result-
ing cubic switching function has the following form:
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r rvin (68)
S( r’ rmin’rmax) :130 -Blr 3-2r2 Sﬁhs rmelllx r ¢ mirs
[O " r qmax
with the parameters:
i o i i i i , (69)
, \ N N \ o
l Oieii Adi el li Ag (70)
’ \ N \ N o
L oljgr i Agli €1 li Ag, (71)
and
i C i i 8 (72)

The following term corrects the error in the excess chemical potential caused by
manipulating the electrostatic potential

o Ot qp NATAA (73)
e p i i wy RAT Ay B AT A

ECRISM was mainly used to calculate energy differences in the early ysar
e.g.tautomer equilibria or -3pKavalues. However, when absolute energies were
tried to be calculated, there were significant erros in calculating the excess
chemical potential. It was observed that this error is directly correlated to the
solute-sized cavity in the solvent and, therefore, correlated to the partial molar
volume. For correction of this error, different empirical corrections were devel-
oped. For example, Palmer established the smlled universal correctiont?7.178,
whereby Sergiievskyideveloped the pressure correction of solvation free energy,
called PC/PC+ correctiort’® Based on thigoreliminary work, Tielker!80and Tom-
aziclsl developed empirical corrections, which correct theexcess chemicagboten-
tial to representexperimental absolute hydrationfree energies. The correspond-
ing equationfor the corrected excess chemical potentias:

« h ‘ O onh (74)
where ° is the correctedexcess chemicapotential, @ is the partial molar
volume (PMV),& is the empirical parameter, which corrects the PM\g is the
net charge of the molecule of interest andb is the empirical parameter that cor-
rects the netcharge. In 2018, Tielker developed anx¢ension of the PMV correc-
tion for high pressures tocalculate accurate excess chemical potentiaésen un-
der the influence of high pressuré’ The major problem was to find experimental
data where hydration energies were measured under high pressure. As an alter-
native, pressuredependent thermodynamic integrations (TIl) were performed
instead, and thereference value at high pressurevas extrapolated from the rela-
tive pressure difference between the pressur@lependent Tisand the ambient
condition value for the correct ECGRISM solvdion free energy. The expression for
the reference solvation free energy (using BeiNaim reference statesyy i QpaiS:

h
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Wi Ak 3oi XN 360 Q) sPAAO 361 QypAAID  (75)
whereby 2 Qs 1N is the pressuredependent solvation free energy from the TI,
361 Qo ) 3 PA A @ the PM\icorrected EGRISMbased solvation free energy.
The reference data was calculated for a small subset of the MNSOL (details can be
found in Re®’). The expression for the pressuredependent PMV-corrected ex-
cess chemicapotential is:

«A@h Al OOE&(@(&AT(QOr‘] pAA@ n R (76)
with & , which is the additional pressuredependent correction parameter.The
correction parameter @ equals-1.0108 105 kcal mott A3 bar, for the level of
theory MP2/6-311+G(d,p)/EGRISM.

A limitation of the EGRISM calculations is the point that the calculations
are performed on optimized geometries based on continuum solvation. In the
publication of Holzl, pressuredependent geometry opimizations for TMAQO were
performed.18 A disadvantage of this procedure is at an external QC program was
used to calculate the gradient of the solute electronic energy. Recently a direct
implementation of ECRISM geometry optimizations within the QC program
ORCA82was realized by P. Kibies and M. A. Gardrates. Here, the gradient of the
free energy is defined as:

T°OT it Ag

IEIEREEERE
The gradient consists of two parts; the first one is the derivative of the intramo-
lecular energy w.r.t. the coordinates of the solute, and the second one is the gra-
dient of the excess chemical potential. The former is directly calculated within
ORCAwhereas the latter is calculated within 3D RISM in the following mannée®

iAo . 167 AT %eh (78)
— " Q»Q 8
T4 > 'H e

(77)

2.2 IR Spectroscopy

2.2.1 Foundations

As mentioned in the introduction, vibrational spectroscopy deals with transitions
betweenvibrational states. The vibrations can be described both in a classical and
guantum mechanical way. An outstanding overview and a detailed derivation of
the mathematical fundamentals of vibration spectroscopy can be found in the
book written by Wilson, Decius and Cros$83, and the following chapter will
mainly be based on this bookHere, the adhor wants to present only a tiny part
of the mathematics to better understandhe methods used later in this work. Tie
first hurdle is to describe the vibrations accurately and choosa suitable coordi-
nate system. It was shown that the best coordinate siem is based on three
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cartesian center of mass coordinates for the translation, the three Eulerian angles
of a rotating system and the cartesian coordinates of the molecule atoms with
respect to the rotating system. Since there are only\Bpossible degree of free-
dom for a moleculethere are six too many coordinates in the aforementioned
list.

Consequently,the six coordinates do not have to be independent of each
other. To define the rotating coordinate system for nonlinear molecules, only six
conditions have to be defined. The first three conditions place the origin of the
rotating system in the center of masso that the rotating system moves together
with the molecule. The second three conditions bind the coordinate system and
the molecule togethersothat they both rotate together.

With the choice of this coordinate systemit is now possible to accurately de-
scribe vibration transitions. The kinetic energyT of the system can be described
by:

v 2 o 28 R® R4 (79)
C Qo Qo Qo
where & is the mass of theath atom and d the time derivative of the displace-
ment coordinate:

ww w | h (80)
here w the coordinate of theath atom in the moving system is and is the equi-
librium position. At this point, the definition of massweighted coordinates is in-
troduced, the advantage of which will be shown later in this chapter. The mass
weighted displacement coordinatesyi are defined as:

n a ww n ad w0 N a i N a oo 888 (81)
Based on this definition the kinetic energy can now be written in the following
compact representation:

. . (82)
Y — n1Qh

q
with 1] as the time derivative of the masaveighted displacement coordinates. The
potential energy function is dependent on the displacements. If the displace-
ments are relatively small, a Taylor series expansion in the displacement coordi-
nate g can be used to desthe the potential energy via:

PP T, r'o |, . (83)
© ¢ ¢ " TR 1 AGAS
Since the position of the energy zergoint can be chosen freelyew can be elimi-
nated under the assumption thaty 1t All NSshould be zero in the equilibrium,
andthel T 1T AAOIT A 8h6uldAhdadaldnihithum. The latter results in the fol-

lowing relations:
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T_d) ) . T w o 84

7 Q m Al W Qh (84)
where "Q are constants, in which the mixed partiaderivatives of the potential
energy with respect to the displacement coordinates are encodeHigher-order
terms will be neglected ¢his is reasonable as long as the vibration amplitudis
sufficiently small). Since the kinetic energy depends only on theelocities of the
atoms and the potential energy of the molecule only on the atomic position, New-
ton® equation of motion can be written as follows in the context of Lagrange for-
malism:

%WY TT—ﬁ‘” n Qi 8 (85)

If equations(79) and (83) are substituted in equation(85), the following relation
IS obtained:

n Qn  mQ pltiesdos 8 (86)
A possible solutionto this differential equation system is:
n 60éiTo -h (87)

where 0 ,_and- are constants, which need to bappropriately chosen Inserting
the latter relation leads tothe following:

M 1 6 m Q pkhesdodh (88)
whereby] is the well-known Kronecker delta symbol. Equatior{88) consists of
a composition of homogenous hear algebraic equations in the Bl amplitudes.
The trivial solutions _ correspond to no vibrational modes with amplitudes of

A=0,1,2. All nontrivial solutions _ can be obtained by solving the secular equa-
tion:

Q _ Q 8 Q
0" _ 8 o T[ (89)
8 8 8 8 :

9r  0r 8 Qs

From the elements of the determinant of this equatiofthe coefficients of the un-
known amplitudes can be obtained. It is now possible to select a fixed valueso
that the determinant vanishes, and the cdécients of the amplitudes A become
fixed. For example, the possible solutions are not unique solutions to the equa-
tions system; instead, they can only calculat&tios. A unique solution can be ob-
tained via the following relationship:

& — (90)

B 0 -

where 0 is an arbitrary set of solutions andd amplitudes that are normalized
in the following fashion:
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a p8 (91)

To obtain the solution for the real physical problem, the following ansatzan be
solved:

o) O & h (92)
with 0 as constantswhich are determined by the initial values of the coordi-
nates and velocitiesEquation (89) consists 0f3Nx3N rows and columns leading
to 3N possible solution for unknownAi. However, only 3N-6 roots (in the case of
non-linear molecules) are not zero and correspond to vibrational moes.The fre-
guency of the vibrational mode oscillating around its equilibrium position is:

b —=8 (93)

C
For a given_ , the movement of each coordinate shows the same frequency and
phase but not necessaly the same amplitude. As a result, the phase and fre-
guency are identical all atoms show the same course along the displacement co-
ordinate. This means that all atomsimultaneously experience their maximum
displacement or the passing of their equilibrium Vibrational modes that accom-
plish these criteria are called normal modes of vibratioriNot all frequencies need
to have different values instead, identical values can bessigned to secalled de-
generated modes.

A socalled normal coordinate can be assigned to each normal mode. The
introduction of normal coordinates is useful toaccurately describe, e.g., the quan-
tum mechanical treatment of molecular vibrations The normal coordinatesd
can be described in depedency of the massweighted cartesian displacement co-
ordinates g as follows:

0 an Q pighsdoss (94)
The coefficientsd  must be selectedso that no crossproducts occur in the poten-
tial energy. To achieve this, he kinetic and potential energiesneed to have the
following form:

v P 5o P _08 (95)

C ¢

The calculation of the potential energy depends only on the squares of. It is
necessary to mention that the indices and  refer to the q coordinates andk and
| indicate the Qcoordinates. The coordinatesy can be described in terms of the
normal coordinates via:

A ab  Q plfeEws (96)
Equations(89) and (96) can be substituted in one ad vice versa, and the follow-
ing result is obtained:
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L . 97
a a aa 1 8 (97)
The Newtonian equation of motion can now be expressed in terms of the normal
coordinates as follows:

Q1 Y 1Y L
Qbs o -
and the corresponding solutions are:
0 0 AT O_0o - "Q plgresdols (99)
with the constantsv and -

The potential function, which appears irthe equation, can have different ori-
gins. Both classical force fields an@Cmethods are suitable. Depending on the
choice ofQCmethods, it is possible to calculate the Hesse matrix analytically or
numerically. For example, analytical expressions can be found for HFP 2184, and
many DFT methods. Analytical calculations hawgreat advantagesthey are more
accurate and less timeconsuming. However, the differences between the individ-
ual QC programs must beonsidered For example, the calculation of the reduced
mass for the @Gussian program is different from other programs. J. W. Ochterski
has written a detailed essay on this topic, describing the steps foalculatingthe
vibration analysis within the Gaussian program?18s

0 mQ plgeEdosh (98)

2.3 Magnetic -resonance spectroscopy

2.3.1 Principles

Magnetic resonance spectroscopy methods are indispensable in chemical analy-
sis. In this chapter the basic principles needed to understanénd interpret eve-
ryday experimentswill be shown,and then, in the following sections, the concrete
calculation methods that can be utilized iQCcalculationswill be derived. Frst,
the magnetic moments of an electron spin and the nuclear magnetic moment shall
be defined. For the electra spin magnetic momentip of electroni, it follows:

® [P Q—b "Qiiaﬁ (100)
2 ca
where| is the gyromagnetic ratio,S is the spinvector, "Q the Landefactor of
2.0023," is the Bohr magnetongis the elementary charge¢ is the mass of the
electron. The corresponding expression fothe nuclear magnetic moment® of
nucleusCresults as follows?s

Q ' o
p [ D Q—©® Q—0h (101)
ch o)

with [ the gyromagnetic ratio ofthe nucleusC "Q is the g-factor of the nucleus
C which shows a strong dependence on the nucleus of choice, is the mass of

the proton; the connection between the elementary charge an@ is given by the
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nucleus magnetont . The nuclear spirf®is defined as:

L) ‘00 poh (102)
where | is the nuclear spin quantum number The nuclear magnetic moment be-
comes zerofor nuclei with an even number of protons and neutronsgonse-
quently, these nuclei cannot be detectegia NMR experiments. For systems with
an odd number of protons and/or neutrons, the quantum spin number becomes
a non-zero integer or half number. In magetic resonance experimentsthe sam-
ple is transferred into an external magnetic field®. This external magnetic field
leads to an energy splitting which has the following form in the case of the elec-
tron spin:

0  @i® & b SQ 6 h (103)
where msis the magnetic spin quantum number. The energy difference between
the two energy states is given via:

O S“Q‘ 6 08 (104)

The effect of the energy splitting due to the induction of the external magtic
field is the socalled Zeeman effect. The resonant frequency that induces the en-
ergy transfer between the twastate can be determined as follows:

' —8 (105)

Where '’ is also called the Lamor-frequency, draightforward ly, anabg expres-
sions can also be determined for the nuclear spins in an external magnetic field.
The corresponding expressions are:

p

0 41026 U E"Q‘ 6 h (106)
w “Q‘ 0 h (107)
- o4 (108)

C

In this example the nucleus of interest has a nuclear spin quantum numbeérof

%. This is the case for some of the most frequently measured nuclei in everyday
experiments, e.g.,1H, 15N, 13C and 1°F. A important quantity within NMR spec-
troscopy, less so in EPR spectroscopy, where the energy difference between the
two energy levels is much greater than in NMR spectroscopy, is the relative occu-
pation number of the individual energy levels. These occupation numbers can be

determined with the help of Boltzmann statistics as follows:
v [ 96 . (109)

AoBrs0 p —moh

where is the inverse temperaturg’Q”Y , which is directly connected to the
Boltzmann-constant™Q and the temperatureT. For protons @ nuclei, the energy
difference is only very small, sdhe two levels are virtually identically occupied.
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Equation (109) shows that both a stronger magnetic field ad a lower tempera-
ture lead to a larger population difference. The decisive advantage, whichuses
the outstanding importance ofmagnetic resonance spectroscopy methods, is that
the resonance condition occurring in equation107) does not depend solely on
the external magnetic field butdependson a socalled effective magnetic field.
This effective magnetic field depends on the chemicahvironment around the
observed nucleus or electron spinleadingto different signals in the spectrum.
The external magnetic field is weakened by the scalled shielding constant,
which results in the following relationship for the effective magnetic fiéd:

~

and for the resonance conditionit follows:
[,
' CTO p , 8 (111)

Different solvents have different effects on the shielding constant. In general, it is
not the shielding constant thatis specified but the secalled chemical shift. Since
the resonance frequency depends on the strength of the external magnetic field,
different spectra resuk from different magnetic field strengths.The resonance
frequencies are referenced relative to a scalled standard for better comparabil-
ity between different experiments. The chemical shiftd is defined as:

S , O ., 0 . .
| —tpn P 5 pé tpn , , tpns (112

where’ and, are the resonance frequency and the shielding constant tfe
reference substance, respectively. The most common reference substance for ref-
erencingH and3C is TMS in unipolar solvents. If the measurement is made in a
polar solvent, DSS is often usedsa standard. Liquid ammonia is used to refer-
encel5N chemical shifts. A similar environmental effect can also be observed in
EPR spectroscopy. In this case, the shielding is combined with thefactor to a
g-factor and leads to:

Opme P » O Q6 8 (113)

In addition to chemical shifts, a splitting of the signals (fine structure) can be ob-
served in the NMR spectrum. These fine structures result from the coupling be-
tween the magnetic moments of different nuclei. In principle, there areato dif-
ferent coupling mechanisms. On the one hand, the -salled direct dipolar cou-
pling, where the nuclei couple directly through spacelhis phenomenonbecomes
relevant in the context of solidstate NMR spectroscopygince the contributions
average to zeo in liquid media with low viscosity. However, the dipolar couplings
are the reason behind the nuclear Overhauser effect (NOE).

On the other hand, there is the sa@alled indirect spin-spin coupling, which
is mediated through bonds. The indirect coupling is calledcoupling andresults
from a complex interaction between the electron spins and nuclear magnetic mo-
ments. In EPR spect, splitting can occurdue tothe coupling of the free electron
spins with the nuclear magnetic moments. As long as systems are considered in
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solution, the description of hyperfine splitting is usually achieved simply by spec-
ifying the isotropic hyperfine coupling constant. The next sections of this thesis
deal with the concrete calculation of the quantities observed in the experiment
using QCformulations. For this purpose, the concept of the effective spin Hamil-
tonian is first introduced, and then explict expressions for magnetic observables
are obtained.

2.3.2 The effective spin Hamiltonian

A spatial electronic wave function can describe a molecule with N atomwith the
electron spin state quantum numbersans and the nuclear spin quantum numbers
m1. The twostates, which are created by a spin transitiobb can then be described
as follows101

% s R fo feEn & v % fo R FeEd R (114

where a and b indicate the spin states. It is reliable to assume that the spatial
electronic wave function does not changenuch during the spin transition.101
Therefore, the energy difference due to this spin transitiorcan be represented as
follows:

WO O % O %o 04 h hessdn 04 h Bt 8 (115)
This spin transition energy difference is relatively small compared to the orders
of magnitude resulting from nucleuselectron and electron-electron interactions.
Although thesurrounding electrons influence the magnetic interactns, it is pos-
sible to describe the energy transfer detected by NMR and EPR spectroscopy
solely by a pure spin Hamiltonian, a sealled effective spin Hailtonian. The
electronsno longer appear in this effective spin Hamiltonian, exceptia their spin
stateinformation, and the nuclei are described only by their intrinsic spin and the
resulting magnetic moments'8é The energy for a spin state can then be described
in the following way:

c’i%ososf%o&‘ & m hﬁi’m SO hy reBa G (116)
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As mentioned before, magnetic resonance spectroscopic methods describe the
oscillations between electronic and nuclear magnetic dipoles with an external
magnetic field. In the effective spin Hamiltonian, therefore, the pawise interac-
tions of all magnetic moments with each other and with the external magnetic
field ®@must be described. The contributions are coming from the electron spi®¥
and the collection of nuclear spins which are definedin the following manner:

o) on (117)

and the electron orbital angular momentL. The corresponding spin Hamiltonian
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has the followingform:
'O 'O ™Y 'O 0O 'O YO O "YW O @0 (118)
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The influence of the electron angular moment is rather small compared to the

impact originating from the external magnetic field and can be treated sepa-
rately.101 Thus, the Hamiltonian reduces to:

'O 'O™MY 'O WO 0¥ O @0 O ® 8 (119)
The next questionarises: What do the individual interactions look like in concrete
terms to formulate the Hamiltonian? The classical expressionsor the interac-
tions between magnetic dipoles can be used as a starting paintherefore, the
interactions of the magnetic dipoles with each other and the external magnetic

field are represented by simple scalar products. Thus, for the Hamiltoniathe
following relation is obtained:

O 6 MY § ™MD 6 ™MP 6 WD 6 WEh (120)
where the constantsCare the parameters that includethe different influences of
the dipole-dipole interaction on the transition energy. Dg@ending on whether an
NMR or an EPR experiment is to be represented, there are different formulations
for the effective spin Hamiltonians. For an NMR experimenthe common Hamil-
tonian operator looks like this:

0. -2 o ®p , tO (121)
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herepis a unitary tensor,, the nuclear shielding tensor® the classical dipolar

and 0 are the indirect nuclear spin-spin Jcoupling tensors. Equation(121) is
the paramagnetic generalization, which is able to address the relevant interac-
tions in most NMR spectra. However, there are also cases where the effective spin
Hamiltonian needs to be exteded. If, for example, atoms in the molecule under
consideration have high spin nuclear magnetic dipolesl{> 0.5), an additional
term must be included,including the resonance effects resulting fronthe electric
guadrupole moment. The corresponding expresion now looks as follows:
'O @0 B Oto D, (122)
$ s

with 0  as the quadrupole coupling tensors.

Analogous to the effective NMR spin Hamiltonian, an effective spin Hamilto-
nian can also be formulatedo describean ERR experiment. The most common
version of this spin Hamiltonian has the following form:
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0 %02 © BMGS  WH O (123)
whereby the first term is the description of the Zeeman effect, with thg-tensor
‘Q that can be interpreted as an equivalent to the shielding tensgr . In the sec-

ond term, the hyperfine splitting is described with 6 as hyperfine coupling ten-
sor. Equation(123) neglects the interactions between the nuclear magnetic di-
poles and between the nuclear magnetic dipoles and the external magnetic field.
This is justifiable since the strength of a nuclear magnetic dipole is only about
1/2000 of the electron spin magnetic dipole. Therefore, in most experimenishe
chemical shifts andJcouplings occur on different energy scalethan the g-value
and hyperfine coupling constants. However, if experiments like the ENDOR (elec-
tron-nuclear double resonance) are to be quantified quantum mechanically, it is
necessary to consider the interactions of the nuclear magnetic dipole moments.
The effective spin Hamiltonian for an ENDOR experiment is the combination of
equation (121) and equation(123). The next section of this thesis will deal th

the concrete calculatiors of the parameters, ,0 ,0 and’Q based on the evalu-
ation of first-principle physics.

2.3.3 Spectroscopic parameters

The absolutegoal is to find expressions to extract thebove-introduced parame-
ters from a previously calculated electronic wave function. As a starting point, it
is useful to extend the expression for the electronic energy under the perturba-

tion of the magnetic fieldd®®and the nuclear magnetic dipole moment® . (at this
point, an expression for the NMR parameters shall be derived first, but the EPR
parameters can be determined according to the same principles). The series de-

velopment takes place around zero fieldand zero magnetic moments and leads
t0:186,187

08fe © gaa'f'o ®»  Ho b g 2 t0 o8 (124)
Where second derivatives are defined as:
‘Q O @b ﬁ (125)
[0 P hp
Q'O b ﬁ (126)
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Q0 &t g (127)
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For closedshell systemsthe first-order derivatives disappear and are therefore
not included in the series developmentHigher-order terms are also neglected
and equation (124) is exact for nonrotating rigid molecules. If a comparison
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between equation(121) and equation(124) is made, it is noticeable that the pa-
rameters from equation (121) can be assigned to the second derivatives as fol-
lows:186

. O ph (128)
and
v © @ 8 (129)

The tensorO  is not represented in the effective Hamiltonianhowever, it also
hasa physical meaning as the molecular magnetizability om certain contexts
referredto AO | ACT AOEA (OheQehdon 0O FaAdh| &®rdoleduidr
properties, which can generally be obtained in quantum mechanics as coefficients
of a seriesexpansion, like in equation(124). Within the framework of Rayleigh
Schrddinger time-independent perturbation theory, the following expressions
exist for the first and secondorder molecular properties:188.189

Q Oe 90
o O spe o
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with the derivatives taken atx=0, which reflects in our case the effect of zere
field and zero magnetic momers. Equation(130) is a first-order property and
requires only knowledge of the unperturbed referencestate s @& The first part
of the second derivative has an analog firstrder property expression. The sec-
ond part contains a surrover state® contribution from each excited states & In
case of magnetics properties, the first term is knowas thediamagnetic contri-
bution, and the second part is referredo as the paramagnetic part18é

The next goal is to find expressions for the derivatives whichat be de-
rived directly from the electronic Hamiltonian. For this purpose, the nomelativ-
istic electronic Hamiltonian is extended under the influence of the external mag-

netic field, thel OAT AES O 1 AclT1 AGEA 111 AT 60h Al A
The corresponding Hamiltonian has the following form:
0 &fie g " wist 8 2 (132)
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The first term describes the kinetic energy,
9 @ &'®h (133)

containing the vector potentialiﬂj"' B of electroni, that is constructed in a way

that its curl or rotation reproduces the magnetic inductiond®! 8 | that results
from the nucleid @agnetic moments and the external magnetic field. The
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corresponding expression for the total magnetic induction is:

gl R SIS (134)
It is reasonable to split the vector potential into two parts, the first part arises
from the contribution of the external field, and the other part is the sum bdall
nuclei contributions. For the vector potential and the magnetic induction, the fol-
lowing expressions are obtained:

F'R P » ® »h (135)
g @» ® »8 (136)

The relation between the two ldter expressions is given in equation(134). The
vector potential that corresponds to a magnetignduction vector, which repre-
sents a homogeneous external magnetic field, can be expressed as follow:

@ » gc'}) > 8 (137)
The subscriptOis the origin of the vector potential. It is also referredo asthe
gauge origin since the vector potential vanishes at this origin. It is very important
to mention that the vector potential depends on the choice of the gauge origin,
but the physical magnetic field due to the induction oB does not. However, as
will b e discussed later, the choice dhe gauge origin is not completely freavhen
the approximate wave functionis used The next contribution to the vector po-
tential arises from the nuclear magnetic moments. A possible potential can be
written in the followin g form:

® » | "31—8 (138)

In contrast to the external vector potential, herethe position of the nucleus is the
preferred gauge origin, and for these termao errors regarding the choice of the
gauge origin occur. Tdormulate an expression for the induced magnetic field of
the nuclei, the curl of equation(133) has to be takenand the following result is
obtained:

i p or» e
i o (]
where] » is the Diracdelta function. (139) can be interpreted as the internal
magnetic field of a dipole. Regarding the deltiunction, its useis only in the case
of a nonrelativistic consideration necessaryt Through the deltafunction, the
case wherep»  Tri.e. the magnetic field directly at the nuclear positiofs repre-
sented9! The first term gives rise to the dipoledipole interaction between the
electrons and the nucleus. The second term is the foundation for the Fereon-
tact interaction, which will become important later in this part as a major con-
tributor to the hyperfine coupling tensor. Since the electronic Hamiltonian was
formulated under the influence of different magnetic inductions, it is now

(139)

¢
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possible to @lculate the derivatives to obtainthe molecular properties.

First, the first-order paramagnetic interaction shall be derived. The first
derivative is with respect to the magnetic induction field®. At zero magnetic mo-
ments and field. It follows:

9O .5 o oy (140)
Qp
whereby the first term connects the orbital motion of the electron via the orbital
angular momentum operator with theexternal field in the following way:
(o) OAE 8 gg > 8 (141)

The second term couples the magnetic induction field to the magnetic moments
of the electrons via:

‘P! o b8 (142)

These twointeractions are also called Zeeman interactions. The focus will now
be on the firstorder interactions, which are a function of nuclear magnetic mo-
ments. The derivative with respect top leads to:

9O, poi wph (143)
(9]5)
with the paramagnetic spinorbit operator
P B; (144)
i
the spin-dipole operator
5 A i ® odirs »h (145)
aPr i
and finally, the Fermicontact contribution:
(ofEA lﬂ; 1 » 08 (146)

The paramagnetic spirorbit operator couples the nuclear magnetic moments to
the AT AAOOT T 8 Gn.ThHe Mgt ©vddperdtos ddple the nuclear magnetic
moments with the spin of the electrons and are the most important contributions
to the hyperfine coupling, which will be discussed in more detail (vide infra). At
this point, the behavior of the firstorder term in a closedshel system shall be
analyzed. In the case of fieldlependent terms, the following relations are ob-
tained:
@O, ., OX & NEITAGETI AQU OET G (147)
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where the first term leads to an imaginary singlet wavdunction, and the second
term vanishesbecausethe sum of spin magnetic moments equals zero. The hy-
perfine interactions show the following picture:
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go | 0% BNEIACETAOU OET G (149)
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where the paramagnetic spirorbit operator causes an imaginary singlet wave
function, andreal triplet wave functions are obtained for electron spindepend-
ent terms. All these contributions vanish if they are appliedo a closedshell sys-
tem.186 The Hamiltonians including the orbital anglemomentum operator, do
not contribute since imaginary Hermitian operators lead to zero expectation val-
ueson a closedshell system!9l This phenomenon is also called the quenching of
the orbital angular momentum. Since the hyperfine operators generate only tri-
plet wave function, theydo not affecta closedshell system, in contrast to their
behavior when the system is opershell (see bebw).

Before the final expressions for the magnetic molecular properties can be
derived, the definition of the second derivatives neeslto be introduced. The first
secondorder diamagnetic interaction is obtained by derivation of the molecular
electron Hamltonian with respect to the external magnetic induction and the nu-
clear magnetic moments:

Q0 ® O (149)
[942,0.5)
with the diamagnetic operator’'0" Edefined as:
"O‘EA|— » t» p >>8 (150)
C i

The secondorder derivatives with respect to the nuclear magnetic moments lead
to the following expressions:

00

® o9 (151)
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with "0 ©as the diamagnetic spirorbit operator defined as:
goi L _» t p »» 2 (152)
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Finally, all derivatives are definedand the expressions for the magnetic shielding
tensor,, and the nuclearnuclear coupling tensord can be obtained. To do this
the expressions for the derivatives are substituted into equatio130), consider-
ing the definitions made in equationg(127) and (128). For the shielding tensor
the following expression is obtained:

n N CLA e ~Yell o
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and for the nuclear spinrspin coupling tensor:

6 $RY @ sR's @ (154)
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These relations are also known as the Ramsey expressioNs?® is a single excited

state and Y ' denotes a triplet excited state. The trace of the shielding sensor
then leads to the experimentally observed shieling:

P <
P 155
. 04 Q 8 (155)

As long as solutions are considered, only isotropic contributions to the shielding
tensor are relevant because the anisotropic contributions are canceled due to the
fast movements and rotations. Th@-tensor from equation (123) can also be ob-
tained as a secongrder molecular property. This is done by the second deriva-
tive of the energy w.r.t. the electron spin and the magnetic field in the following
way:

Q0O hy F] (156)

PO, 5

in contrast to the molecular properties presented above, the hyperfineoupling
tensor in equation(123) can be obtained as &rst-order molecular property with
respect to the nuclear .magnetic moment. At this poinit canbereferredto equa-

tions (143) and (145), and the following expression for the hyperfinecoupling
tensor is obtained:

0 « S’OCEA CPQ 03] (157)

For light nuclei, the spin-orbit coupling is neglectable The Fermicontact term is
responsible for the isotropic hyperfine coupling, whereas the sphdipolar term
normally vanishes in bulk solution. For the isotropic hyperfinecoupling constant
of the nucleusCit follows: 192

o0 e s L2 1 » s @ (158)
The term‘ "Q needs to be added since in the effective SpkHamiltonian in equa-
tion (123), only the nuclearspin-operator occurs, but the diferentiation was
w.r.t the nuclear magnetic moment. Sincéhe spins are aligned along the mag-
netic field direction (normally called the zaxis) in the experiment only thes; spin
is considered. We obtain:

o' 0
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In equation (137), the vector potential represening the external magnetic
field via eq.(137) was defined. In the formulation of equation137), an arbitrary
origin of the gauge was chosen. In theontext of gauge theory, this is a legitimate
process and should noinfluencethe observables of the system, such as electronic
energy, nuclearshielding constants,or g-tensors. However, it turns out that this
statement did not necessarily apply to appoximate wave functions!®3 To
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guarantee the independence from the gauge origin, the wave function,anore
concretdly, the basis functions need to be modified. To do this, firsd gauge trans-
formed vector potential is defined in the following way191

@ » @ » " h (160)
where "Q» is ascalar function. At this point it is necessary to notice that for any
scalar function, the curl of the gradient equals zero:

> ™ (161)

Due to this the so-called gauge transformation in equatior{160) does not affect
the induced magnetic field when the relation in equatior(134) is applied. The
gauge transformation leads to a gauggansformed wave function in the follow-
ing manner:

r > AgDPQe [ »8 (162)

The scalar function acts here as a complex phase facté scalar function could
have the following form:

oS gaa L et o8 (163)
With this type of gaugetransformation, the invariance of the energy and other

molecular properties is maintained.It can be stated that the following relation-
ship is obtained for exact wavefunctions:

@ &0 @ (<0 B (164)
Now the question arisesof how the picture looks like in the case ofipproximate
wave functions. Here the results depend on the choice of the gauge origi?t. It
can be seen that the gauge error depends on the distance between the wave func-
tion and the gauge origin.Many different approaches have been developed to
solve this problem in the past Among the firstis the so-called Individual Gauge
for Localized Orbitals (IGLO)}9 or LORG#%. Among the more recent methods are
those in which an explicit dependence of the basic functions on the magnetic field
is introduced, analogous to equatiorf162). These methods are known as London
Atomic Orbitals (LAO}97.198 or Gauge Invariant Atomic Orbitals(GIAQ.1%° The
magnetic field dependence is again realized by introducing a complex phase fac-
tor. It follows:

~

Q » =i Agp®ir .. » =| h (165)
where @ is defined as:

& gip 4 4 8 (166)
® is the gaugeindependent atomic orbital. However, the term gaugéndepend-
ent is kind of misleading since an explicit dependence on the gauggagin is in-
troduced into the atomic orbitals. For the GIAGnethod, it can be shown that in-

tegrals over the GIAQ are independent of the gauge origin. For the overlap and
potential energy, this can be easily shownand t follows for the overlap integral:
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W a.shogopP & irs.8 (167)
And for the potential energy, the following expression isobtained:
L AR AYA) a.sAhRogod & tr»os..08 (168)
The term in the exponential functionis not dependent on the gauge origin since:
® & gaa 1 4 8 (169)
In the case of kinetic energy, the solution is a bihore tricky. The expression for
the kinetic energy is198z200

Y6 W O (170)
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To get agaugeindependent expression of the integral, at firstthe derivatives of
@ need to be calculatediia:

RN R & Q ®» AQEP irs.08 (171)

After multiple applies of the product rule of derivation andthe use of the 2d bi-
nominal formula, the following relation is obtained:200

Q ®rd AgP@ir Q &» @ .8 (172)
Reinserting into equation170) leads to:
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In this way, the integral of the kinetic energy is also gaugadependent. A prag-
matic ansatz to handle the gaugerigin dependence of electroniay-tensor calcu-
lations was introduced by Glasbrenne®4, where the gaugeorigin is chosen to be
the spin density center. This approach is especially reliable for molecules with
one spin center.

2.4 Overview of compu tational spectroscopy in solution

While in the previous chapters, a detailed derivation was given, hgwn the one
hand, the solvent can be described withincomputational methods and on the
other hand, how spectroscopic observables can be calculateth this chapter, an
overview of practical applications will be given.One of the first questions that
must be asked in the QGupported computation of spectroscopic observables is
the choice of an appropriate level of theoryHere always the question ariseshow
much costs inthe form of computing power and time can be spenUsually, for
inexpensive but still efficient calculations, different DFT methods are used,
whereas, for more accurate results, MM, double hybrid functional201, or even
coupled-cluster methods areutilized 191 A further question addresseghe prob-
lem of accurate solvent representation if either explicit or implicit models should
be used. A third question deals with the number of conformers used for the cal-
culation and corresponding creation of these.
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In the case of vibrational frequenciesnormally, all levels of theories cause
specific intrinsic errors in the calculation results?02 The reasons are that all cal-
culations are approximate and, on the other hand, that the vibrational frequen-
cies are calculated based on a harmonic potential, which is not fully correct. In
reality, bond stretches are better described by the soalled Morse potentials, in-
cluding the anharmonicity nature of the stretching. Normally, the calculated
wavenumbers are too high; therefore, specific scaling factors were determined
and can be accessed dhe computational chemistry comparison and benchmark
database weak to match the calculated results with experimental data. Here, a
relatively strong dependence on the level of theory is observed, whereas the basis
set influence is small?292 Regarding the absolute accuraciesides scalingactors,
CCSBS and CCSD(PP4 methods show the best performances. However, these
results are almost limited to small molecules. In recent years dle-hybrid
methods have become a great alternative to calculated vibrational frequencies
with nearly coupled-cluster quality.205

Regarding calculating NMR chemical shielding constants, formalisms for
Hartree-Fock206, DFT01.2072209 MP2102212  gnd coupled cluster method&3z215
were developed. Especially for the correlated wave function methods, Gauss de-
rived the corresponding procedures in the 19908102215 A good balance between
computational costs and the accuracyfahe results was shown for MP2, which
will be employed throughout this thesis for NMR chemical shielding calculations.
216 A popular alternative is the DFT method, where the problem arises that, most
commonly, DFT variants are not depeneht on the external magnetic field, and
thus the produced exchange and correlation energies are unphysically constant
in the presence of the external fiel@1” In the past explicit field dependence was
introduced?297; however, the more commonly used alternative is the scalled cur-
rent-density functional (CDFT¥98.218 Although CDFT shows to have a significant
impact on the chemical shielding?9.219 the obtained shielling constants are not
automatically greatly better than those calculated with standard DFT methods9
Therefore, for reasons of practicality, the "normal” DFT methods are mostly used,
whereby the results' quality is strongly dependat on the functional.216.221 Good
results are obtained e.g, with the OLYP and OPBE functionals foletermining 13C
and 15N nuclear shielding costants222 The metaGGA MO6L also showed very
good results in the past223 Going from sacalled pure functionals to hybrid func-
tionals does not necessarily improve the results, especially fé?N shielding con-
stants22! This is probably due to the inheritance of the bad performance of the
HF method in describing thel>N shielding constants?l” Recently, Stoyche\et al.
made predictions of nuclear shieldng tensors by applying the doublehybrid DFT

methods??4, representing the 5th rung of the seA AT I AA * AAT A6 O 1 AAAAO

proaches??> Here, DSBPBEP86 showed the smallest deviation from the bench-
mark dataset with 1.9%, which performs significantly better than MP2 (4.%)
and the metaGGA MO6L (5.4%7¥17 For further improvement of the calculations
with DFT methods, Jensen developed an optimized polarization consistent basis
set, the pc&h basis se&26.227 This one and derivative$28 are nowadays widely
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used in benchmarking the performance of computing nuclear shieldirg’

Pople and Beveridge did one of the first attempts to describePR isotropic
hyperfine coupling constants with semiempirical methods using an approxi-
mated seltconsistent molecularorbital theory. This approach was termed inter-
mediate neglect of differential overlap (INDO)29.230 These results were quite
promising; however, when in the late 1970s, the computational power became
available to make calculations with the unrestricted HF (UHF) formalisms, the
results were sobering?31.232 |n the ongoing years, it became clear that foht ac-
curate representation of HFCCs, higlevel ab initio methods (like multireference
configuration interaction) with large basis sets are necessar?3 Thus, the evalu-
ation of HFCCs was limited to small molecules. Until the 1990s, the calculations
of g-tensors were sparse and were based oab initio methods with small basis
sets and semiempirical methods 234 With the rapid development of DFT methods
in the early 1990s, accurate coupling constants ang-tensors calculations be-
came possiblel252128.235%239 Regarding the calculation of HFCCs, coupled cluster
approaches have been found to be always superior compared to DFT methéts.
In recent years, the development of DLPN@CSBE?R? (see chapter4.2) and double
hybrid methods?27.241 |ed to more time-saving calculations of HFCCs, while still
maintaining a good level of accuracy compared to CCSD methods.

Continuum models have a long history in calculating spectroscopic ob-
servables in solution138 In 1998, Camm#42.243 developed the first formulation for
calculating NMR spectroscopic parameters in solution using the PCM formalism.
In parallel, this group developed the implementation of analycal second deriva-
tives within HF and DFT calculations andalculatedthe solvatochromic IR shifts
of some compound£44 Comhning PCM solvation and the computation of EPR
HFCC parameters was done by Barone and coworker8:247 While the different
PCM variants are implemented in many QC codes and analytic second derivatives
are available, the continuum description of the solvent ca@s intrinsic errors due
to ignoring directional interactions, higher-order multipoles, and dynamic sol-
vent contributions.248.249 An extended continuum method that includes the direc-
tional interactions is the direct COSMO model for real solvents (direct COSMO
RS$502252), |t was applied in calculating solvent shifts og-tensors and the results
were in good agreement with calculations that used a supermolecule approach
with explicit water molecules 251 Pressuredependent vibrational spectroscopy
was calculated in noraqueous solvents by applying the )PCM approach (see
2.1.1).21.22

Further alternative approaches based on statistical solvent models are the
RISMSCH55.167 or EGRISM4 methods, which combine the RISM solv@n theory
with a QC description of the solvent. (se€.1.4) The field of solvatochromism
based on the timedependent density functional theory (TDDFT) was one othe
main applications of the RISMSCF variantg74.253.254 For example, Nishiyama
studied the stokes shifts of coumarin 153 in 13 different organic solvents using
1D RISM SCF. The deviations stoke shifts magnitudes were 400'dess than the
experimentally observed oneg>3 An alternative approach to describe the stokes
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shifts more reliably was deweloped by Yokogawabs, in which explicitly spatial
electron density distribution was included in the RSM-SCF calculations, leading
to the RISMSCFSEDD approach. The experimentally observed data could be re-
produced by applying it to stokes shifts of acetone, indole, anddyanoindole 255
Further usage of the RISMBCFSEDD method was done byikhno256 and Suda&>’.
TD-DFT calculations combined with the 3D RISMCF formalism were realized by
Kaminiski2>8 and Yang>°. Recently, Reimann and Kaupp did computations on the
ground- and excited states properties of acetone in water and betaine 30 in vari-
ous solvents. The obtained results agree very well with experimental reference
data and with more costlyQM/MM-based MD simulations.’3

Kast and ceworkers26.27.29.248(including the author of this thesis) did the first
NMR a@lculations based on EQRISM calculations. FracH8 made the first steps in
calculating the chemical shifts of NMA at ambient pressure. It was shown that-EC
RISM leads to a considerable and systematic improvement over PCM calculations.
A possible explanation for this improvement could behe retaining of the solvent
granularity in comparison to PCM. In a further publication, the pressureepend-
ent shifts of NMArelative to the DSS NMR standard were calculatéél.lt was
shown that the effect of pressure ontie DSS's shielding constants is much smaller
than on the shielding constants of théH amide proton. Thus, it was concluded
that DSS is a very good NMR standard for pressudependent NMR measure-
ments.

Further pressure-dependent NMR studies were calculate for TMACY and
purine nucleotides28.29 A limitation of all these calculatons is that the structures
used are based on PCiptimized geometries at ambient conditions, and the ef-
fect of pressure on the geometries is not included. To tackle this issue, pressure
dependent geometry optimizations were applied in this thesis (detailsee2.1.4
and 4.3.3). 3D-RISM SCF with consistently optimized geometrsewas used to cal-
culate 17O chemical shifts oiN-Methylformamide in different solvents173 A sec-
ond spectroscopy method analyzed with EEGRISM is vibrational spectroscopy,
where the pressuredependent vibrational wavenumber shifts of TMAO were cal-
culated and compared to the experimental reference data. A detailed discussion
of this study can be found in chaters 3.1and 4.1.

Another limitation of all these EGRISM studies is that using only a limited
number of optimized geometries and explicit water molecules were neglected.
However, for some spectroscopic observables, it is essential to include a thermal
averaged ensemble of structures in the calculations. For example, the nitrogen
HFCC of nitroxides depends stragly on the outof-plane movement of the nitrox-
ide and the surrounding solvent molecule$8%:262 To generate a rahble statistical
ensemble, one can apply full AIMB3, QM/MM!20 methods, or force field based
molecular mechanicg!8. AIMD simulations were performed, for example, to cal-
culate the dynamical effect on the electronig-tensors of benzosemiquinonein
agueous solution under ambient conditiong1? In this thesis alsoan AIMD-based
conformational ensemble was used for calculating EPR spectroscopic observa-
bles, and it was shown that the quality of the results is improved compared to
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single optimized structures (see4.2.)

If force field based methods should be used to describe nitroxide in solutions,
reliable parameters must be developed. Most parameterizations were targeted to
specific small molecules and lacked generalityt’264266 Egpecially the accurate
description of the out-of-plane motion of the nitroxide group was neglected.
Stendardo developed a general nitroxle force field based on the AMBER99 force
field.118 In this work, new atom types were included, and the relevant parameters
were fitted on geometries, potential energy surfaces, and vibrational frequencies
at the DFT level for several nitroxides. This adapted force field is capable of
providing reliable geometries, energies, and EPR spectroscopic observablés.

A thermally averaged ensemble can also improve the quality of NMR param-
eter calculations, andAIMD simulations are very well suited for this purposeRe-
cently, a detailed review of the combination of AIMD and NMR parameter calcu-
lation was written by Mazurek267 One particular example of this combination
was performed by Exne#®8, where the small peptideNMA was investigated in an
agueous solution. Here, it was shown that with conformational sampling and by
taking explicit water molecules into account, a very good agreement between cal-
culated and experimental shifts is observed. Another QM/MM study by Fta
showed that by including up to about 3001200 atoms into the QM region, con-
vergence in calculating NMR shielding tensors is achievéef.

IR wavenumbers based on QC calculationgseanormally determined by ap-
plying the normal-mode analysis (NMA). Alternatively, for determining compu-
tational-based IR wavenumbers, one can also use an MD simulation or AIMD sim-
ulation, respectively270.271 The use of a proper sampling ofdctuations becomes
indispensable when finite temperature effects, as the broadening of band or shift-
ing occur due to the fluctuations2’0 AIMD simulations can be used to calculate the
linear absorption crosssections since it relates to the Fourier transform of the
dipole autocorrelation function.270z273 A further advantage of utilizing an AIMD
simulation to determine IR spectra is that extreme conditions can also be consid-
ered. For example, AIMD was also used to calculate the pressulependent IR
spectrum of TMAO at bar and 10kbar in an aqueous solutiorf4
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3 Methodol ogy

3.1 Calculation of IR frequencies with EC -RISM

In 2016, P.Kibiesand SM.Kag made the first attempts © perform IR calculations
with EG-RISM®4176 The system under investigation was the small osmolyte
TMAQ, focusingon the pressure-dependent changes of the IR frequencieA.blue
shift of the main observed frequencies with increasing pressure was observed in
the experiment® By performing a pressure-dependent AIMD simulation, this
trend could also be confirmed by theoretical methodg¢see chapter 2.4) At this
point, it should beelucidatedif EGRISMcan al® reproduce this trend. However,
a big disadvantage of the ERISM formalism is the lack of analytical expressions
for the second derivatives of theexcess chemicapotential with respect to the
displacementcoordinates. Therefore,a numericalalternative must be introduced
at this point (For a detailed description, see the next twosubchapters). The cal-
culated frequencies with EERISM could correctly reflect the real pressurele-
pendent trend but led to a massive werestimation of the pressure dependence.
There are two possible causes for this:

i.  The ECRISM calculations were made witla legacy protocol, usin@sim!8
and point charges to calculate the electrostatic interactions instead of the
exact electrostatic potential

ii. Itis plausible to assume that therocess of vibration is much faster, com-
pared to the relaxation of thesurrounding water, due to the vibration

IR frequencieswith different solvent susceptibilities and electrostatic variants
were calculated todetermine the origin of these possible problemsOn the other
hand, a new approach is presented in which nsolvent relaxation due to vibra-
tion is considered.The test systems used here are, on the one hand, the previously
investigated pressuredependent modes of TMAQby P. Kibies and published in
ref%4) and, on the other hand, the cyanidanion sincethere is only a single vibra-
tional mode.

3.1.1 Equilibrium case

To calculate IR frequencies numerically with E®ISMin an equilibrium scenario,
the following workflow , developed byP.Kibies andS. MKast is used:

1. QC Optimization of the molecule ahterest with PCM solvation
2. Normal modesdetermination of the optimized structure
3. Displacethe atoms along thenormal vectors starting from the equilibrium

structures and select two structures in every direction

4. EGRISM calculationdor all displaced structuresat different pressures
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Parabolic fit or numericalfive-point stencil to obtain the second derivativeof the
energy w.r.t. displacement coordinates

In practice, the Cartesian force constantg are first extracted from a
Gaussian 16 revB01 calculatiorSince massweighted quantities are required for
the calculation of force constants and normal modes, thandividual atomic
masses, which are also used in the Gaussian calculations, are extraaad col-
lected in a diagonal massnatrix via:

o mE m (174)
1 T a I§ T
€ E E &
n E 1 &
Then the massweighted Hessianis constructed via:
3 a7 5 7 (175)

Subsequently the corresponding eigenvalues and eigenvectors are calculated
The eigenvector can be associated with the masgeighted cartesian displace-
ment coordinates forthe individual normal modes. To obtain the displacements
of every atom, the eigenvectors are multiplied with the inverse of the square root
of the diagonal mass matrix.This procedure leads to cartesian unit displacement
vectors, which are then scaled by the amplitudes-Amax.-A, A, Aax. These scaled
vectors are thenadded to the original equilibrium PCMoptimized geometry.
With the four displaced vectors and the equilibrium structureit is now possible
to calculate the second derivatives, either numerically with &ve-point stencil:
TQ'QT I

Ve QA p{@Oe QAo ciOe p{iOe QA Oe ¢cQa

_ P

where ‘Q"Q); jis the force constant associated with normal mode, d is the step
size of the displacementa is the displacement vector of normal mode which is
added to the equilibrium geometry The alternative would be to perform aquad-
ratic fit with the five structures and obtain the force constant as the second de-
rivative of the received parabolic equation. The frequency is finally obtained via:

(176)

0 (177)
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CH
where ‘ is the reduced mass according to the Gausskif conventions (see J.W.
Ochterskil8s)

3.1.2 Non-equilibrium case

The non-equilibrium approach aims to develop a formalismwhere the solvent
structure cannot adapt to the displacements due to vibrationln a regular EG
RISM calculationan iterative cycle is performed where the solvent and the solute
can polarize each other, i.ethe solvent adapts to the perturbation of the solute.
To avoid this effect the following workflow was developed by S. M. Kast
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developed:
1. The first three stepsof the equilibrium approach are reused.

2. Full equilibrium EC-RISM calculation with thePCMoptimized equilibrium
structure.

3. Extracting the solvent structure around the equilibrium structure and
subsequently usng this solvent structure asa perturbation for single-
point calculations of the displaced structures

4. To extract the intramolecular energy of thedisplaced structures under the
influence of solvent an evaluation of the purely intramolecular Hamilto-
nian on the solvated wavdunction is needed

5. Theexcess chemicapotential is calculated vialD RISM

a. The partial charges of theequilibrium structure under the pertur-
bation of the solvent are needegdogether with LJ-Parameters that
were used in the3D RISMcalculation.

b. A full uv-1D RISMcalculation for the equilibrium structure is per-
formed, and theexcess chemicapotential is calculated

c. For the displaced structuresonly the relative change of theexcess
chemicalpotential is calculated

6. Excess chemicapotential and intramolecular erergy are added,and the
frequencies can be calculated with therocedures mentioned above

Regarding step 2ge.g, for the QC program Gaussian the solvent structure can be
stored in a checkpoint file and then efficiently read in for the singlg@oint calcu-
lations of the displaced structuresThe intramolecular energy can be calculated
according tothe following:

Qi1 0o a Qa G’ oily (178)
This is identical to the calculation ofintramolecular Esol energy in equation(64).
Unfortunately, identical 3D RISMcannot be usedo calculate theexcess chemical
potential at this point since even the tiniest disphcementscause singularitiesin
the solute-solvent interactions, which appear in a product withthe frozen g(r)
under the integral if an approximation of the closure is applied®® Instead, we
must evaluate theexcess chemicapotential using alD RISMuv calculation. The
1D RISM uv calculation for the equilibrium structure is the basis againand for
the other structures, only the relative changes are calculated. It is assumed that
the direct correlation function provides identical values for smalldisplacements
of the geometry. Therefore, the change of thexcess chemicapotential is deter-
mined by the geometry alone, which is encoded by th& function.154 The equa-
tion (50) can then be used to calculate this relative change @xcess chemicabo-
tential. In the end, the intramolecular energies and theexcess chemicagbotentials
are added and the known methods fao calculating the frequencies can be used
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again.The method is referred to as M1 in the context of this chaptefdditionally,
a second method is introduced, which is na real nonequilibrium approach, but
where instead, the calculations of theexcess clemical potential are performed
via 1D RISM where the point charges are taken from the optimizesdtructure EG
RISM calculations. This method will be termed M2.

3.1.3 Computational details

For TMAQ geometry optimizations were performed with B3LYP/6-311+G(d,p)
and MP2/6-311+G(dp) in PCM solventThese optimized structures were used s
basis structures.Additionally, frequency calculations were performed on these
structures to obtain normal modes, reduced masseand IR intensities. The nor-
malized Cartesian displacement vectors along the normal modes were calculated
using aMathematicascript originally developed by P Kibies and SKast Four dis-
placed structures were generated with displacement steps of 0.02 A relative to
the basis structure. For the equilibrium approach, EERISM calculations with
MP2/6-311+G(d,p)/PSE3 or B3LYE -311+G(d,p)/PSE3 on the corresponding
optimized structures, respectively.For the ECRISM calculationsa cubic box of
2403 grid pointswith a spacing of 01 A between two grid points wasutilized. For
3D RISMthe convergence criteria were set to 18 w.r.t to the change in direct
correlation function in successive steps. The ERISM cycleconverged whenthe
energy difference between two successive steps waelow 104 kcal/mol. Every
iteration was performed with this level of theory for the B3LYP/6311+G(d,p)
calculations. In the case of MP2/6311+G(d,p), the iteration used HF/6
311+G(d,p) and only in the final calculation MP2/6-311+G(d,p) were utilized.
Two approaches regarding theelectrostatics calculationwere tested; in the first
one, the atom-centered partial chargeswhich were determined using theChelpG
algorithm, were utilized to calculate the electrostatic interations. The full correct
QCelectrostatic potential was used in the second oneThe number of point
charges representing the solvent in the QC calculations was reduced dymbin-
ing distant point charges using a Voronoi algorithnd’> For TMAQ the optimized
TMAO force field version 3see Table 36) taken from Ret#8.276 were utilized. In
the case of cyanidethe optimized parameters from Lee e#tl. 277 were used.The
LJparameters can be found ir6.9.

Additionally, for the calculation of solvertmediated contribution to the free
energy under norequilibrium conditions, 1D RISM calculations were performed.
Here, the atomcentered point charges from the convergecequilibrium EGRISM
calculations on thePCMoptimized structure. For both 1D RISM and 3D RISthe
temperature was set to 298.1%K, and the solvent susceptillit ies were taken from
Ref8. The partial charges for the 1D RISM calculains can be found in SI_4.(SI
is accessible in the electronic appendix)The HNC closure was used, and a con-
vergence criterium of 10-8 difference in the direct correlation function between
two successive steps. A logarithmic grid &12 points ranging from 0.00598 A to
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a maximumdistanceof 164.02 A was used.

3.2 EPRparameters of the pH-dependent nitroxide probe HMI

In this thesis, the EPR parameters difitroxide (3R,4S)2,2,3,4,5,5hexame-
thylimidazolidin -1-oxyl (HMI) in solution were analyzed by different theoretical
methods. From the abovedescribed dependency of the EPR parameters on the
geometry of the nitroxide, it is necessary to model an accurate conformatial
ensemble previous to the parameter calculations. Therefore, AIMD simulations in
water were performed by B. Sharma (more details below) to generate a sufficient
ensemble of structures. This simulation generated snapshots and was subse-
quently used for the EPR parameter calculations. These calculations were per-
formed with three different solvation models ECRISM, CPCM, and a QM/MM ap-
proach (done by V. A. Trak¥2). This project was part of the RESOLV collaboration.
One of the subjects of this project is to analyze local solvent afte, where HMI is
a very good sample to study. The HFCC parameter of HMI changes significantly
when the molecule is protonated (The protonated version of HMI will be called
HHMI throughout this thesis). Thus, the EPR parameters of HHMI were also ana-
lyzed. For the analysis of the results, some aspects of EPR parameters will be
shown in the following.

As mentioned in chapterO, nitroxide spin probes areone tool of choice to
characterize the specific propertiesof the microenvironment around an organic
material in which the nitroxide probe is incorporated. On the one hand, the char-
acteristic parameters arethe g-values, which arerelated to the chemical shielding
due to the surroundings around the spin, and on the other handthe hyperfine
interactions reflect the interactions between electronand nuclear spirs. In chap-
ter 2.3.2 the concept of the effective spin Hamiltonian was introduceallowing
a full description of a measured EPRr NMR spectrum In the case of nitroxide
spin probes, the spin Hamiltonian generally has the following form:

0 ¢ P BHD DO (179)
The last term describes the nuclear quadrupole interactions, which can be ne-
glected inmolecules synthesized with'SN isotopes.The parametersQand 6 can
be obtained by fitting the experimental spectrum to thespin Hamiltonian.

In EPR spectroscopy, different frequencies are usually taken for the constant
irradiated frequency field, socalled bands, depending on which spectroscopic pa-
rameter is the object of interest For example, if there is only interest ithe iso-
tropic hyperfine coupling constant,a so-called X-band (8.0z12.0 GHz)is enough
to resolve the hyperfine coupling in solution at ambient conditionslf, instead, a
resolution of the g-anisotropy is to be determined in frozen environments, a
much higher band must be chosere.g, the Q-band (35 GHz)or W-band (95 GHz)

EPR spectroscopy is particularly well suited to resolve theicroenvironment
since the spectroscopic parameters depend very rsingly on the polarity of the
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surrounding environment. In the case of nitroxide spin probes, this behavior can
be described very well using an approximate LCAO approadb.g, the principal
components of theg-tensor can be described a&%

M Q¢ " wOrfoOo. 0O, (180)
M Q¢ " wfO. O (181)

and
Q Q ¢dingo (182)

Here gx, Qyy,and gzz are the principal components of the g-tensor,"Q is the g-factor
of the free electron,_ is the spin-orbit-coupling constant of the electrons on the
oxygen” is the spin density in the* * orbital and & , & are the coefficients of
the 2py and 2px orbitals in the lone-pair orbital on the oxygen.From this simple
model, it can be stated thathe "Q not deviates from the freeelectron value and
the other two values increase compared to théree-electron value. This model
can al® predict the influence of hydrogen bondson the gx component. Due to
hydrogen bonding the @ decreases which arises from the delocalization of the
lone-pair electron into the HO orbitalsand a decrease of is observed.

To describe theinflu enceof different structural and environmental effects
on theisotropic hyperfine coupling congant (the termsHFCC o6  will be used
to abbreviate this expression within this work) of the nitrogen from eq (159), it
is known that it depends strongly on the spin densityat the nucleusN, which can
be described via:

” Of % 18 71 71 D% I N (183)

h
where 0 ;, is the difference between the density matrices foanA1T AAOOT 1

and! spins, the sacalled spin density. From theoretical papers published in the
1950 two major contributions to ” were derived128.27&280 The first one is the
so-called direct contribution from the nucleuss spin density. This effect is due to
the nominally unpaired orbital (also called the singly occupied molecuar orbital
(SOMOQ)), which is delocalized. The second contribution is the spin polaaiion
or indirect contribution, which originates in the interactions of the, electrons
with the unpaired spin electron264 In absolute terms the latter contribution is
smaller than the direct one. Howeverthe second term becomes important when
the nucleus lies in the praximity or exactly ina nodal plane of the SOMO, leading
to a vanishing of the direct termlIn the case of itroxides, the SOMO is basically
the antibonding “ * orbital. Thelarger the contribution of the nitrogen atomic or-
bital to the antibonding “ * orbital, the larger the spin density ison the nitrogen
and vice versaHowever, the SOMO is algafluenced bythe surrounding orbitals
and egecially on the doubly occupied’ bonding orbital. To address this problem,
it is useful to consider the nitroxideresonancestructures, that are depicted in
Figure 4.
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Figure 4: Resonance structures ofhe N-O nitroxide moiety in HMI.

In the left resonance structure the unpaired electron is located on the @tom,
andthe N-atom possesses a lone pairwhich corresponds to the' bonding orbital.
In this situation, a pyramidal structure is preferred, for examplein NHs. In this
case, he SOMO isonstituted by the atom& singly occupied p orbitalIn the right
resonance structure the N atom has a single ettron in the p-like orbital: in this
constellation, the planar geometry is favored since it minimizes the repulsion be-
tween thethree , bondson the nitrogen. Due to thelocation of the free electron
on the nitrogen, a higher HFCC is obtained for this structure. However, if small
deviations from the planar geometry occur due to thermal fluctuationghe s or-
bital contributes to the SOMQand the spin density even increases on the N atgm
and therefore the HFCC increase€48 261

To describe the influence of the solvent on thelFCCpne canalso referto
Figure 4, where the right zwitterionic structure will be stabilized in a polar envi-
ronment. In many experiments it was shown thatthe HFCC increases by increas-
ing the dielectric constant26l

3.2.1 Ab-initio molecular dynamic s simulation

B. Sharmaperformed and evaluated allAIMD simulations for HMI and HHM|.132
The workflow is taken fromref132, The simulations were performed with one so-
lute in a cubic periodic box of 128 water moleculesand e starting configura-
tions were taken from a classicaimolecular dynamics simulation.

The AIMD simulations were calculated with the CP2Kprogram. KohnSham
orbitals were represented by the atom-centered TZV2P basis set using
Goedecler-Teter-Hutter pseudopotentials. Kohn-Sham orbitals and the corre-
sponding total electron densitywere represented by a plane wave basis with a
kinetic energy cutoff of 500 Ry To speed up thecomputation of the Fockex-
change termswithin the revPBEO-D3 hybrid functional, the auxiliary density ma-
trix method (ADMM) with the cpFIT3 auxiliary basis was used.

The spinpolarized Kohn-Sham equations were solved in the simulations of
the openshell solute in solution The NVT ensemble was simulated using the
NoseHoover chainthermostat, resulting in every Cartesian coordinate gettingts
thermostat. A time step of 0.5 fswas used to solve the integrated equations of
motion. The total kength of the AIMD trajectory was 206 ps, where the first 6 ps
were usedto equilibrate. Two different configuration subsets were generated
with an increment of 200fs and 500 fs respectively. The former subset was used
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for DFT calculations, whereas the k#er was utilized for the DLPNGCCSD calcu-
lations. Therefore a total of 1000 configurations were usedfor the DFT calcula-
tions and 400 configurations for the DLPN@CCSD calculations.

The same procedure was performed for the protonated version of HMI, ¢adi
HHMI. For a more detailed desipti on, see Ref32

3.2.2 Computational details

The two different configuration subsets(1000 and 400 snapshots)were used for
either DFT or DLPN@GCCSD calculations to calculate the isotropic hyperfine cou-
plings.In the case of DFT, the hybrid functional revPBED3 wasused. For all cal-
culations, the basis set defZTZVPP with decontracted gunctions was applied.A
previous study showedthat this basis set is well suited to reproduce hyperfine
coupling constant with a good balance between computational cost and accu-
racy.132 The first subset containing the 1000 solvensolute configurations was
further divided into a set in which all water molecules were removed and only
the solvent-relaxed structure of HMI was retained. This subset will be called ver-
tically desolvated (VD) inthe remaining chapter.All water molecules that could
not be assigned to the first two solvation shells around the 40 motif were re-
moved in the second subseV. A. Tran developed the corresponding scriptOnly
the vertically desolvated structures were considered for the subset used for the
DLPNQOCCSDcalculations. This subset contains 400 structures that were ex-
tracted every 500 fs. For the protonated HHMI| the exact sameprocesswas per-
formed.

The ECRISM calculations were don@n a cubic grid with120 points in each
dimension with a distance of 0.5A between twogrid points. The SPC/E HN@a-
ter solvent susceptibility was used for 1 bar (see chapte3.1). The GAFF version
1.4 was usedhsthe source forthe LJ parameteraised inthe 3D RISMcalculations
(see Table 37). When the maximum residual norm of the direct correlationbe-
tween two successive iteations is smaller than 106 convergence of the3D RISM
calculations was assumedTlhe convergence criterum for the whole EGRISM cy-
cle was 0.01 kcal mot for the maximum free energy difference between two con-
secutive ECRISM cyclesAll EPRparameter calalations were performed with
ORCA 4.2.21 For the DFT calculations in all iterationsthe corresponding level
of theory was utilized to extract the exact electrostatic potential fronQGcalcu-
lated electron density. The atomcentered point charges were calculated using
the CHelpG algorithrutilizin g BrenemanWiberg radii with a 0.3 A grid spacing
and a maximum distance of all atoms to any grid point of 2.8 A constraint of the
dipole moment to reproduce the QGderived dipole moment was not enforced.
The compression of distant point charges int@ cluster of point charges was ap-
plied during the calculations275

CGeometry optimizations were made of400 vertically desolvated structures
generated from the first80 ps of the AIMDusing B3LYP6-311+G(d,p)and the
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CPCM solvation model for waterA dustering was then applied to the optimized
structures, whereasthe principle of the clugering algorithm is to calculate the
RMSD between the optimized structures and assign structures that have an RMSD
less than 0.1A to one cluster. The structure with the smallest energy was used as
a reference for the corresponding cluster.

Additionally, geometry optimizations were performed with B3LYP, B3LYP
D3, revPBEQand revPBEGD3 using the def2-TZVPP with decontracted func-
tions basis setwith the CPCM solvation modefor water and methanolusingORCA
Version 4.2.1281.282 For thesestructures, HFCC singlegpoint calculationswere per-
formed using ECRISM and CPCM. For teethanol EGRISM calculationsthe sol-
vent susceptibility for ambient pressure developed inref26, and the author's
bachelor thesiswas applied Here, the solvent susceptibilitiesare based on1D
RSIM HNC calculationd'he free energy of these optimized structures was calcu-
lated with the corresponding DFT level of theoryand without an explicit PMV
correction of the excess chemical potentiaAdditionally, MP2/6-311+G(d,p) cal-
culations were performed for theB3LYP and revPBEI3 optimized structures.
Here, for the water calculationsthe PMVcorrection developed by N. Tidter was
applied.2> For the methanol calculationa PMV corection based onthe PC+ cor-
rection scheme was used, whereby the correction parameter igpc+=-0.09696
kcal mott A3

Regarding theg-tensor calculations the def2/j auxiliary basis setwas com-
bined with revPBEO-D3/def2 -TZVPP with decontracted-functions. Totackle the
gauge originproblem, the GIAO approach was utilizedl'o simulate the W-band
spectra, the g- and Atensors were extracted and used sinputs for Easyspin
Within Easyspir#83, the peppermodule was utilizedfor spectra simulationwith a
linewidth of 0.45 mT. For every snapshot, a separate spectrum wasmulated,
and afterward, the 1000 (or 400) spectra were added up and averaged. In this
manner, a spectrum based on a sum of spectra is obtainedilhe W-band spectra
were simulated at a freqency of 93.993 GHz
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3.3 The pressure -dependence of the protein backbone model
NMA, AcGly-NHMe and Ac-Ala-NHMe

In the introduction, the problem was explained that pressuredependent MD sim-
ulations were performed only with force fields parameterized for ambient pres-
sure only. The three typical model systems, NMA, AGly-NHMe, and A€Ala-
NHMe, were used to investigate how strong pressure affects the peptide back-
bone. Therefore reliable reference data is needed to evaluate how strong the ef-
fect of pressure ison the free energy hyperplane of the three typical peptide back-
bone models.Pressuredependent ECRISMcalculationsare a wellsuited tool to
address this problem.

In experiments, it is observed that proteins change their structure due to
pressurization. The main driver for this is that a folded protein has a larger vol-
ume than an unfolded one. In terms of thermodynamic relationghis effect can

be described viaz84

3’0n 30 f 30 N N %" n N E (184)
where 3"0is the free energy change between thenfolded and folded state, O
is the correspondingfree energy difference at ambient condions, p is the pres-
sure and3w and 3l are the changes in volume and compressibility, respectively
30O isnormally small and positive; thus, the folded state is slightly prefeed un-
der ambient conditions.However, the second term in(184) is negative , whereby
for a typical globular protein, the volume difference is in the rangeof -20 to
100 cm3 mol-1. This volume difference results in a4 to -20 kJ moi! free energy
difference at 2 kbar?84 Due to this relatively small free energy differencepnly
small free energychanges on tle peptides' level ae expectedFor ECRISM cal-
culations,two possible ways exist to calculate the pressurdependent change in
Gbbs energy. The first is to use he pressuredependent partial molar volume
correction, introduced in equation (76). A second approach is closely related to
equation (184). The idea is tointegrate the pressuredependent change of the
partial molar volume of the corresponding molecule over the pressure range,
leading tothe following relation:

"o O w n A8 (185)

Ideally, the calculated free energies with both methodshould deliver similar re-
sults.

Another quantity to validate the quality of ECRISMis the determination of
pressure-dependent chemical shiftsin the experiments® a non-linear trend was
observed that ismostly described via:

TH 6 a4 n 6 a4 N 18 (186)
In the latter equation,ais the linear coefficient, b is the nonlinear (secondorder)
coefficient,and cis thechemical shift at 1 barWith EGRISM pressure-dependent
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chemicalshifts were calculatedin the past. Although the pressure trend could be
reproduced correctly, some errors relative to the experiment remain.These er-
rors could be attributed to small geometry changeshe influence of hydrogen
bonds,the level oftheory, errors in calculatingthe reference standardor signifi-
cant population changesThe first two issues shall be addressed by utilizing pres-
sure-dependent ECRISM geometry optimizations that were unavailable in the
past.In equation 10 of rg?7, the pressure-dependent changeof the ideal part of
the chemical potential of the solute going fromm to pis calculatedvia:

¢« E Ay
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Whereby‘ E4s the ideal part of the chemical potentigland Il is the solvent com-
pressibility, which can be derived from experimental reference datalhis equa-
tion is derived from the Kirkwood-Buff theory and follows from setting the so-
lute-solvent Kirkwood-Buff integral to zero.Where on the one handthis term
was essential tareproduce the experimental shift inthe ion product of water 27.176
the term is not relevant for the description of the relative free energy changes
between different conformers since this term igshe same for all conformers

3.3.1 Generation of conformers

In the beginning, reliable conformers for the three test systemiNMA, AeGly-
NHMe, and AeAla-NHMe, are required. To sample the conformational spacePCM
calculations at ambient conditions are usedRegarding NMA, two conformers,
representing the cisand trans conformation, respectively, were optimized at the
B3LYP/6-311+G(d,p)/PCM level of theory utilizingGaussianO9Rev E.0%74 For
Ac-Gly-NHMe and AeAla-NHMe an exhaustive dihedral scan around the back-
bone torsionse and[ were performed, leading to 400 structures for each mole-
cule. The scansvere performed at B3LYP/6311+G(d,p)/PCM level and followed
by a free relaxation optimization for every structureusing Gaussianl16 Rev B.&%.
After the optimization, a clustering was applied, where all structures within a car-
tesian RMSD of 0.01 A were consideret singleminimum. This procedure kads
to eight conformers for AcGly-NHMe andsevenconformers for AcAla-NHMe.A
hard restraint was implemented to guarantee identical dihedral values for the
force field structures and the quantum mechanical optimized onesvith a dihe-
dral barrier of 1000 kcal mot?. For the implementation of the restraint, the exist-
ing parameters for the backbone angles were deleted with thearmed (Amber-
Tools 202286) program, and then a new parameter set was introduced for each
of the two dihedral angles. For this parameter set, #orsion angle amplitude of
1000 kcalmol-* was chosen. For the phase angleyalue was chosen that is 180°
larger than the angle to be scanned. This higlersion angle amplitude ensured
that the molecule retained thetorsion angle during optimization. Within the scan,
all other internal degrees of freedom were freely variableThe amber ff14SB?,
amber ff19SB87, and the CHARMM6/mm 39 force field were applied for Ac-Gly-
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NHMe with a Poisson Boltzmar88289 implicit solvation model. The
CHARMM6/mm force field implementation for Amber simulations was realized
with the chamberoption of parmed The simulationswere done usingsander2s6
For AcAla-NHMe, ff14SB and ff19SB dihedral scangith analytical linearized
PoissonBoltzmann (ALPB) solvations were performed. The partial charges and
Lennard Jones parameters of the atoms can be found in chap€i0

3.3.2 Pressure-dependent EC-RISM calculations on B3LYP/6 -
311+G(d,p) /PCM optimized structures

The ECRISM calculations were strictlybased on the already successfully applied
approach to predicting different thermodynamic2>180 and spectroscopic quanti-
ties under high-pressure conditions?” The ECRISM calculations were performed
at the MP2/6-311+G(d,p)/PSE2 level with Gaussian09 Rev E.@%. The Hartree-
Fock method was usedluring the iterations, and after convergence of the EC
RISM iteration cycle a final MP2 calculation was carried outln all iterations, in-
cluding the final one, the HFelectron density was used to compute the exact elec-
trostatic potentials. Calculations & NMA were performed on a cubic grid, with
140 points per principal axis and a grid spacing of 0.3 A. Agly-NHMe and Ae
Ala-NHMe utilized a cubic grid with 120 x 120 x 120 points with 0.3 A between
two grid points. The DRISM/HN@8.290.291 gpproachwas usedfor calculating sol-
vent susceptibilities with densities, and dielectric constantswere calculated with
an EOStaken from Floriano?2. ff14SBbased Lennard-Jones parameters(see
chapter 6.9) were used for all moleculesConvergence criteria were set to 10for
3D RISM calculations and 0.01 kcal mbfor the maximum energy difference be-
tween two consecutive EERISM cyclesAtom-centered pointcharges were deter-
mined with the ChelpG*s algorithm using default radiito reproduce the quantum
mechanically obtained dipole moment The quantum-chemical calculation$ex-
pense was reduced byondensing faraway solvent point charges into a single
point charge?7> To estimate NMR parameteraMP2/6-311+G(d,p)/EGRISM6.248
calculations were applied to all molecules and conformationsising the GIAO
method. Additionally, DLPNOCCSD/def2TZVPRPSE-3 calculations usingOrca
4.2.1281 were utilized. Thermal corrections were calculated with B3LYP/6
311+G(d,p)/PCM and were aded to thefree energies obtained from the EQRISM
calculations.
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3.3.3 Pressure -dependent geometry optimizations based on EC
RISM

For the novel geometry optimizations based on the EERISM formalism,ORCA
5.0.282 was used in which the ECRISM formalism was integrated The method
B3LYP/gwas utilized since this version of B3LYP uses the same parameters also
included in GaussianAsabasis sefthe 6-311+G(d,p)was used to guarantee com-
parability with the previously made optimizations. A grid of 120 points with a
distance of 0.3 A betweetthe grid points was used In contrast to the old EGRISM
versions, the3D RISMcalculations are performed durirg the SCFRalculations,
and no complete SCF calculatiois performed on one solvent polarization Con-
vergence was achieveavhen the energy change was below-5Eh, the maximum
gradient must belower than 34 Eh/bohr, and theRMS gradientmust be below 1-
4 Eh/bohr. The maximal displacement and RMS displacement were set t§ Bohr
and 23 bohr, respectively.This approach allows the utilization of pressurede-
pendent geometry optimizations.Regarding the pressuredependent optimiza-
tions, a stepby-step procedure was utilized, wherdy in the first step, the previ-
ously calculated PCM optima were used as the starting point for BISM geom-
etry optimizations at ambient conditions. The MP2/6-311+G(d,p)/EGRISM cal-
culations with Gaussian09 Rev E.@% with the GIAO method were also applied
to the pressuredependent ECRISM optimized structures
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4 Results

4.1 RISM-basedIR Calculations using equilibrium and non -equi-
librium solvation

In this chapter, a detailed analysis of how well E€RISM can represent pressure
dependent frequency shiftswill be performed. At first, different combinations of
?-functions and methods to calculate the electrosétic interactions between sol-
vent and solutewithin 3D RISMwill be tested on the different IR-calculation
(equilibrium and non-equilibrium) setups using the B3LYP/6-311+G(d,p) level
of theory. In the second part of this chapterthe MP2/6-311+G(d,p)/PSE3 setup
will be used to calculate thetheoretically most accurate pressuredependent IR
frequencies.On the one handthe diatomic anion cyanide, which shows only one
normal mode, is usedas a test system The other systemunder investigation is
the small osmolyte TMAO, which shows four significant HRand in the spectrum
(the corresponding modes are presented ifrigure 5).

4
CH;-def-high CH;-def-middle
- o
CH,-def-low N-O-stretch

Figure 5 The four analyzed and experimental observable TMAO IR modesn analogous picture
can be found inref94 and ref176)
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4.1.1 Benchmarking pressure -dependent RISM-based IR-calcu-
lation settings

In the 2016 published paper by Imoto et al.94 pressure-dependent IR calculations
computed with EGRISM were presented for the first time. However, the absolute
pressure-dependent ECRISM wavenumbers were not presented at that timén-
stead, the relative pressure-dependent chamge that could be evaluated using EC
RISM calculations was used to scale the wavenumliseralculated at ambient con-
ditions using B3LYP/6-:311+G(d,p)/PCM.This chapter will mainly show the ad-
vanceswhich have led to a consistent improvement of the ERISM formalism
and how they affect the calculation of IRrequencies

First of all, it must be mentioned that in older EGRISM calculations, a HF
calculation was automatically performed during the iterations of the EQRISM cy-
cle as soon as a DFT functional was e This is problematic because the final
B3LYP calculation is then performed under the influence of an electrostatic sol-
vent polarization, which was polarized with the HFelectron density. Especially in
the subsequent3D RISMcalculation, aninconsistency occurs sincethe B3LYP
electron density now polarizes the solvent distribution Therefore, one can no
longer assume a complete convergence of tlGRISMcycle. In the context of this
thesis, all DFT calculations used the respective theory level in thteration s (un-
less explicitly mentioned).

Furthermore, it should be noted that theold IR calculations(in ref94) were
performed®4 with ?-functions based orpressure-dependentg-functions from MD
simulations.’® These? functions have proven to be particularly suitable for re
producing the pressuredependent dipole moment changes of TMAG@ompared
to AIMD dipole moment changesHowever, in further investigations, especidy
regarding the calculation of pressuredependent NMR chemical shift$627 the
Puncsusceptibilities showedsignificantly better performances.Another possible
issueis that the old calculationsusedthe ESPderived solute point chargego cal-
culate the electrostatic interactions between solute and solvent in ERISM How-
ever, during the SAMPL® prediction challenge,a new efficient way to calculate
the electrostatic interactions via the Q&lerived electrostatic potential was de-
veloped (see2.1.4). This is why four different combinations of electrostatic cal-
A Ol A OE i-funttions vil\be 2ompared in this partto benchmark the perfor-
mances of EERISMwith B3LYP/6-311+G(d,p) Furthermore, the two new ap-
proachesfor calculating a non-equilibrium situation will be presented (see3.1.2).
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Table 1 IR-wavenumbers (in cm?) at 1 bar and 10 kbarof the four TMAOnormal modesand the
cyanide ion calculated with different EERISM settings utilizing the B3LYP/6311+G(d,p) level of
theory EQ represents the equilibrium approach, M1 is théirst new non-equilibrium approach
and M2 the second norequilibrium approach. ¢ / ?sim representsthe combination of full electro-
static potential with ?sim. » / ?uncis the combination offull electrostatic potential with ?xng the
g ?sm model usesthe solute point charges to computehe electrostatic interactionsin conjunc-
OET T s BNO & HNCrepresents ?uncwith point charges. The above number in a cell repre-
sents the unscaled number, whereas thimwer number is scalal by a scaling factor of 0.96792.
Raw dataand structures can be found inSl_4.1The displacementfor the different energy com-
ponents (Esol.t ©s:and Gsor) plots can be found in SI_4.1.

Method Mode Pressure
1 bar 10 kbar

EQ /[?sim */?nc @ Psim gl Pune EXp ¢/ 7sim o/ Punc g/ ?sim gl Punc  EXp

CHs-def-high 1511.4/ 1510.8/ 1512.1/ 1504.3/ 1481.6 1510.0/1510.5/1527.1/ 1506.2/ 1483.1
1461.5 1460.9 1462.1 1454.5 1460.3 1460.7 1476.7 1456.3

CHs-def-middle 1490.9/ 1490.6/ 1493.3/ 1488.9/ 1465.6 1491.6/ 1491.6/1513.6/ 1492.5/ 1469.0
1441.7 14415 1444.0 1439.8 1442.4 1442.4 1463.7 1443.2

CHs-def-low 1433.4/ 1435.6/ 1450.7/ 1451.2/ 1404.1 1438.4/1439.1/ 1479.6/ 1456.2/ 1406.3
1386.1 1388.2 1402.8 1403.3 1391.0 1391.6 1430.8 1408.1

NO-stretch 971.0/ 984.6/ 972.1/ 983.1/ 9525 986.9 990.0/ 994.9/ 987.9/ 956.1
939.0 952.1 940.0 950.7 954.3 957.3 962.1 955.3

CN 2135.9/ 2127.9/ 2140.4/ 2134.6/ 2079.3 2132.5/2128.6/2137.1/2135.3/ 2083.0
2062.5 2057.7 2069.8 2065.2 2062.1 2058.4 2050.4 2064.8

M1 CHs-def-high 1510.1/ 1510.7/ 1510.0/ 1510.8/ 1481.6 1512.1/1512.4/1512.1/1512.5/ 1483.1
1460.3 1460.8 1460.2 1460.9 1462.2 1462.5 1462.2 1462.6

Chs-def-middle 1489.5/ 1490.5/ 1489.6/ 1490.9/ 1465.6 1491.5/1491.8/1491.7/ 1492.2/ 1469.0
1440.3 1441.3 1440.4 14417 1442.3 1442.6 1442.5 1443.0

ChHs-def-low 1415.6/ 1414.6/ 1413.3/ 1415.0/ 1404.1 1415.7/1416.2/ 1416.1/ 1416.8/ 1406.3
1368.9 1367.9 1366.7 1368.3 1368.9 1369.5 1369.4 1370.0

NO-stretch 890.3/ 896.5/ 892.2/ 899.9/ 952.5 898.4/ 900.0/ 901.9/ 903.7/ 956.1
860.9 866.9 862.8 870.2 868.8 870.3 872.1 873.9

CN 2152.7/ 2152.8/ 2151.3/ 2153.6/ 2079.3 2152.7/2152.6/ 2151.0/ 2153.4/ 2083.0
2081.7 2081.8 2080.3 2080.6 2081.7 2081.6 2079.1 2082.3

M2  Chs-def-high 1502.6 1504.3/ 1502.7/ 1504.5/ 1481.6 1503.9/1504.4/ 1504.0/ 1504.6/ 1483.1
1451.5 1453.2 1451.6 1453.3 1452.8 1453.3 1452.9 1453.4

Chs-def-middle 1485.6/ 1488.3/ 1485.8/ 1488.7/ 1465.6 1487.6/1488.2/ 1487.9/ 1488.7/ 1469.0
1435.1 1437.7 1435.3 1438.1 1437.0 1437.6 1437.3 1438.1

ChHs-def-low 1411.8/ 1414.7/ 1412.1/ 1415.1/ 1404.1 1413.5/1414.1/1414.0/ 1414.7/ 1406.3
1363.8 1366.6 1364.1 1367.0 1365.4 1366.0 1365.9 1366.6

NO-stretch 897.3/ 905.3/ 899.6/ 909.3 952.5 905.2/ 907.5/ 909.1/ 911.6/ 956.1
866.8 874.5 869.0 872,6 874.4 876.6 878.2 880.6

CN 21495/ 2149.9/ 2150.1/ 2150.7/ 2079.3 2151.6/2150.3/2151.0/2151.1/ 2083.0
20786 2079.0 2079.2 2079.7 2080.6 2079.3 2080.0 2080.1
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4.1.2 Benchmarking pressure -dependent RISM-based IR-calcu-
lation settings: The equilibrium ansatz

In the beginning, the focus will beset on the equilibrium method. InTable 1,
the absolute wavenumbers at 1 bar and 10 kbar for the four differentombina-
tions and the four modes of TMAO are showmand were calculated with
B3LYP/6-311+G(d,p) The experimental valuesithe measurements were per-
formed by C. Rosiff and P. H. Schummeél) at ambient conditionsare 1481.6 cm1
for the CHs-def-high mode,1465.6 cm? for the CH-def-middle mode, 1404.1 cnmt
for the CHs-def-low mode and 952.5 cnt. For the CHs-def-high, the ¢ / ?simvariant
leads to afrequency of 1514/1461.5 cm (in the latter case a precomputed vi-
brational scaling factor of 0.967 was appliedsee computational chemistry com-
parison and benchmark databas®?). Only marginal differences occur when the
* / ?uncand gl ?simmethodsare considered The ¢/ ?uncshows a smaller frequency
with 1504.3/1454.3 cmrl. If no precomputed scaling parameter is applied, the
gl ?sim variants show the bestagreement relative to the experimental valueIn
contrast, as soon as the scalinfactor is applied, the other three variants show
superior results; the relative differenceto the experimentis 20cml.

—— ¢/ xXunc qlxmc —— Exp —— &/ Xunc q/xmc —— Exp
—— ¢/X5|m q/XSirﬂ —— ¢IX5|rn q/xsim

151 20 ]

e o — | 1 0 - - & L
0 2 4 4] 8 10 0 2 4 6 8 10
p f kbar p [ kbar

a0{ C a0 D
o 204 201
E -~ — g
.
310 10 /—’/

0 ettt — 04 —————* ¢ S

0 2 4 6 8 10 0 2 4 6 8 10
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Figure 6 Pressureinduced frequency shifts of the four relevant TMAO modes calculated with the
EQapproach using B3LYP/6311+G(d,p)/PSE3. Panel (A) shows the CHdef-high mode, in panel
(B) Ch-def-middle mode is depicted, (C) shows the GHef-low mode, and in (D)the NOstretch
mode is presented. The green dotshow the wavenumberscalculated usihg the exact electrostatic
potential and ?unc the black dotsrepresent the calculation with the ESPderived point charges
and ?une The red dots represen the calculation with exact electrostatic potential and?simw The
magenta points represent the experimentally measured valueRaw and calalated data can be
found in SI_4.1.

In Figure 6, the pressuredependent frequency shifts for the equilibrium
method and the four TMAGModes are presented and compared to the
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experimentally obtained shifts. In Panel (A) the results for the CHs-def-high
mode are shown A steady blue shift is observed in the experimenteading to a
difference relative to 1 barof 1.6 cmt. Something immediately noticeableare the
pressure-dependent shifts calculated with theg/ ?sim method. In directcompari-
son, the pressuredependent changes are significantly largethan for the other
variants, and no steady pressure trend is visiblgand a very strong outlier can be
observed at 4 kbar.The obtained wavenumber at 10 kbarincreased nearly
15 cmt relative to the ambient value The two variants with the exact electro-
static potential show the wrong pressure tendency, resulting in a pressurde-
pendent decrease.The bestagreementrelative to the experimental observation
IS obtained with the g/?xuncwith anincrease of2 cnrl at 10 kbar compared to the
value at ambient conditions

For the CH-def-middle (absolute values inTable 1), a wavenumber of
1490.6/1441.5 cmt was calculated with e /?ung resulting in a differencerelative
to the experimental measurementof +25 cm! (unscaled and -24.1 cm! (scaled
frequency). Thee /?simvariant (1490.9/1441.7 cmt) shows nearly no difference
compared to the formely discussed variant. The g/?nncleads to slightly smaller
wavenumbers, whereas theg/?siv shows a higher frequencyln summary, the
equilibrium method for the CHs-def-middle mode produces a similar perfor-
mancerelative to the experiment asfor the previously introduced mode

Figure 6 Panel (B) depics thepressure-dependent frequency shift of theCH-
def-middle mode. The experimentalreference shows a steady increaseesulting
in a difference of 3.4 cnt. All four approachescanrepresent the steady frequency
increase due to pressurization.However, just asfor the previously discussed
mode, it can be observed that the/?sim method predicts a much too steep in-
crease, which isalso not continuous, with a strong outlier at 4 kbar The ¢ /?unc
and ¢ /?simshow an increase 00.6 cm? and 0.9cnmrlup to 10 kbar, respectively.
The g/?uncoverestimates the pressureresponse however, as for the CHs-def-
high mode, the pressure dependence can best be reproduceith this method.

The third methyl deformation modeis the CHs-def-low mode (absolute values
in Table 1). The differences between the various variants become much more
pronounced for this vibrational mode Usingthe ¢ /?simvariant, awavenumber of
1433.4/1386.1 cm! was obtainedat ambient pressure Without scaling a differ-
ence ofnearly 30 cm!to the experiment is observed, whereaswith the precom-
puted scaling factot the offset reduces to- 18 cm1. The ¢ /?uncapproachleads to
a wavenumber 0f1435.6/1388.2 cm! at 1bar. The CHs-def-low mode strongly
dependson the chosenelectrostatic interaction method. The calculated wave-
numbers with the two point-charge approachs are1450.7/1402.8 cnmrl (g/?siv)
and 1451.2/1403.3 cm! (g/?ung) . The calculated numbersnearly match the ex-
perimentally obtained ones by scaling the frequeness.

The pressuredependence for theg/ ?simshows the same(Panel(C) of Figure
6) behavior for the CHs-def-low mode as in the previoustwo cases, increasing
nearly 30 cm®to 10 kbar. However,only a shift of 2.3 cmt was measured in the
experiment. The other three variants show a good agreement with the
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experimental pressure progress. Foig/ Puncand ¢/ ?siman increase ofs cm (up
to 10 kbar) can beobserved, whereas e ¢/ ?unc shows with 3.5 cmrl the best
agreement with respect to the experiment.

The lastTMAOmMode that is discussed is thé&-O stretch mode(absolute val-
ues inTable 1).In contrast to the CHs-def-low mode, where a strong dependency
on the electrostatic model was observed strong solvent susceptibility depend-
ency is observed here. The ¢ /?unc and ¢/?nnc nearly match the experimental
value of 952.5 cntif the values are scaledror the other two methods, the calcu-
lated wavenumbers are971.0/939.0 cm1 (¢ /?sim) and 972.1/940.0 cmt (g/?sim.
The pressuredependence is depicted in Panel (D) dfigure 6 Panel(D). In the
experiment, an increase of 3.&m-!is obtained.Here, the two ?siv show asignifi-
cantly too strong pressuredependent increase. However, all variarstoveresti-
mate thepressure dependencewhereas for thes /?unc5.4 cmland for the g/?unc
4.8 cmi, respectively.

—— @/ Xunc q/xmc  —®— Exp(D:0)
—— ¢/ Xsim G/ xsim  —*— Exp(H0)

p ! kbar

Figure 7 Pressureinduced wavenumber shifts of the cyanide aniorcalculated with B3LYP/6-
311+G(d,p) and the EQ approaciThe green dots were calculated using the exact electrostatic
potential and ?xne the black dots were calculated using the ESdRerived point charges and?unc
The red dots represent the calculation wth exact electrostatic potential and?sm; he magenta
points represent the experimentally measured valuesRaw and calculated datacan be found in
Sl 4.1.

For the cyanice anion, the experimentally measured wavenumbers are
2079.3 cm? in H20 and2080.4 cm? in D20 at 1 bar (see Table 1). The unscaled
wavenumbers are generally too high and range between 2127 crl and
2140 cml, whereby the full electrostatic potential calculations lead to slightly
smaller values.By applying the scaling factor of 0.967, the relative differences to
the experiment are significantly smaller, where the best result is obtained with
the g/ ?simcombination (2069.8 cm?). Under pressure the cyanide modewave-
number increasesby around 4 cm? up to 10 kbar.In the calculations(seeFigure
7), only the ?une methods can correctly reproduce the pressure trend, whereas
the two ?simmethodsshow a reduction in the wavenumbersNo clear differences
between the two charge models are obtainedlhe predicted pressure trend is
underestimated with ?unc methods; however, no clea outliers are observed.A
significant wrong trend is observed for the two?simmethods. A possible explana-
tion for the very small differences between the electrostatic models could be that
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the point charges for the tweatom-containing molecule cyanide can accurately
represent the exact electrostatic potential

4.1.3 Benchmarking pressure -dependent EGRISM calculation
settings: The M1 non -equilibrium ansatz

In this part, the newly developed MInon-equilibrium method is presented.The
different combinations of electrostatic calculation and solvent susceptibilities are
againanalyzed The corresponding data ér the absolute wavenumbers arere-
sented inTable 1. For the CH-def high mode and Cktdef middle mode, the two
variants with explicit electrostatics show similar results compared to the equilib-
rium approach at 1 bar, withfewer than 1% deviations For g/?sim the absolute
wavenumber at 1 bar decreaseby 2.1 cm! compared to the equilibrium ap-
proach for the CHs-def high mode and for the CHs-def middle mode, a decrease
of 3.7 cmlis observed The highest deviationfor the CHs-def high mode(6.5 cmr1)
relative to the equilibrium method is obtained with the g¢/?unc The latter variant
leadsto an increase of 2cmfor the CHs-def middle mode

—— ¢/ xunc qlxuc —o— Exp —— ¢/ Xunc q/Xuwc —®— Exp
—— ¢/ Xsim g/ Xsim —— $/ Xsim al xsim

Uicm™t

p / kbar

Ufemt

2 4 6 8 10
p / kbar P/ kbar

Figure 8 Pressureinduced frequency shifts of the four relevant TMAO modes calculated with the
M1 non-equilibrium approach using B3LYP/6311+G(d,p)/PSE3. Panel (A) shows the CHdef-
high mode, in panel (B) Cktdef-middle mode is cepicted, (C) shows the Cidef-low mode, and

in (D), the NOstretch mode is presented. The green dots were calculated using the exact electro-
static potential and ?ung the black dots were calculated using the ES@Rerived point charges and
?une The red dos represent the calculation with exact electrostatic potential an@siv the magenta
points represent the experimentally measured valuesRaw and calculateddata can be found in
SI_4.1.

Regarding the pressure dependencéseeFigure 8 Panel (A) for the CHs-def
high mode it is noticeable that the flutuations between the different model com-
binations are significantly lower canpared to the equilibrium method. The
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experimentally measured pressure shift of 1.6 crh at 10 kbar can be best de-
scribed by the ?unemodels, although the differencs to the ?siv models are rela-
tively small. The differences caused by the differenglectrostatic models are neg-
ligible in the case of the norequilibrium method. However, the?simmodels again
show an outlier at 4 kbar andtherefore, a non-monotonous curve.

For the CH-def middle variant, the differences between the EQ and Mieth-
ods become moreconcise.A decrease of21 cmlrelative to the equilibrium ap-
proach is observed for the full electrostatic potential variants The decrease is
stronger for the point charge variants with nearly 40 cm?. Without scaling of the
wavenumbers, the M1 methods carepresent the experimental value betteithan
the EQmethods. All four variants accurately match the pressurdrend (Figure 8
Panel B)). However, the two ?uncvariants go nearly hand in hand with the ex-
perimentally observed shiftsup to a pressure of 7.5 kbaand then show a minor
underestimation. The ?siu variants overestimate the pressure dependence at all
pressures.

With the M1 method, the absolute wavenumbers for the {D stretch mode are
reproduced significantly worse thanwith the EQ methodThe wavenumbers are
about 80 cm?! lower compared to the EQ resultsin contrast to the other three
modes, it can be observed for the D stretch mode that the differences between
the individual electrostatic and susceptibility variants are more pronounced with
a 10 cm! difference. The pressure dependence shows that th@sncvariants re-
produce the experimental trend accurately, whereas thésim variants signifi-
cantly overestimate the pressure trend.

—— &/ Xunc G/ xunec  —®— Exp(D20)
—o— &/ Xsim q!xsim  —®— Exp(H20)

viecm™!

0 2 4 6 8 10 12
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Figure 9 Pressureinduced wavenumber shifts of the cyanide anionc¢alculated with the M1
method.4 EA COAAT AT OO xAOA AAI AOI AGAA OmEtheplackEA AGAAO Al
dots were calculated using the ESRAOEOAA DI ET G FrhE re@dtd répredeht Ahe ?

AA1 AOI AGET 1T xEOE AgAAOswhte haydda padh® lefrésdnt theiekpdrir OEAT AT A 9
mentally measured valuesRawand calculateddata can be found in SI_4.1.
At ambient conditions, the results for the vibrational mode of theyanide an-
ion are in excellent agreement with the experimental results whethe scaling
factor is applied (see Table 1). The results range between 2079.7 crh and
2080.6 cml, leading to a deviation relative to the experiment ofdlss than 1cm-l.
In contrast to the TMAO modes the pressure dependence (see Fige 8) is
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significantly underestimated for all four methods.The variants using the ?uncas
solvent susceptibility show a pressureinduced decrease of the wavenumbers,
which contradicts the experimental finding. Thus, cyanide ishe first analyzed
mode, where the M1 methods falil to predict the correct pressure trend.

4.1.4 Benchmarking pressure -dependent EGRISM calculation
settings: The M2 non -equilibrium ansatz

The final method used to calculate IR wavenumbers is the M2 negguilibrium
method. In contrast to the M1 method, only the intramolecular interactions are
described in the context of a norequilibrium approach, whereas a separate 1D
RISM calculation is perforned for eachdisplacedstructure to calculate theexcess
chemical potential; note that the partial charges of the minimum structure are
used in these calculations.

For all three CH-def modes(seeTable 1), lower wavenumbersare calcu-
lated under atmospheric pressure compared to the other two method$Vithout
applying the scaling factor, the M2 method leads to the besagreement with the
experimental reference.The deviation for the CH-def-high relative to the exper-
iment range between22 cmland 24 cm!. For CH-def-middle, similar results are
obtained, whereas for the CH-def-low mode, the unscaled wavenumbers show
the smallest devation from the experiment with 7cm? to 11 cmrl- The worst
agreementwith the experimentis obtained using the M2 method with scaling
Noticeably, only the solvent susceptibility leads to differences between the indi-
vidual methods, whereaghe choice of the electrostatic model (with identical sol-
vent susceptibility) leads to no relevant differencesThe differences betweer?unc
and ?sivare 2cm! (CHs-def-high) and 3 cm! (CHs-def-low). Regarding the N©
stretch mode, the absolute wavenumbersange from 897.3866.8 cm (¢ / ?siv)
up t0909.3/872.6 cmrl. Therefore, the M2non-equilibrium method yields similar
magnitudes as the M1 method and thus also shows the largest deviation from the
equilibrium method for the NO-stretch mode.
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Figure 10 Pressureinduced frequency shifts of the four relevant TMAO modesalculated with the
M2 non-equilibrium approach using B3LYP/6311+G(d,p)/PSE3. Panel (A) shows the CHdef-
high mode, in panel (B) Cktdef-middle mode is depicted, (C) shows the Gkilef-low mode, and
in (D), the NOstretch mode is presented. The green detwere calculated using the exact electro-

8 4EA OAA AT OO OAPOAOGAT O OEA AAI AGhMebageria x EOQE
points represert the experimentally measured valuesRaw and calculated data can be found in
SI_4.1.

The O x Tsim Variants best resemble the pressure shiftsee Figure 10) for the
CHs-def-high-mode. Thedifference between the two electrostatic models is neg-
ligible; however, theoutlier at 4 kbar occurs againThe pressure rise to 10 kbar
is hitalmostexactly) T AT T OO A @dypes Giktdprediet the correct pres-
sure trend and show a decreas# the wavenumbers upon pressurizationA sim-
ilar picture is obtained for the CHs-def-middle-modeh  x E A Qdmetheda carn
nearly represent the pressure change at 1Rbar, whereas the wo other variants
show a decline. Thesame result is olserved for the CHs-def-low-mode. In con-
trast, EO AAT AA 1 AOAO&A&iants QuArEstimatd thé hessre A 7
trend for the NO-stretch mode. The two ?uncapproachesproduce satisfying re-
sultsin representing the pressuredependent frequency shift.

In summary, the M2 method gives similar results to the M1 method at ambient
pressure. However, the M2 metho@¢annotreproduce the correct pressure trend
for every combination of electrostatic model and solvent susceptibilities. Despite
this, both ?siv variants, except for the obligatory outlier at 4 kbar, can correctly
reproduce the pressure for the Cktdef modes.Nonetheless the M2 method can-
not be considered suitableand the M1 method should be used instead.
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—o— ¢/ Xunc q/xunc  —®— Exp(D:0)
—o— &/ Xsim g/ xsim  —*— Exp(H:0)

G/cm™?

0 2 4 6 8 10 12
p ! kbar

Figure 11 Pressureinduced wavenumber shifts of the cyanide anion, The green dots were calcu-
lated using the exact electrostatic pote O E A IwncAhk Blackdots were calculated using the ESP
AAOEOAA DBl ET G fhE fed @i GprdséniitheTalculation with exact electrostatic
Dl OAT O Eslhe mageAta foints represent the experimentally measured valueRaw data
and alculated frequencies can be found in SI_4.1.

There are nearly no differences between the M2 and the M1 methsdor the
cyanide anionunder ambient conditions (see Table 1), and the results are rela-
tively satisfying. The difference to the experimentally obtained resultss less than
1 cmlif the scaling is appliedIn contrast to the M1 method, the M2 method aa
correctly reproduce the experimentally observed pressure trend However, the
absolute shits are especially for the?nncunderestimated. A possible explanation
for this could be that the cyanide mode is more seitsve to pressure-dependent
changes in theequilibrium geometry, which are not included inthe current ap-
proach.

4.1.5 Comparison between p ressure -dependent IR calculations
using MP2/6 -311+G(d,p) ¥ Anc and B3LYP/6-311+G(d,p)/

?HNC

Based on the results from the previoushree chapters, the ?Punccalculations are
more reliable than the?simones Furthermore, a strong difference in the pressure
trend compared to the experimentis observed when the point charge approach
is used for the calculatios x E Odm. THis observation indicates that the combi-
nation of full electrostatic potential with ?uncis the mostreliable. Nonetheless,
the differences betweene / ?unc and g/ ?unc are relatively small. On the other
hand, te level of theory MP2/6 -311+G(d,p)/?nncproved to be the bestEGRISM
variant in different benchmarks to calculate free energiesin solution 25180 Fur-
thermore, this variant uses?unc with exact electrostatic potential, which pro-
duced the best results for the DFT calculations in most categoseln addition,
Nicolas Tielker developed a pressur@gependentand PM\{dependent correction
of the ex@ss chemical potentialln this chapter,this level of theoryshall now be
applied to calculating the pressuredependent IR problem.The raw dataand
structures can be found in SI_4.1.
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In Table 2, the absolute wavenumbers calculated with MP2/6-
oppC' j édaBl@aFahd10 kbar for the three different EGRISM variantsare
presentedtogether with the experimental results andthe results obtained from
AIMD calculations (performed by Simoto®4 and see2.4). Moreover, the results
from the B3LYP/6-311+G(d,p) ?Hncare againshown in Table 2

Table 2 Absolute wavenumbers (in cnit) for the TMAO and cyanide IR modes calculated from

different EGRISM methods(here MP2/6-0 p p C' | ideBI@BLYP/6-0 p p C' | Wd &nd T ?

(for TMAOQ) from AIMD compared to the experimental data for 1 bar and 10 kbavlaterial for the
MP2/6-311+G(d,p)/?nncfrom ref2” Raw and calculated data canébfound in SI_4.1.

Mode Exp. M1/M1* M2/M2* EQ/EQ* AIMD
1 bar MP2/6-311+G(d,p) ?xnc

CHs-def-high 1481.6 1527.1/1450.6 1520.8/1444.8 1525.6/1449.3 1476
CH-def-middle 1465.6 1508.0/1432.6 1506.3/1430.7 1508.6/1433.1 1456
Chs-def-low 1404.1 1430.7/1358.5 1430.6/1358.5 1451.9/1379.3 1394
NO-stretch 952.5 965.8/917.5  974.7/926.0 1060.0/1007.0 876
CN 2079.3/2080.4a2 2028.3/1926.6 2025.5/1924.2 2033.6/1931.9 -
1 bar B3LYP/6-311+G(d,p)/?xnc

CHs-def-high 1481.6 1510.7/1460.8 1504.3/1453.2 1510.8/1460.9 -
CHs-def-middle 1465.6 1490.5/1441.3 1488.3/1437.7 1490.6/1441.5 -
CHs-def-low 1404.1 1414.6/1367.9 1414.7/1366.6 1435.6/1388.2 -
NO-stretch 952.5 896.5/866.9  905.3/874,5  984.6/952.1 -
CN 2079.3/2080.4a2 2150.8/2079,8 2150.7/2080.3 2127.9/2057.7 -
10 kbar MP2/6-311+G(d,p)/?Hne

CHs-def-high 1483.1 1528.8/1452.4 1521.0/1445.0 1525.3/1449.1 1481
CHs-def-middle 1469.0 1509.1/1433.6 1505.8/1430.5 1509.5/1434.0 1462
CHs-def-low 1406.3 1432.4/1360.4 1430.2/1358.6 1455.5/1382.7 1402
NO-stretch 956.1 967.9/919.5  975.5/926.7 1064.1/1010.9 882
CN 2083.0/2084.1> 2028.0/1926.5 2025.8/1924.5 2034.9/1933.2 -
10 kbar B3LYP/6-311+G(d,p)/?xnc

CHs-def-high 1483.1 1512.4/1462.5 1504.4/1453.3 1510.5/1460.7 -
Chs-def-middle 1469.0 1491.8/1442.6 1488.2/1437.6 1491.6/1442.4 -
CHs-def-low 1406.3 1416.2/1369.5 1414.1/1366.0 1439.1/1391.6 -
NO-stretch 956.1 900.0/870.3  907.5/876.6  990.0/957.3 -
CN 2083.0/2084.1> 2151.0/2080.0 2150.9/2079.9 2128.6/2058.4 -

Besides the fact that the correlation energy is calculated more correctly by
MP2, there is a big difference between the two methods in calculating the elec-
trostatic potential during the iterations. For MP2, the HF density is used during
the iterations, whereas in the B3LYP calculationthe consistent DFTdensity is
used. One observation that stands out directly is that the calculated absolute
wavenumbers with MP2/6-311+G(d,p)/?nncare mostly higher (except for the cy-
anide anion)than the corresponding results with B3LYP£6311+G(d,p)/?xnc(see
Table2). A similar observation is also made in chagtr 4.2.4, where theHFCGwvas
calculated for the molecule HMI(see Table 5). Here, the HF density causes a
stronger solvent polarization than the DFT density.The HFCC is a direct beacon
for detecting the polarity of the solvent, and with the HFDensity, higher HFCG
were calculated compared to the corresponding DFDensity. From the pressure
dependent results, an increase in wavenumbers was observed at higher pressure,
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with the polarity of the solvent increasing under pressure. Therefore, it can be
concluded thathigher wavenumbersare not solely due to the MP2 method but
also due to the stronger polarization of the solventausedby the HF electrostatics

to polarize the solvent

A 6o = T T T T B 6.0 T T T T
5.0 fEpr MP2/6-311+G(d,p)/xHNC . 5.0 Epr B?al.YP/G-311+("i((3|,p)/)(,mc
4.0 M1 e .
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Figure 12 Pressuredependent wavenumber shifts of the four TMA@Jodes calculated with
MP2/6-311+G(d,p)/?HNC (left column) and B3LYP/6-311+G(d,p)/ ?HNG (A) and (B) show the
CHs-def-high mode, in ) and (D) the CHs-def-middle mode, E) and (F) CHs-def-low, and (G) and
(H) NOsstretch. The green triangles r@resent the equilibrium approach, the blue points the M1
non-equilibrium approach, and the redsquares the M2 norequilibrium approach. Material from
the left columnis published inref2’. Raw and calculated data can be found in SI_4The displace-
ment plots for the energy components of the MP2 calculations can be foundarl

For the CH def-high mode, the best results for the absolute frequenies at
1bar are obtained by applying the M1 (1527.1/1450.6 cml) and EQ
(1525.6/1449.3 cml) methods. Since the scaling factor used for
MP2/6-311+G(d,p) is 0.9892 which is smaller than the 0.96%392 in the caseof
B3LYP/6-311+G(d,p),the scaled values are lower than theespective DFT values
despite the stronger polarization.Regarding the pressuredependence only the
M1 method can modelthe correct behavior(see panels (A) and (B) oFigure 12).
Both the EQ and M2 methods show a negative pressure trenhich agrees with
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the previous DFT calculationsThe performances of the MP2 and DFT calculations
are nearly identical andboth show a good representation of the experimentally
observed increase.

The EQ and M1 methods showimilar results at 1 bar (1508.0/1432.6 cm?)
and a similar trend in the pressure dependency for the CHdef-middle mode.The
pressure increase is 1 cm up to 10 kbar, which underestimates the pressure re-
sponse by 2 cnt. The M2 method is not able to predict the correct pressure trend.
Regarding the Chtdef-low mode, the M1 method can accurately represent the
pressure changewhereas the EQ mode shows éight overestimation and the M2
method underestimates slightly.

For the CHs-def-low mode and the NO stretch modethe differences between
the EQ and the two NEQ methods are momronounced (as previously seen for
the DFT calculations)In the case of theormer mode, without scalingthe wave-
numbers, the values at ambient conditions are overestimatedhe 1 bar value of
the stretch mode is significantlyhigher for the equilibrium approach thanfor the
two NEQmethods.Regarding thepressuredependencethe EQ approach overes-
timates the effect slightly, whereas the M1 method shows a good agreement.
Where for the CH-def-low mode, the differences betweenMP2 and B3LYP are
negligible, for the NO stretch the B3LYP calculations with the M1 method can
accurately represent the pressurdrend, whereas theMP2show a slightly smaller
increase. For theEQ calculations, the B3LYP shows a stronger overestimatiah
the pressure-induced increasethan the MP2 calcuations.

Aso

4.0

Bso

4.0

1
-1

3.0 3.0

2.0 2.0

Av /cm
Av /cm

1.0

0.0 1B

p/ kbar p/ kbar
Figure 13 Pressureinduced wavenumber shifts of the cyanide aniorcalculated with MP2/6-
311+G(d,p)/?xne (Panel A) andB3LYP/6-311+G(d,p)/ ?unc (Panel B).The red squares represent
the experimental data (open: in RO,filled in H20). The green triangles represent the equilibrium
approach, the blue points the M1 norequilibrium approach, and the red squares the M2 non
equilibrium approach. . Material from ref27. Raw and calculated data can be found in SI_4.1.

The calculated absolute wavenumberdy utilizing MP2/6-c p p C' | e B QT ?
are lower than the corresponding DFT calculatiogfor the cyanide anon. This
result contradicts the assumption thata higher solvent polarization is achieved
with this level of theory. Since cyanide is a small molecule with only one vibra-
tional mode, it could be possiblethat the small effect of pressure on the equilib-
rium distance significantly affects the frequency of the vibrational modePres-
sure-dependent geometry optimizatiors and numerical frequenciesshould be
made to test this hypothesisas soon as they become availahl&he EQ and M2
methods can reproduce the pressure trendwhereas the M1 method fails to
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resemble the correct pressure trendThe best results areobtained with MP2 and
the EQ methodshowever, the increase is clearly underestimated.

Nonetheless, a possibility exists to attributerarious degrees of equilibrium or
non-equilibrium solvation contribution to different modes since the methodol-
ogy used inthis work does not account for internediate states as e.g, AIMD
could. In this manner, for the N-O stretch mode, the equilibrium contribution
could be statedto have a strongnfluence since itt resembles the experimentally
obtained data in terms of abslute values at 1bar (when the scaling is applied)
for B3LYP/6-311+(d,p), and it shows good resultsin representing the pressure
dependence Apparently, this could be a consequence of the large® dipolethat
interacts strongly with the surrounding water, causing more rapid water relaxa-
tion along the displacement coordinateA similar picture can be observed for the
cyanide anion, where the equilibrium approach best resembles the pressurde-
pendent mode.However, for the cyanide anionthe values at ambient conditions
are better resolved by the two norequilibrium methods. Therefore, no clear
statement can be made, if the eqglibrium or the non-equilibrium method can
lead to better resultsboth in terms of absolute value and pressure trend

A similar observation was made byreimann and Kaupp’3, who developed
a new 3D RISMSCF implementation, which allows for applying Q@eometry op-
timizations under the influence of the 3D RISM solvent. Based on these optimiza-
tions and numerical second derivatives, a consistent 3D RISSICF approach was
introduced. This approach was termed the equilibrium approach since the full
adaptation of the solvent is included. Additionally, a scalled frozen approach
was presented, where the solvation ptential of the equilibrium structure was
unchanged used for the displaced structures. These two methods were bench-
marked by comparing the calculated frequency shift (relative to gaghase value)
of tetramethyl urea (TMU) to the experimental reference. Theesults showed a
significant difference in behavior between the equilibrium and the frozen ap-
proach. Especially for water, the experimental reference shift i407 cnrl and the
corresponding values for the 3D RISM SCF model a6 cml and -67 cnrl for
the equilibrium and frozen methods, respectivelyTheseresults clarify that a sole
description, either by an equilibrium state ora non-equilibrium situation, is in-
sufficient to represent the real situation accurately

4.1.6 Summary and outlook

Within the scope of this chapter, the numerical method developed by P. KibRés
for calculating pressure-dependent IR frequencies was modified and extended.
The previously existing equilibrium method was subjected to a DFT benchmark
in the first step. As model systemsthe previously investigated TMAO was used
and on the other handthe cyanide anion was considered, which is one of the sim-
plest models to make pressure-dependent IR calculatiors in solution. A con-
sistent EGRISM variant was first used, where the B3LYP hybrid functional was
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applied in all iterations. Based on this, four comimations of coulomb potential
calculation (¢ and point charges) and solvent susceptibility were used?(incand
?sim).

In the equilibrium case, the absolute wavenumberef the TMAO modest
ambient pressure aregood compared to the experimenal results. However, as
soon as the pressuredependent change was investigated, the combinatiasf ?siv
with point charges showed a massive overestimation of the frequency change.
Instead, by utilizing the ?ung the changes are significarly smaller. However, for
some modes, theinverse pressure trend is calculated.To tackle this issue, a so
called non-equilibrium approach was introduced.This approachcorrectly repro-
duced the observed blue shift for every TMAO mode E AT  +QcEofbirRedwith
exact ekectrostatics wasused.The second benchmark systerwas the small cya-
nide anion, containing only one vibrational modeHere, the performance isun-
satisfactory for both the equilibrium and nonrequilibrium methods. A possible
reason could be that the 1 bar P@ geometries were used for all pressuresand
the possible pressuredependent geometry changesvere not considered While
this effect is probably relatively small, it could strongly influence the wave
numbers for the small ion cyanide.

In the second part of this chapterthe MP2/6-311+G(d,p) ?HnG considered
the gold standard for EERISM calculations, was used to calculathe pressure-
dependent wavenumbers fo both test systems Additionally, a pressuredepend-
ent PMV correction of the excess chemical potential was utilized for the equilib-
rium method. For TMAQthe absolute wavenumbers at 1 bar increased compared
to the B3LYP calculationsThe non-equilibrium m ethod fails to predict the exper-
imentally observed pressure trend for the cyanide anion with the latter method
Overall, neither MP2/6-0 p p C' j dné&r @ILYP/6-311+G(d,p)/ ?rnc Shows
superior results over the other in allobservables. Epecially in reproducing the
pressure-dependent changes of the four TMAO modes, both methods showed
similar results.

In summary, this chapter showed an improvement compared to the previ-
ously obtained pressuredependent frequendes, mainly driven by the exactelec-
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scribe the solvent However, at ambient conditionsno consistent picture regard-
ing the quality of the wavenumbers compared to the experimenis gained.For
some modesthe equilibrium approachshows better results and vice versa-ow-
ever, it stands out that the equilibrium approach b#er resembles thepressure-
dependent wavenumber increase othe N-O stretch mode and thevibrational
mode of the cyanide anionThis result could be attributed to the relatively strong
dipole moment that is involved in these displacementd\evertheless it should be
noted here that the geometries considered are from a PCM optimization at 1 bar
and 1D RISM had to be used to calculate tbgcess chemicabpotential in the case
of the nonrequilibrium method. Moreover, in reality, the vibrational mode cannot
be described by pure equilibrium or nonequilibrium solvation, but the solvent
exhibits fast and slow relaxation processes
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While the absolute accuracy has room for improvementE GRISM can predict
the pressuredependent changedor TMAOQOrelative good by applying either the
non-equilibrium or equilibrium approach . This result is particularly relevant be-
cause Chapterd.3 will examine the relative energetic pressure changes of pep-
tides, for which are no direct experimental reference dataavailable. Therefore,
the performance of EGRISM incalculatingpressure trends mustbe evaluated be-
forehand and comparedto experimental results.

As soon as geometry optimizationsand numerical frequency calculatios with
ECGRISM are possible, these shouloe carried out pressuredependently.
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4.2 Calculations of EPR-Parameter in solution

After NMR calculations with the EERISM methodwere successfullyperformedin

the past, this chapter aims to calculate EPR parameters with ERISM for the first
time at amhient conditions. The nitroxide (3R,45)2,2,3,4,5,5hexamethylimidaz-
olidin-1-oxyl (HMI) was chosen as the model systefseeFigure 14), which is,on
the one hand a relative rigid molecule and on the other hand, it contains apro-
tonatable group that allows the pH-dependent measurement of the HFCCThe
strategy for calculating NMR parametersin previous publications primarily fo-

cused on investigating only a few or even only aaminimum conformer. Further-
more, no explicit solvent molecules were taken into consideration. In th chap-
ter, the minimum structures will be investigated first, andsubsequently,calcula-
tions on thermally averaged structures originating from an ab-initio MD will be
performed.

The overallgoal is toexplore how well EGRISM carcalculate EPR param-
eters with and without explicit water molecules. Therefore a comparison be-
tween EGRISM and the implicit solvent model CPCM on the geometoptimized
structures was performed, where the target parameter is the isotropic hyperfine
coupling constant. In the second step, computations are performed with both EC
RISM and CPCM fdhe snapshots obtained from the trajectory; additionally, a
comparison was made betweenvertical desolvation and the explicit considera-
tion of explicit water molecules.Furthermore, in this chapter, for the first time,
the DLPNQOGCCSD methodvas used in combination with EGRISM to obtain the
highest possible accuracy compared to the experimental valuek the second
part of the chapter, the full EPR spectrum will be calculateahd compared b the
experimentally obtained spectrum The last part will deal with the pressurede-
pendent changes of the EPRarameters calculated with EERISM.Parts of this
chapter were already published inref132,

4.2.1 HFCQparameters for the nitroxy nitrogen of optimized HMI
structures

As a starting point,the results from the clustering should be analyzedThe clus-
tering resulted in only one cluster; the corresponding optimized structure is
shown on the left side of. Figure 14.

However, another optimized structure is shown inFigure 14, where an in-
version of the pyramidal configuration occurred atthe N-CHs group. This config-
urational change has not been observed durintpe AIMD, but it could be assumed
that a bias is incluged when focusing on a single configuration ahe N-CHs group.
QC calculations were performed with different levels of theory and solvent mod-
els in water and methanol to estimate how strongly the second configuration is
populated in solution. On the one had, the energetic difference between the two
configurations iscalculated, and on the other hand, the calculatedl  parameter
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for the nitrogen of the N-O motif is comparedThe coresponding data is summa-
rized in Table3. L. Galazzo measured experimental reference valugfor the nitro-
gen HFCCof 44.87 +0.14 MHzand 43.00 MHZz293 in water and methanol, respec-
tively.

ﬁ{%

Figure 14 The two optimized structures of HMI with B3LYPD3 def2TZVPRCPCM The (3R,4S)
diastereomer (which is the one used in the AIMD)s depicted on the left, and the (3R,4Rdlia-
stereomer is shown on the right

Table 3: Nitrogen HFCC®of CPCM optimizedjeometries (in MHz) of (3R,4S}HMI and (3R,4R) HMI
calculated with different DFT methods for ECRISM and CPCM in the solvents Water and Metha-
nol. For calculations, the def2ZTZVVP with decontracted dunction was used.The free energ dif-
ference((3R,R) (3R,4S) between the two main diastereomers is shown in kcal/molThe experi-
mentally measurel value for the HFCC is 487 MHZ32 in water and 43.00 MHz293 in methanol.
Optimized structures can be found in SI_4.2.

Solvent Method ECRISM CPCM
0 (3R,490 (3R,4R 334R4S)0 (3R,430 (3R,4R 3G
H20 revPBEO 32.6 35.3 4.40 30.2 32.8 4.98
revPBEGD3 325 35.8 3.64 30.0 335 4.44
B3LYP 31.7 34.7 4.07 29.8 32.6 4.90
B3LYRD3 31.6 34.9 3.48 29.7 32.9 452
MeOH revPBEO 30.6 33.1 459 30.0 32.6 4,99
revPBEGD3 30.3 33.8 3.90 29.8 33.3 4.45
B3LYP 29.8 32.7 4.54 29.6 325 4.90
B3LYRD3 29.8 33.0 4.00 29.5 32.8 452

Starting with the calculations in water,for EGRISM the free energy differ-
ences between the two diastereomersrange from 3.48 kcal/mol (B3LYR-D3) to
4.40 kcal/mol (revPBEQ. It is clearly noticeable that by adding the D3 correction,
a lowering of the free energy diffeence between the two conformers is observed.
For CPCMeven higher free energy differences arecalculated ranging from
4.44 kcal/mol (revPBEO-D3) to 4.90 kcal/mol (B3LYP).These values clearly indi-
cate a very large population difference between the two @stereomers, sothe
(3R,4S}diastereomer can certainly be assumed to be the main conformeihe
calculated free energy differences between the two diastereomers for methanol
are even larger than for the corresponding water calculations.

However, it should be noted that the results presented above for the free en-
ergy difference are based on DFT free energies alone withcatidinga PMV cor-
rection term. Especially formethanol, no PMVcorrection was notavailableat the
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time.However, the PMV correction has proven to be an indispensahlestrument
for calculating accuratefree energiesin solution with EC-RISM. Therefore, addi-
tional free energies in water were calculated with theMP2/6-311+G(d,p)/EG
RISM//B3LYP/def2-TZVPP/CPCM and revPBEGD3/def2-TZVPP/EC
RISM//revPBEOQ-D3/def2-TZVPP/CPCMlevel of theories The corresponding
datais shown in Table 5These calculations showthat the PMV correction further
increases the relative energy difference between the two diastereomers.

Table 4 Relative Gibbs energies &i (in kcal molt) and contributions (for EGRISM? sum of intra-
molecular energy ko, exce® A E AT E A A I, phriiabvolar@due colrectionc,Vm with ¢
=-0.1022 kcal mott A3, based on thevmwhich was calculatedvia the total correlation function )
from calculations on optimized solution structures To correct the methanol 3D RISM calculations
the PC+ correcitod” with a correction parameter cpe+=-0.09696 kcal mott A3and a =2.34204
-10° Pal was used Material from ref132

Method / Isomer Esol t & cwWmi Cpc+Vimi Gsol (EGRISM]
MP2/6-311+G(d,p)/EGRISM//B3LYP/def2- TZVPP/CPCMwater)

(3R49 0 0
(3R4R) 5.38 -1. 42 0. 47 443
revPBEGD3/def2-TZVPREC-RISM//revPBEO-D3/def2-TZVPRCPCM(water)
(3R 49 0 0 0

(3R4R) 4.95 -1.63 0.53 3.84
MP2/6-311+G(d,p)/EGRISM//B3LYP/def2- TZVPP/CPCMMeOH)

(3R49 0 0
(3R4R) 5.34 -1. 12 0. 76 4.98
revPBEGD3/def2-TZVPP/ECRISM//revPBEO-D3/def2-TZVPP/CPCMMeOH)
(3R 49 0 0 0

(BR4R) 4.96 -1.07 0.86 4.76

The obtained HFCCs, calculated with BRISM, for the main diastereomer
rangefrom 31.6 MHz to 32.6 MHz, whereby the revPBEO variants resuithigher
couplings than the B3LYP calculationsThe minor diastereomer shows an in-
crease of nearly 3 MHz inth@ for all variants. With CPCM, the callated 0
parameters are2.4 MHzand 2.0 MHzlower for the revPBEOand B3LY Pcalcula-
tions, respectively.Therefore, ECGRISM, compared to CPCM, ssiperior in repro-
ducing the experimental results, but the absolute accuracy is rather sobering
with deviations of more than 12MHz.

The experimental difference in HFCCs between methanol and water is ap-
proximately 2 MHz. The ECRISM calculatedHFCOn methanol rangesfrom 29.8
MHz (for the B3LYP variants) up to 30.6 MHz (for revPBEO calculation$jence,
water and methanol differfrom 1.8 MHz to 2.1 MHZ2While the absolute accuracy
is still dissatisfying, the relative difference between the two solvents can be accu-
rately represented by ECRISM.

In contrast, the differences between methanol and water for CPClte mar-
ginal, with changes of 0.2 MH4n this case,CPCMcannot predict the experimen-
tally observed shift. Apart from that, it should be noted that for EERISM a spe-
cific solvent susceptibility has to be generated, whereas in the case of CPRCM
simply changing the dielectric constantand the corresponding refractive indexis
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sufficient to describe a new solventTo generate the solvent susceptibilityon the
one hand experimentally measured dielectric constants and densitiesare
needed and on the other handa suitable force field is required

4.2.2 HFCG parameters of nitroxy nitrogen of HMI calculated
for 1000 snapshots with revPBEO / def2-TZVPP

After it was shown in the previous chapter that for the optimized structuresEG
RISM gives better resultshan CPCM relative to the experiment, the absolute ac-
curacy was still quite far away from the experimendl observations. One has to
consider thatonly DFT calculations wereaused, and only one optimized structure
was considered, which did not include explicit slvent molecules in the calcula-
tion. Better levels of theory will be discussedater in this chapter, whereasin this
section, the influence of multiple structures and explicit solvent molecules on the
0 parameter will be studied. Additionally, the results for the HFCC of thai-
troxy oxygen of HMI can be found irchapter 6.7.
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Figure 15 Normalized probability histograms of 6  values of thenitroxy nitrogen of the EPR
spin-probe HMI at ambient conditions calculated with revPBEGD3/def2-TZVPPwith decon-
trated s function on 1000snapshots Panel (A) shows the probability distribution(Mean: 36.7
MHz) calculated viathe QM/MM approach(by V. A. Tran)including the two first water solvation
shells aroundthe N-O motif explicitly and approximating the remaining explicit water molecules
via TIP3P point charges. Panel (B) showscuum calculations on thevertically desolvated struc-
tures (Mean:31.2 MH3J. Panel (Ckhowsthe distribution calculated with EGRISM/PSE3 on the
vertically desolvated structures(Mean: 37.0 MHz). In Panel (D) the distribution was calculated
with EC-RISM/PSE3 (Mean: 37.5 MHz)on the structures, explicitly including the two first solva-
tion shells around the HMI oxygenPanel (E) shows the distribution calculated with CPCM solva-
tion on the vertically desolvated structures (Mean34.4 MH32. Panel (F)depicts thedistribution
calculated with CPCM solvation on the structurespntaining the explicit solvent molecules of the
first two solvation shells around the oxygen of HMI (Mear836.7 MHz). The blue line in each panel
represents the average value of the corresponding distribution computing using the numerical
0 data that underlie the respective histogram. The greevertical line in the panels represents
the experimental value and each distribution is separately normalized Material from ref132, Raw
dataand structures for the EGRISM and CPCM calculatiortan be foundin S1 4.2, HMI,

—

A subset of 1000 structures,in equal temporal distances extracted every
0.2 ps from the 200 ps AIMD simulation, was used forthe DFT calculations. In
Figure 15, histograms of the probability distributions of thed parameters for
the subset calculated with revPBEOdef2-TZVPPwith decontracted sfunctions
are shown At this point, six different setips are compared with each other. Panel
(A) shows a QM/MM approach in which the first two solvation shells around the
nitroxyl oxygen atom are explicitly represented and additionally, TIP3P charges
approximate the remaining water molecules of the simulatbn box These calcu-
lations were performed by V. A. Tran and serve as the benchmarkor EGRISM
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and CPCM calculationg-or the QM/MM setup, a mean isotropic hyperfine cou-
pling constant of 36.7 MHZan overview of HFCC values is given ifable5) could
be calculated resulting in a difference of7.5 MHz compared to theexperimental
value. By looking at the histograns, it can be seerthat ao  value between 30
MHz and 45MHz is obtained for most snapshotsvith a few outliers above 45
MHz.

Panel(B) of Figure 15 shows vacuum calculations on the vertically desolvated
structures. Compared to the QM/MM method, a clear shift towards lower HFCCs
can be seenThe mean isotropic HFCC is 31.2 MHz, which is 5.6 MHz lower than
the QM/MM method, and, therefore, usinga solvent modelsignificantly improves
the quality of the calculations.

Table 5: HFCC calculated on revPBED3/def2 -TZVPP/CPCM optimized structuregfirst three

rows) and averaged HFCCsf the nitrogen of nitroxide group of HMI from different calculation

settings. For all calculationsthe def2-TZVPP with decontracted sunctions basis set was used.

VD representsthe vertical desolvated datasetand SSS represents the subsetcluding the first

two solvation shells.Raw data can be found in SI_4.Ros denoted with dagger x AOA AAT AOI A(
by V.A. TranMaterial was published in ref132,

Method 0 /MHz
revPBEO/def2-TZVPP/ICPCM Min 30.0
revPBEO/def2-TZVPP/ECRISM Min 32.5
DLPNQGCCSIef2 -TZVPPPEC-RISMMin 38.1
revPBEGD3/def2 -TZVPPNac 31.2
revPBEQD3/def2 -TZVPP/QM/MM SSS 36.7
revPBEGD3/def2 -TZVPP/CPCM VD 345+£0.17
revPBEGD3/def2 -TZVPP/CPCM SSS 36.7£0.16
revPBEGD3/def2 -TZVPP/EGRISM VD 37.0+£0.17
revPBEGD3/def2 -TZVPP/ECRISMSS 37.5£0.16
DLPNQCCSD/def2TZVPP/ECRISM VD(400) 42.7+0.26
DLPNOCCSD/def2TZVPP/QMMM SSS(400) 40.5
revPBEO/def2-TZVPP/ECRISM VD(400) DFT 36.8+0.27
revPBEO/def2-TZVPP/ECRISM VD(400) HF* 37.7£0.27

Panels(C) and (D) of Figure 5 show revPBEOdef2-TZVPRPSE-3 ECRISM
calculations,whereby Panel(C) is based on the vertically desolvatedtructures,
and Panel(D) explicitly includ esthe first two solvation shells in the calculations.
In the former case a meano  of 37.0 MHz is obtained, whereas for the latter
one, an average0 of 37.5 MHz is obtainedWith EGRISM on the vertically
desolvated structures, a similar value to the QM/MM method can be obtained and
a deviation of 7.2 MHzelative to the experimental results. Thus,a massive im-
provement compared to vacuum calculations is obtainedf the explicit waters
are included, the esult can be improvedfurther by 0.5MHz.

The revPEBOMef2-TZVPRCPCM calculations are shown iPanels(E) and (F)
of Figure 15. Panel (E) shows the histogram for the desolvated structuresand
Panel (F) again includes the first two solvation shells around the nitroxi+O in the
calculations. Interesting is the result for the former variant, where a mean
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isotropic hyperfine coupling constant of 34.4 MHz could be calculated. Especially
in comparison to the calculations with EERISM on the vertically desolvated
structures, a significantly worse result is obtained with a dference of-2.6 MHz.
This result reproducesthe previously observed results for the optimized struc-
tures very well, whereby with EGRISM about 2 MHz largerd  parameters were
obtained compared to CPCM. Howevaising CPCM as a solventodel can signif-
icantly increase the accuracgompared tothe vacuum-only calculations.Moreo-
ver, the influence of the explicit water in the CPCM casenwore significant than
EGRISM. Thus, by adding the first two solvation shells, a mean HFCC of 36.7 MHz
can be obtainedthis precisely equalsthe mean value of the QM/MM calculations.

Three central conclusionscan be derived from the calculation®n the 1000
AIMD snapshots. Firstjt was shown that for the vertically desolvatedstructures
(the computations that take the least time), EQRISM produces significantly bet-
ter results than CPCM. This resulivas alsoobserved before for the geometry
optimized structures. The second findings that ECRISM gives approximately the
same results for the vertically desolvated structures as in the case where the ex-
plicit waters were included. Therefore, the influence of the explicit quantum me-
chanical waters does not seemnmuch stronger on the isaropic shielding con-
stants than the effect obtained due tothe polarization of the point charges. The
third fundamental finding is that significantly better results are obtained by con-
sidering the whole trajectoryrather than the geometry-optimized structure. This
seems odd at first glance since HMI is a relatively rigid molecykend there should
not be large structural differences. Therefore, in the next chaptethe influence
of structural parameters on thed  parameters will be investigated.

4.2.3 Dependence of HFCCparameters on structural parameters

This chapter aims to investigatehe dependence of the HFCCs atructural prop-

erties. From the literature , it is well known that two major contributions to HFCC
of the nitrogen in nitroxides exit, on the one hanghe surrounding solvent struc-
ture and, on the other hand the nitrogen out-of-plane movement The effect of
the solvent polarity was already described previouly; however, in this chapter,

a more detailed analysis of theoccurring number of hydrogen bondsand their

influence on theHFCGCshall be performed.

For this purpose, the two subsets are again compared with each other, alt-
hough it should be noted that in the case of theertically desolvated structures
there are no explicit hydrogen bondsHowever,the surrounding water molecules
influenced the associated vertically desolvated structures in the AIMDIhe ad-
vantage of including thevertical desolvated subsetin the comparison is that a
certain baseline effect can be determinedince the different structures show
alone an effect on the HFCCand the explicit waters do not influence them
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Table6 Mean0 valuesin MHz of the nitroxy nitrogen of the EPR spirprobe HMI ((3R,49) at
ambient conditions calculated with revPBEOD3/def2-TZVPPwith decontracted s function for the
1000 snapshotsshown as a function of the number of hydrogen bonds around the oxygen atom
of the nitroxy group. The corresponding distributions can be seen ifrigure 16. The abbreviation
SSS means that the first two solvation shells are considered explicitfaw data can be found in
Sl_4.1.

H-bonds CPCM VD CPCM SSS EGRISMVD EGRISM SSS No. Snapshots

1 34.2+0.49 34.8+0.46 36.6+0.50 36.0+0.45 121
2 34.5+0.22 36.6+0.21 37.1+0.22 37.5+0.21 595
3 34.5+0.31 37.7+0.29 37.2+0.32 38.3+0.28 270
4 343 £1.05 37.5+1.33 37.1+1.14 38.2+1.33 9
All 34.4+0.17 36.7+0.16 37.0+£0.17 37.5+0.16 1000

Four structures were obtained from the 1000 snapshots from the AlIMEhat
did not form determinable hydrogen bonds, and 121 snapshots containegine
single hydrogen bond. In 595 snapshots, i.emore than half of all snapshots, two
hydrogen bonds could be observeé, whereas 270 structures had three hydrogen
bonds. Nine and one structure could be assignedto four and five hydrogen
bonds. For the sake of clarity, the zerand five hydrogen bond structures are not
considered in thischapter.
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Figure 16 Probability histograms ofé  values of the nitroxy nitrogen of the EPR spiprobe HMI
at ambient conditions calculated with revPBEED3/def2-TZVPPwith decontrated s function on
1000 snapshots containinga subset, divided into the dependence of the number of hydrogen
bonds to the oxygn of the nitroxy group.In the histograms,there are 121 underlying snapshots
for the 1 H-bond, 595 snapshotsfor the 2 H-bonds, 270snapshotsfor the 3 H-bonds, and 9snap-
shots for the4 H-bonds.Panel (A) shows the distribution calculated with CPCM solvation on the
vertically desolvated structures Panel (B) depicts the distribution calculated with CPCM solvation
on the structures that contain the explicit solvent molecules of the first two solvation shells
around the oxygen of HMIPanel (C) shows the distribution calculated with EE€RISM/PSE3 on
the vertically desolvated structures. In Panel (D)the distribution was calculated with EG
RISM/PSE3 on the structures explicitly including the two first solvation shells around the HMI
oxygen The corresponding average values are summarized Trable 6. Raw data can be found in
Sl_4.2.

In the case of CPCNhe vertically desolvated structures(Figure 16 Panel(A)),
show average values o84.2 MHz for one hydrogenbond, 34.5 MHz for two and
three hydrogen bonds, respectively, an84.3 MHzfor four hydrogen bonds. Thus,
only a marginal gructural baselineeffect is obtained due to the presence of hy-
drogen bonds in the simulation As soon as the hydrogen bonds are explicitly in-
cluded, a clear dependence on the number of hydrogen bonds becomes apparent.
When one hydrogen bond is formed, the average HFCC is8#Hz, whereas as
soon as two explicit hydrogen bonds are present, the HFCC increases by 1.8 MHz
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to 36.8 MHz. If a structural baskne effect of 0.3 MHz is assumed, the increase is
1.5 MHz solely induced by the presence of the hydrogen bond§he presene of
a third hydrogen bond leads to a further increase of 1.1 MHEor all hydrogen
bond configurations,assoon as explicit hydrogen bonds are included in the cal-
culation, higher0 parameters are obtained A different picture is obtained for
ECRISMbased calculation. Herefor the vertically desolvatedsubset,the average
values are 36.6 MHz (1 Hbond), 37.1 MHz (2 H-bonds), 37.2 MHz (3 Hbonds),
and 37.1 MHz for the structures with four Hbonds.The baselinestructural effect
is 0.5 MHz and henceslightly higher than for CPCMThe major difference occurs
by looking at the explicitly solvated structures; herefor the casewith one single
explicit hydrogen bond, the mean HFCC is 38Hz and thus 0.8VIHz smaller than
for the vertically desolvated structuresunder the influence of pure ECRISM solv-
ation. This means that the E®RISM charge distribution exerts a stronger polari-
zation than the explicit water configurations, which form only one hydrogen
bond. When two explicit hydrogen bonds are pesent in combination with EC
RISM, thesurrounding explicit environment generates a stronger polarization
than the pure ECRISM calculationson the vertically desolvated structures with
a difference between these two methodsof 0.4 MHz.The effect becomse even
stronger with three explicit hydrogen bonds with a mean HFCC of 38.3 MHz.
Another point that stands out is the fact that for all the suldlatasets analyzed
in this chapter, the meard s significantly larger than the comparable value for
the optimized structures. Consequently, a relatively strong structural effect must
influence thed  parameters. From chapter3.2, we know that in the framework
of the relatively simple VBtheory, the® parameter depends very strongly on
the spin densitieslocated at thenitrogen andthe oxygen.In the past,severalstud-
ies have been onducted to assess the influence of thenitrogen out-of-plane
movement on the HFC@83.27&280 The corresponding relevant improper dihedral
of HMl is depicted inFigure 17.

/
HA/N
/N

Figure 17 Two-dimensional representation of HMI. Themagentacolored atoms show theCNOG
improper dihedral, reflecting the out-of-plane movement.

In Figure 18 Panel (C), the nitrogen outof-plane movement distribution is
shown for the 1000 snapshots of the trajectoryThe blue line indicatesthe corre-
sponding value of the optimized structure which is -0.65°. The value of the im-
proper dihedral ranges from-20° to 20°, with a nearly symmetric distribution. A
small maximum can be foundat 5°; however, as mentioned in chaper 4.2.1, only
one optimized structure was foundafter optimizations in CPCM solvationMost
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of the structures can be found irarange between-5° to 5°.In panels (A) and (B)
of Figure 18, the distribution of HFCG versus the underlying improper dihedral
is presented for revPBEOHef2-TZVPRCPCM (Panel(A)) and revPEBO/def2-
TZVPREC-RISM(Panel(B)). The plots clearly show that a stronger oubf-plane
motion results in agreater HFCCAn increase of thed  parametersis observed
for both positive and negative deflectionsrespectively. For an improper dihedral
of 20°, there is almost a doubling compared to the values ftire planar geometry.
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Figure 18: Panel(A) showsthe distribution of 6 parameters with respect to the improper tor-
sion NQOCcalculated with revPBE® def2-TZVPRCPCMwith decontracted sfunctions. In panel
(B),the distribution of 6  parameters with respect to the improper torsionNCOC calculated with
revPBEOQ/def2-TZVPREC-RISM with decontracted sfunctions is depicted. The blue line shows
the CNOC improper torsion value for the optimized structure using revPBED3/ def2-TZVPRThe
horizontal green lines show thed  value calculated for theoptimized structures with the corre-
sponding level of theory (seeTable 3). Panel(C) shows thehistogram of the CNOC improper tor-
sion, which is shown inFigure 17. Raw data can be found in SI_4.2.

The nitrogen HFCC increases significantly witthe pyramidalization of the NO
group. This effect can also be explained by applyirige VB model intro duced in
chapter 3.2. As long as thenitroxide moiety is planar, the direct contribution to
the singly occupied molecular orbital(since the SOMO is basically the* and no
s-orbital contribution is present) vanishes?63 As smn as a deviation of the pla-
narity comes into place, the s atomic orbitals contribute to the SOMO and, there-
fore, increase the spirdensity at the nitrogenand the HFCCThe optimized struc-
ture of HMI has almost complete planar geometry, but due to thermal
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fluctuations, there are slightly pyramidal deflections anctherefore, a larger HFCC
over the entire trajectory compared to the optimized valuds observed The left
resonance structure from Figure 3 is favored in the planar configurationwhereas
a stronger outof-plane movement favors the right resonance structure.

In summary, the explicit hydrogen bondsinfluence the HFCC, butheir effect
IS not themost substantial From theAIMD, structures with two explicit hydrogen
bonds could be extracted most frequentlyand sructures with one and three hy-
drogen bonds are the seacad most common. The number of hydrogen bonds in-
creases the HFC&because the polarity of the solvent is increased in close prox-
imity to the nitroxide group. However, ECRISM calculations on the vertically
desolvated structures can reproduce this effect qte well. Therefore,at least for
the HMI nitroxide, it can be concludedhat the inclusion ofexplicit watersis not
necessary to characterize the effect of the solvent on the HFCC. This is particularly
relevant when considering larger systems, such as pi@n fragments, where the
reduction of explicit atoms within the QC calculations is essentiaHowever, to
obtain accurate resultsit is crucial to include the fluctuations of the outof-plane
motion of the NOmoiety. Thus,a thermal averaging of differem structures must
be performed to improve absolute accuracyTherefore, one or two optimized
structures are insufficient, and some kind of molecular dynamic simulation (in
the best case AIMD) or MonteCarlo simulation mustbe utilized for larger sys-
tems.

4.2.4 HFCC @mrameters of nitroxy nitrogen of HMI calculated for
400 snapshots with DLPNO-CSSDgef2-TZVPP

The HFCG calculated with revPBEOMef2-TZVPPdeviate from the experimental
value by about 78 MHz. One reason for the still relativgl large deviation is the
level of theory utilized here. Hybrid functional calculationsare not the best way
to describecore-level spin polarization, and n particular, highly correlated wave-
function approaches have shown excellent agreement with experiméa refer-
ence dataThe following chapter performs calculations tanore accurately depict
these effects with the domairbased pair natural orbital coupledcluster singles
and doubles(DLPNOCCSD) method29%131

These are the first attemps to couple the DLPNGCSD method with the EC
RISM formalism However, it must be noted here thatlike in the case of E€RISM
computations with the theory level MP2, the iteratiors are performed using the
HF formalism, i.e. concretely, that in the last iteration, in which the DLPNGCSD
calculation takes place, the polarizing solvent, itself was polarized byF electron
density. A consistent ECGRISM cycle in which a DLPNGQCSD calculation is per-
formed in each iteration isnot practicable with current resources

The focus is on theevPBEGD3/def2-TZVPP/CPCM optimized structure since
this onewas generated with the same level of theory used in th&lMD and verti-
cal desolvated subset containing 400 snapshot§he hyperfine coupling constant
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is 38.1 MHz andtherefore, 5.6 MHz higher thanthe value obtained with revPBE®©
D3/def2-TZVPPR Sill , agap of 6.3 MHz to the experimental benchmark value is
observed Nonetheless,by choosing the better theory levela massive improve-
ment could be obtained however, by choosing the DLPNEGCSD theory level
however, the computational time and requirement at the computational re-
sources are significantly increased.Thus, the complete trajectory of 1000 snap-
shots was not used tosalidate the effect of thermal averaging, but only 400 snap-
shots were included in the consideration, with a time interval of 500 fs between
two snapshots.
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Figure 19 Probability distributions of 6 values of nitroxy nitrogen calculatedwith DLPNG
CCSD/def2TZVPRs-decontracted) on the subset containingd00 structures. In Panel (A) the EG
RISM calculations on the VD datasate shown (Mean 42.7 MHz)Panel B) shows the probability
distribution (Mean: 40.5 MHz) calculated via QM/MM approach, including the two first water
solvation shells around the NO motif explicitly and approximaing the remaining explicit water
molecules via TIP3P point chargesRaw and calculated data can be found in SI_4.2. This material
was already publishedin ref132

The corresponding probability distributions are depicted in Figure 19,
whereby in Panel (A) the DLPNGCCSD/def2TZVPP/ECRISM distribution on
the vertically desolvated structures is shown In Panel (B) the probability distri-
bution obtained by the QM/MM approach, where the two first solvatiorshellsare
explicitly considered, and the remaining waters are approximated by TIP3P point
charges, isshown. For the latter onean average value of 40.5 MHz for the is
obtained (seeTable5). This is an improvement of 3.8 MHz compared to thec
responding calculations with revPEBOD3/def2-TZVPP The difference to the ex-
perimental benchmark value is only4.3 MHz. The average value tiie HFCC with
DLPNQCCSD/def2TZVPP/ECRISM on the vertically desolvated structures is
42.7 MHz.Therefore, this new approachresults in an increase of 5.7 MHz com-
pared to the revPBEGD3/def2-TZVPP calculations orthe vertically desolvated
subset. The 5. MHz increase is in goodgreement withthe 5.6 MHz increase ob-
tained for the optimized structure, and the difference from the experimentally
obtained value is only2.1 MHz.

Something that stands out is that the difference between ERISM for the ver-
tically desolvated structures and the QM/MM method in the case of DLPNO
CCShef2 -TZVPPis 2.2 MHz, whereasin the cas of revPBEGD3/def2-TZVPP
the difference is only 0.3 MHz.
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Figure 20 Probability distributions of 6 values of nitroxy nitrogen calculated with revPBEED3
functional and sdecontracted def2TZVPP basis saising theAIMD ensemble of vertically desolv-
ated spin probe configurations.Panel(A) showsthe consistent DFT electron density to calculate
the exact electrostatic potential(average value36.8 MH32, (B) calculated with HF electron den-
sity, obtained fromDLPNQCCSD/def2TZVPP calculations, to calculate the exact electrostafio-
tential (average value 37.8 MHz)The blue line in each figure represents the average value thie
corresponding distribution. The greenvertical line represents the experimental valugand each
distribution is separately normalized.Raw data can be found in SI_4.This material was already
published in ref132

One possible reason could bée fact thatin the case of revPBEO/defZTZVPR
the consistent DFT density was usetb calculate the electrostatic potentialyet,
for DLPNOCCSDthe HF density was usedTo investigate this hypothesis, two
different revPEBQO-D3/def2-TZVPP calculations were performed for the 400 ver-
tically desolvated structures. Onthe one handthe consistent route was chosen
and on the otherhand, the HF density extracted from the DLPN@CSD calcula-
tions was used.The corresponding probability distributions are shown inFigure
20. For the approach with consistent rePBEGD3/def2-TZVPR an average HFCC
of 36.8 MHz is obtained. This resulagreeswith the 37.0 MHz obtained from tke
1000 snapshots calculated with revPBED3/def2-TZVPP Thus, thesubset con-
taining the 400 snapshots is reliablgfor calculating the HFCCs. However, if the
solvent charge distribution is used, which was polarized by the HESP, an aver-
age0 value of37.8 MHz. Thus, the Hidensity leads to a solvent distribution
that causes a strongersolute polarization. Due to this effect, the difference be-
tween the QM/MM approach with DLPNG@CCSD/def2TZVPP and DLPNO
CCSD/def2TZVPP can be explainedn addition, two striking outliers appear in
the distribution of the DLPNQCCSD/def2TZVPP/ECRISM calculations, for
which there are no explainable and recognizable reasorn¥onethelessthe incon-
sistencyresulting from the different electrostatics is smaller than the efct gen-
erated from the improved electronic structure at the DLPNECCSD level.

The differencerelative to the experimentally obtained HFCQvith DLPNG
CCSD/def2TZVPP/ECRISM isrelatively small with 2.1 MHz Nevertheless add-
ing triple excitation effects into the response density (DLPNEGCSD(T))could
further improve the results.
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4.2.5 HFCCparameters for the nit roxy nitrogen calculated for
the protonated HMI

This chapter will consider the influence ofpH on the HFCC of HMIlt is well
known that nitroxides with a protonatable group near the spinmotif show apH-
dependent change of th& . For example the N-H group can be protonated in
HMI, and the measured pkis 4.37. The experimental HFCCvalue shown inthe
previous chapters was measured at @H of 10, and at a pH of 2, an HFCC of
41.2 MHz wasmeasured by L Galazo293, resulting in apH-dependent shift of-
3.6 MHz. The same workflow shown above for HMI was repeated under acidic
conditions to calculate the theoretical valus. In the following chapters of this the-
sis, the protonated HMI will be abbreviated as HHMI.

In Table 7, a detailed comparison of theHFCG of HMI and HHM is pre-
sented, starting with the optimized structures on the revPBEQO
D3/def2 -TZVPRCPCMIlevel of theory. Here ad  of 27.5 MHz can be obtained,
leading to apH-dependent changeof -2.5 MHz relative to the unprotonatedHMI,
where the calculated HFCC was 30.0 MHZherefore an underestimation of
1.1 MHz relative to the experimentallyobtained pH-dependent changes given.
For revPBEOQ/def2TZVPP with EERISM on the one optimized structte a0 -
parameter of 28.9 MHz was calculatedfor HHMI. Compared to the HFCC of
32.5MHz mentioned previously for HMI, apH-dependent changeof 3.6 MHz re-
sults perfectly matches the experimentally measured one. Alsm absolute terms,
the EGRISMresultsshow a smaller deviationfrom the experimentthan the CPCM
calculations; however, like in the case of HMI, the absolute performance is poor.
Better performance is again achieved with the DLPNOCSD/def2TZVVP ansatz
with 32.3 MHz However, thepH-dependent changewith 5.8 MHzis significantly
greater thanthe experimentally measured one.
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Table 7 Summarizedd parametersin MHz for HMI and HHMI.On the one handresults are
shown for the revPBEOD3/def2-TZVPFCPCM optimized structure, calculated with
revPBEO/def2-TZVPP/CPCM, revPBEO/defZZVPP/ECRISM and DLPNGCCSD/def2
TZVPP/EGRISM. On the other hanadnean® parameters are shown that were calculated orhie
shapshots obtained from theAIMD. Rows with a star* were calculated by V. A. Tra4, and maw
data can be found in SI_4.2.

Method = (HMI) = HHM)  pE

Based on revPBEMD3/def2-TZVPP optimized geometry

revPBEO/def2-TZVPP/CPCM 30.0 27.5 25
revPBEOQ/def2-TZVPP/ECRISM 32.5 28.9 3.6
DLPNOCCSD/def2TZVPP/ERISM 38.1 32.3 5.8
Based onthe full trajectory

revPBEO/def2-TZVPP/QM/MM* 36.7 33.3 3.4
revPBEO/def2-TZVPP/CPCM/VD 34.5£0.17 32.0£0.17 25
revPBEO/def2-TZVPP/ECRISM/VD 37.0£0.16 33.5£0.17 35
revPBEO/def2-TZVPP/CPCM/SSS 36.7£0.17 33.6£0.18 3.1
revPBEO/def2-TZVPP/ECRISM/SSS 37.5£0.16 34.4£0.17 3.1
DLPNGCCSD/def2TZVPP/QM/MM* 40.5 36.1 4.4
DLPNQCCSD/def2TZVPP/ECRISM 42.7£0.26 36.9£0.27 5.8
Experimental 44.8 41.2 3.6

B. Sharma performed anothe200 ps longAIMD using the protonatedHHMI
as a solute, leading again into two subsets, one with 1000 snapshots with a
timestep of 0.2ps and the other subset witr400 structures and a time interval of
0.5 ps
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Figure 21 Normalized probability histograms of 0  values of the nitroxy nitrogen of the EPR
spin-probe HHMI (protonated HMI) at ambient conditions calculated with revPBEED3/def2-
TZVPPwith decontrated s function on 1000 snapshots containing subseRanel A) shows the
distribution calculated with CPCM solvation on thevertically desolvated structures (Mean: 34.4
MHz). Panel B) depicts the distribution calculated with CPCM solvation on the structures, con-
taining the explicit solvent molecules of the first twosolvation shells around the oxygen of HMI
(Mean: 33.6 MHz). Panel (C) shows the distribution calculated with ECGRISM/PSE3 on theverti-
cally desolvated structures (Mean:33.5 MHz). Inpanel (D), the distribution was calculated with
ECRISM/PSE3 (Mean: 34.4 MHz) on the structures, explicitly including the two first solvation
shells around the HMI oxygen. The blue line in each panel represents the average value of the
corresponding distribution computing using the numericald data that underlie the respective
histogram. The greervertical line in the panels represents the experimental value, and each dis-
tribution is separately normalized. Raw and calculated data can be found in SI_4.2.
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With revPBEO/def2-TZVPP/CPCM on the 100@ertically desolvated struc-
tures, a mean HFCC value of 32.0 MHz is observed. Thyshialependent change
of 2.5MHz isachieved which is exactly the value obtained for the single opti-
mized structure.By applying re/PBEO/def2-TZVPP/ECRISM a meano  of 33.5
MHz iscalculated leading to apH-dependent changeof 3.5 MHz. Therefore, EC
RISM on thevertically desolvated structures canreproduce the pH-dependent
changemore accurately than CPCM.

By explicitly adding the two first solvation shells around theN-O motif the
0 parameter increasesagain.For revPBEOQ/def2-TZVPP/CPCMan increase of
1.6 MHz relative to thevertically desolvated structuresis calculated. ier HHMI,
the influence of adding the first two solvation shells is lesstrong compared to
the unprotonated HMI,where an increase of2.2 MHz was obtainedDue to the
smaller increase, thepH-dependent changeas 3.1 MHz reproducing the experi-
ment better than the vertically desolvated subsetBy using the revPBEO/def2
TZVPP/ECRISM level of theory on the solvated subsetna  parameter of
34.4MHz is calculated. The resultinggH-dependent changeas 3.1 MHz,matching
the revPBEOQ/def2-TZVPP/CPCMalculated valueon the second solvation shell
data set For the revPBEO/def2TZVPP/QM/MM (by V. A. Tra@®4) calculations, a
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value of 33.3MHz was obtained As for the unprotonated HM|Jthis value is lower
than the EGRISM calculations The pHdependent change is 3.4 MHz. also show-
ing a very good agreement withthe experimentally measured value.
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Figure 22 Normalized probability histograms of 0  values of the nitroxy nitrogen of the EPR
spin-probe HHMI (protonated HMI) at ambient conditions calculated withDLPNQCCSef2 -
TZVPPwith decontrated s function on 1000 snapshots containing subsefhe calculated mean
value is 36.9MHz. Raw and calalated data carbe found in SI_4.2.

Utilizing the DLPNGCCSD/def2TZVPP/ECRISM(seeFigure 22) on the sub-
set containing400 vertically desolvated snapshots, a mean HF@E36.9 MHz is
calculated. Similar to the optimized structures, the calculated pH-dependent
change(5.8 MHz)is much greater than the experimentally measurd one and the
corresponding pH-dependent changsthat were obtained with the DFT methods.
However, with DLPNGCCSD/def2TZVPRPEC-RISM the absolute value shows
the best agreement with the experiment. The DLPNGCCSD/def2
TZVPP/QM/MM2%4 approach leads to a value 086.1 MHz, resulting in a pHde-
pendent change of 4.MHz. As for the EGRISM computations, an overestimation
is observed for the DLPNE@CCSD/def2TZVPRbased calculationsA clear reason
for this result could not be bund.

4.2.6 The complete EPR W-Band spectra of HMI and HHMI

The previous chapters dealt with the isotropic hyperfine coupling constants ob-
tained from X-band experiments at room temperatureHowever, EPR spectra can
also be recorded at higher frequencies.g, at 94 GHz, in which case one speaks
of a Wtband spectrum(see section3.2). These spectra are normally obtained at
very low temperatures (the solution is frozen), whereby the movements of the
molecules are restrainedIn the W-band spectraat low temperatures, the aniso-
tropic elements of theg-tensors andA-tensors can beextracted. In this chapter,
the W-band spectraof HMI and HHMIwere calculatedtheoretically by applying
the same workflow usedfor calculating the HFCCs and the spectrawill be com-
pared to theexperimentally measured spectra apH 10 andpH 2. The spectra are
determined via the spinHamiltonian from the equation (179), where one addi-
tional parameter is the intrinsic linewidth of the peaks. Theay- and A-tensors were
extracted from the QC calculationsand the g-tensors were calculated with the
GIAO method.For another publication, g-tensor calculations where the gauge
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origin is chosen to be the spin density centé?4, were evaluated; however, at the
current time, these works were not finished.

First, the W-band spectra for the revPBE@ef2TZVPP/CPCM optinzed
structure are examined.The g-tensors arepresented in Table 8, and the corre-
sponding A-tensors are shown in Table 9. Within this chapter, DLPNGQ
CCSD/def2TZVPP/ECRISM spectra are presentedwhereby it is important to
notice that these spectra are combination of revPBEO/def2-TZVPP calculations
for the g-tensors and onlythe A-tensors were calculated with DLPNO/def2
TZVPP.For simplicity and clarity, in tablesthat show g-tensor elements,the
revPBEOQ/def2-TZVPP calculations for the-tensors of DLPNGCCSD spectra are
denoted as DLPNE@CCSD.

Table 8 g-tensors calculated for the revPBEM3/def2-TZVPP/CPCM optimized structures of the
unprotonated HMI and the protonated HHMIusing revPBEOQ/def2-TZVPPNac, revPBEO/def2-
TZVPP/CPCM, revPBED3/def2-TZVPP/EGRISM, and DLPN@CSD/def2TZVPP/ECRISM.The
experimental values were measured at a frequency of 93.933 MHz and were performed by L.
Galazz@% and M. Teuche#>. Raw and calculated data can be found 81_4.2.

Method HMI HHMI 3(HMI-HHMI)
Oxx Oyy Qzz Oxx Qyy Qzz 30xx 30y 30z
revPBEO/VAC 2.0086 2.00592.0021 2.00922.0059 2.021 -0.0004 0.0000 0
revPBEOJCPCM  2.0082 2.00582.0021 2.00862.00582.0021 -0.0005 0.0000 0
revPBEO ECRISM 2.0078 2.00572.0021 2.00842.00582.0021 -0.0006 -0.0001 0
DLPNOCCSDEGRISM2.0078 2.00572.0021 2.008¢<2.005¢ 2.0021 -0.000¢ -0.0001 0
Experimental 2.0083 2.00602.0023 2.00902.00612.0023 -0.0007 -0.0001 0
9 (Experimental - Theory)
revPBEO/VAC 0.0003 0.00010.0002 -0.00020.00020.0002 -0.0003 -0.0001 0
revPBEO/CPCM  0.0002 0.00020.0002 0.00040.00030.0002 -0.0002 -0.0001 0
revPBEO/ECRISM 0.0005 0.00030.0002 0.00060.00030.0002 -0.0001 0.0000 0
DLPNOCCSD/EERISMO0.0005 0.00030.0002 0.00060.00030.0002 -0.0001 0.0000 0

The calculatedg-tensors showthat the gzz: and gyy components are almost
identical, with 2.0058 for the gyy component and 2.0021 for thegz.z component.
The experimentally measuredgzz-value is 2.0023,which fits the gevalue and is
expected according to Eqg.182) and the simple LCAO model. According togE
(180), things get much more interesting wherone looksat the gx«x component,
which mostly dependson the local solvency environmentin the experiment, the
Oxx components are 2.0083 and 2.0090 for Ml and HHMI, respectively. Based on
the LCAOmodel, thegxxshould decrease with increasing polarity andinincreas-
ing number of hydrogen bondsThe revPBEGD3/def2-TZVPP/VAC level of the-
ory leads to the highestgx components with 2.0086 and 2.0092 for HM and
HHMI, respectively. These results are greater than the experimental values, lead-
ing to differences of +0.0003 (HMIand +0.0002 (HHMI).

Using the revPBE@ef2 -TZVPRCPCM the g« decreased t02.0082 for HMI
and 2.0086 forHHMI. This result supportsthe LCAO modethat with higher po-
larization, the gxx decreases]eading to deviations relative to the experiment of
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0.0002 (HMI) and 0.0004 (HHMI)By utilizing the revPBEQGD3/def2 -TZVVP/EC
RISM model, a further decrease @i« is observed The correspondng values are
2.0078 and 2.0084 for HMI and HHMI, respectivel\.he absolute discrepancyel-
ative to the experiment increases,with errors of 0.0005 (HMI) and 0.0006
(HHMI). It should be noted again that for DLPNOCCSD/def2TZVPP,
revPBEO/def2-TZVPP musbe used to calculate th@-tensors. However,small de-
viations from the revPBEGD3/def2-TZVVP/ECRISM calculation are possible
since a different subset (only 400 structures with 500 fs distance) is considered
While the absolute accuracy with all methods haerrors, the relative difference
between HMI and HHMI is very well reproduced.

Table 9 A-tensors calculated for the revPBEMD3/def2-TZVPP/CPCM optimized structures of the
unprotonated HMI and the protonated HHMI usingevPBEO/def2-TZVPP/Vac,revPBEO/def2-
TZVPP/CPCM, revPBED3/def2-TZVPP/ECRISM, and DLPN@CSD/def2TZVPP/EGRISM.AII
valuesare in MHz.The experimental values were measured at a frequency of 93.933 MHz and
were performed by L. Galazz#3 and M. Teuche?s. Raw and calculated data can be found in
Sl_4.2.

Method HMI HHMI 3(HMI-HHMI)
Axx Ay Az Axx Ay Az 3Ax 3Ay 3Az
revPBEO/VAC 0.2 0.64 78.65 0.02 -0.82 70.57 0.18 1,46 8.09

revPBEO/CPCM 1.62 1.52 86.89 12 0.74 80.67 042 0.78 6.22
revPBEO/EGRISM 255 2.65 92.00 1.8 148 8356 0.75 117 8.44
DLPNOCCSD/EERISM 7.8 7.8 991 53 5.31 86.33 25 249 1277

Experimental 14.0 14.0 1003 13.0 13.0 922 1 1 8.1
9 (Experimental - Theory)
revPBEO/Vac 13.8 13.34 2185 7.68 1382 2193 0.82 -046 0.09

revPBEO/CPCM 12.38 12.48 13.61 11.8 12.26 11.83 0.58 0.22 1.78
revPBEO/ECRISM  11.45 11.35 85 11.2 1152 8.94 0.25 -0.17 -0.44
DLPNOCCSD/ECRISM 6.2 6.2 14 77 7.69 6.17 -1.5 -1.49 -4.77

Regarding theA tensors, the focuswithin this chapter shall be seton the Az
component since the other two components cannot be sufficiently resolved in the
experiment. The experimentally obtained Azz couplings are 100.5 MHz and
92.5MHz for HMI and HHMI, respectivelytherefore, apH-dependent changeof
8 MHz results.The lowestcalculated Azz coupling is obtained using the revPBE©
D3/def2-TZVPP/Vac approach with 78.7 MHz (HMI) and0.57 MHz (HHMI).
However, vacuum calculations can best reflect theH-dependent changeof the
Azzcomponentwith 8.1 MHz.

Significant improvement is achieved by applying the revPBED3/def2-
TZVPP/CPCM methodeading for HMI to an Azzcoupling 0f86.9 MHz, and for the
protonated HHMI, 80.7MHZ is obtained.The differencesrelative to the experi-
mental dataare still relatively large, with 13.6 MHz and 11.6 MHz for HMI and
HHMI, respectively.In contrast to all other methods, the CPCM variant underes-
timates the pH-dependent changewith a value 0f6.44 MHz.

Better absolute values are obtainedby applying the revPBEQGD3/def2-
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TZVVP/ECRISM approachFor HMI, the difference to the experimental reference
Azzcoupling value can be decreased to 8.5 MHvith an absolute value of 92 MHz.
An Azzcoupling of 83.6 MHz iscalculated for the protonated state, resulting il
deviation from the experimentof 8.9MHz.The pH-dependent changeshows with
8.44 MHz a small deviation from the experimentally obtained pH-dependent
change These resultsfit the previous results forthe 6  parameter, where EG
RISM causes a stronggolarity and leads to higher values.

The bestresults are obtained with DLPNGCCD/def2TZVPP/ECRISM ansatz
where an Azzcomponent of 99.1 MHz is calculated for HMIThus,the deviation
from the experiment is only 1.4 MHzSlightly worse results are obtained for
HMHI, with a deviation relative to the experiment of 6.2 MHz.This result is in
good agreement withthe previous chapter® HFCC calculationThus, this level of
theory shows the biggest discrepancy for the pH-dependent changerelative to
the experimental value, with a calculated difference of 12.8 MHz

The results for theg-tensors of the complete tajectory are enlisted inTable
10. As previously shown for the single optimized structures, thegyy and gzz values
are identical for all calculations and show the same deviations from the experi-
ment. The best agreement with theexperimental reference datafor the g« is
again acheved by applying the revPBEGD3/def2 -TZVPP/CPCM approach on the
vertically desolvated datasetFor HMI, a value of 2.0084 is obtained, leading to a
deviation relative to the experimental valueof only -0.0001.2.0088 is thegxx com-
ponent for the protonated state, resulting in a slightly higher errorthan the ex-
periment of 0.0002. Thecorresponding pH-dependent changeis -0.0004 and
shows a deviation of-0.0003 to the experimentally measuredpH-dependent
change Compared to thesingle optimized structures changes 0f0.0002 are ob-
served.

98



RISMbased pressuredependent computational spectroscopy

Table10 Averagedg-tensors calcuated for the unprotonated HMI andprotonated HHMI.revPBEO

is representative of revPBEO/def2-TZVPP with decontracted gunctions. These calculations were
performed on the 1000 snapshots containingubset. VD stands for vertical desolvated, and SSS
for second solvation shell includedDLPNO-CCSD ERISM VD was calculated with revPBEO/def2
TZVPP/ECRISM(since nog-tensor calculations were possible with DLPNO®CSD) on the subset
containing the 400vertically desolvated structures.The experimental values were measuredt a
frequency of 93.933 MHz and were performediy L. Galazz#3 and M. Teuche?9s. Raw and catu-
lated data can be found in SI_4.2.

Method HMI HHMI 3 (HMI-HHMI)

Oxx Oyy Qzz Oxx Oy Qzz 30xx 39y 39z

revPBEO CPCM VD 2.0084 2.0050 2.0021 2.0088 2.0058 2.0021 -0.0004 0.0000 0.0000

revPBEO CPCM SSS 2.0078 2.0057 2.0021 2.0083> 2.0058 2.0021 -0.0005 -0.0001 0.0000

revPBEO ECRISM VD 2.0079 2.0058 2.0021 2.0085 2.0058 2.0021 -0.0006 0.0000 0.0000
revPBEO EERISM SSS 2.0077 2.0057 2.0021 2.0083 2.0058 2.0021 -0.000€ -0.0001 0.0000
DLPNGCCSD E®ISM  2.0079 2.0057 2.0021 2.008t 2.005¢ 2.002]1 -0.0006 -0.0001 0.0000
Experimental 2.0083 2.0060 2.0023 2.0090 2.0061 2.0023 -0.0007 -0.0001 0.0000

3 (Experimental - Theory)

revPBEO CPCM VD -0.0001 0.0002 0.0002 0.0002 0.0003 0.0002 -0.0003 -0.0001 0.0000

revPBEO CPCM SSS 0.0005 0.0003 0.0002 0.0007 0.0003 0.0002 -0.0002 0.0000 0.0000

revPBEO ECRISM VD 0.0004 0.0002 0.0002 0.0005 0.0003 0.0002 -0.0001 -0.0001 0.0000
revPBEO EERISM SSS 0.0006 0.0003 0.0002 0.0007 0.0003 0.0002 -0.0001 0.0000 0.0000
DLPNOCCSD E®ISM 0.0004 0.0003 0.0002 0.0005 0.0003 0.0002 -0.0001 0.0000 0.0000

As soon as the explicit waters are added to the revPBHB/def-TZVPP/CPCM
calculations, thegxxdrops significantly. In the case of HMI, the effect of adding the
explicit waters is a decrease 0f0.0006. The resulting errorrelative to the exper-
iment increases to 0.0005 angthus, is significantly worse than the calculations
on the single optimized structure and thevertically desolvated datasé. A similar
picture is observed for the lowpH region, with agxxof 2.0083 and a decrease of
0.0005 relative to theresult of the vertically desolvated structures However, a
slight improvement is sea in the pH-dependent changewith -0.0005, leading to
a very small deviation relative to the experiment

Considering the revPBE&D3/def2-TZVWP/ECGRISM calculations on theverti-
cally desolvated subset, the obtainedj are 20079 and 2.0085 for HMI and
HHMI, respectively.The valuesare marginaly higher than for CPCM on the solv-
ated structures. Compared to thesingle optimized structure, a changeof 0.0001
is observed The calculatedpH-dependent changes -0.0006, and the deviation to
the experimental delta is only 0.0001.

For the DLPNGCCSD/def2TZVPREC-RISM spectra (by applying revPBEQG
D3/def2-TZVPP/ECRISMfor g-tensors) calculations, the smaller subset with
400 vertically desolvated structures wasused, and no differencesrelative to the
larger subsetcan be observedBy adding the two first solvation shells explicitly
into the revPBEGD3/def2-TZVPP/ECRISMcalculations, the obtained g« com-
ponents are 2.0077 (HMI) and 2.0083 (HHMI).Here one can see that by adding
the explicit waters, the gx becomes smaller, which is in good agreement with the
LCAO model. However, the absolute accuracglative to the experiment
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decreases by adding the explicit waters. Thigsult could further indicate that the
underlying QC DFT calculations havendantrinsic error in calculating the g-tensor.
The calculatedpH-dependent changewith -0.0006 is still very good and nearly in
excellent agreement with the experiment.

Overall, the results for thegx show, in absolute terms a deviation from
the experiment, especially a systematic worsening if theoreticallynore reliable
systems are investigatedNonetheless, thelifference between the unprotonated
and protonated state can be accurately represented.

In Table 11, the A-tensors are enlisted and were calculated for the whole tra-
jectory. The focus will again be solly on the Azzcomponent, and similar results
compared to HFCC calculationare expected First, for all different levels of the-
ory combinations, an increase of thézzcompared to the value of the single opti-
mized structure is observed. Tlese results are again due to the fluctuations the
nitrogen out-of-plane movement.

The revPBEOD3/def2-TZVPP/CPCM calculations on the 100@ertically
desolvated snapshots lead to a meaAz; of 90.6 MHz for HMI and 84.3 MHz for
HHMI. Compared to the single optimized structurean increase of 3.6 MHz is ob-
served, and the deviations to theexperimental value are rediced to 9.9 MHz and
8.2 MHz for HMI and HHMI, respectivelyl he pH-dependent changewith 6.3 MHz
is nearly identical to the optimized structure.

For HMI and revPBEGD3/def2TZVPP/CPCM level of theorythe Azzcompo-
nent increases bys.2 MHz to 95.8 MHz by adding the second solvation shell into
the calculations.The corresponding increase for HHMI i8.9 MHz and the abso-
lute value is 88.2 MHzThese results are significantly better than theesults for
the vertically desolvated strudures, with a halving of the relative error. The pH-
dependent changeshowswith 7.6 MHz only a deviation of 0.4 MHz compared to
the observation in the experiment.
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Table 11 AveragedA-tensors (all values in MHz) calculated for the unprotonated HMI and proto-
nated HHMI. revPBEO is representative for revPBEO/defZZVPP with decontracted sunctions.
The line revPBEO CPCM VD describes tAdensors calculated with revPBEO/def2TZVPP/CPCM
on the 1000 snapshots subset using theertically desolvated structures. The line revPBEO CPCM
SSS was calculated with revPBEO/defZZVPP/CPCM on the 1000 snhapshots subset using struc-
tures including the two first solvations shells around the NO motif. revFEBEO ECGRISM VD refers
to calculations with revPBEO/def2TZVPP/EGRISM on the 1000 snapshot subset containing the
vertically desolvated structures. revPBEO ERISM SSS was calculated with revPBEOQO/def2
TZVPP/ECRISM utilizing the 1000 snapshots dataset witthe first two solvation shells around
the N-O group included. DLPNE@CSD/def2TZVPP/EGRISM on the subset containing the 400
vertically desolvated structures.All values are in MHzRaw and calculated data can be found in
Si_4.2.

Method HMI HHMI 3(HMI-HHMI)
Axx Ay Az Axx Ay Az 3Ax 3Ay 3Az

revPBEO CPCM VD 6.4 6.4 906 6.0 56 843 0.4 0.8 6.3
+0.2 +0.2 02 0.2 0.2 0.1

revPBEO CPCM SSS 7.0 7.2 958 6.5 6.3 882 0.5 0.9 7.6
+0.2 0.2 02 +0.2 =+0.2 0.2

revPBEO EGRISM VD 7.4 7.7 96.1 6.6 64 874 0.8 1.3 8.7
+0.2 0.2 02 0.2 0.2 0.2

revPBEO EERISMSSS 7.5 78 973 6.9 68 895 0.6 1 7.8
+0.2 £0.2 =02 0.2 0.2 0.2

DLPNOCCSIECRISM VD 12.3 12.8 102.8 102 104 903 21 24 125
+0.3 03 0.3 0.3 03 0.2

Experimental 140 14.0 1003 13.0 13.0 922 1 1 8.1
3(Experimental - Theory)
revPBEO CPCM VD 7.6 7.6 9.9 7 7.4 8.2 0.6 0.2 1.7

revPBEO CPCM SSS 7 6.8 4.7 6.5 6.7 4.3 0.5 0.1 0.4
revPBEO EERISM VD 6.6 6.3 4.4 6.4 6.6 5.1 0.2 -03 -0.7
revPBEO ECRISMSSS 6.5 6.2 3.2 6.1 6.2 3 0.4 0 0.2

DLPNGCCSIEGRISM VD 1.7 1.2 -23 2.8 2.6 22 -11 -14 -45

Applying the EGRISM solvation model with the revPBEMD3/def2-TZVPP
level of theory for HMI on the vertically desolvated subsetan Azzcoupling con-
stant of 96.1MHz is obtained.The increase compared to the single optimized
structure is 4.1 MHz and the differencerelative to the experiment is reduced to
4.4 MHz therefore, a small improvementis obtained compared to the CPCM cal-
culations on the solvated structuresThe calculatedvalue for the low pH region
is 87.4MHz, leadingto a deviation of 5.1 MHz relative to the experiment. Also, the
coupling constant is slightly smaller than the one obtained fothe previously
mentioned CPCM calculationsand aslightly higher pH-dependent changethan
the experiment is obtained with 8.7 MHZzAIl in all, EGRISM can deliver the same
performance on the vertically desolvated structuresas CPCM calculationsin
which the first two solvation shellswere included.

A further improvement for the DFT-basedcalculations is acheved by adding
the two first solvation shells to the revPBEED3/def2-TZVPP/ECRISM calcula-
tion. The calculatedAzz coupling constantsare 97.3 MHZand 89.5 MHzfor HMI
and HHMI, respectively. These results lead top-dependent changeof 7.8 MHz,
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which best agreeswith the experimental value (deviation of 0.2 MHz to the ex-
periment).

Higher couplings are observed for DLPN@CSD/def2TZVPP/ECRISM calcu-
lations on the 400vertically desolvated structures The Az component is 1.8
MHz in the highpH region and, therefore, even greater than the experimental ref-
erence value resulting in adeviation of -2. MHz As already seen fothe HFCCthe
calculated pH-dependent changdor DLPNOCCSD in combination with ERISM
strongly overestimates the experimental trend by 4 MHz. The calculated; com-
ponent of HHMI is90.3 MHz
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Figure 23 Panel(A) showsEPR Wband spectra (linewidth=045 mT) calculated for the revPBE®

D3/def2-TZVPP/CPCM optimized structures of the unprotonated HMI and the protonated HHMI
using revPBEO/def2TZVPP/CPCM, revPBED3/def2-TZVPP/ECRISM, and DLPN@CSD/def2
TZVPP/ECRISM (the corresponding g-tensors were calculated using revPBEGD3/def2-
TZVPP/ECRISM). Panel (B) showsthe calculation of the DLPNGCCSD/def2TZVPP/ECRISM
spectraon the 400 VD subsettevPBEO/def2-TZVPRCPCMon the VD(1000 snapshots)subset,
revPBEO/def2-TZVPP/CPCMon the second solvation shell included1000 snapshots) subset,
revPBEO/def2-TZPP/ECRISMon the 1000 vertically desolvated structuresand revPEBO/def2-
TZVPREC-RISMon the 1000 snapshots, including the two first solvation shells around the @
motif. At first, the individual spectrum was calculated for all snapshotsand subsequently, the
spectra were averagedExperimental and calculated WBand spectra of HMI (pH2) and HHMI
(pH10) are shown The experimental values were measured at a frequency 68.933 MHz and
were performed by L. Galazz#® and M. Teuche?s. Raw andcalculated data can be found in
Sl_4.2.

The graphical summary of the results for thé-tensors andg-tensorsis shown in
the simulated W-band spectra inFigure 23, whereby panel (A) shows the spectra
for the single optimized stuctures, and in panel (B), the averaged spectra over
the whole trajectory are presented.The different trends for the gxx and Azz com-
ponents can be seenith more polarizing methods, thegx value decreases but
at the same time,the Azz coupling increases.In this manner, the g« deviates
stronger from the experimental value, whereas thézz shows a better agreement
by applying a higher level of theoryThis result indicates a systematic error in the
QCcalculation of theg tensors. For further validations, spectra calculations for
the entire trajectory were performed. First, one sees thatthe optimized
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structures' spectra significantly underestimate the spctra's width. If, for every
shapslot, the spectrum is calculated and subsequently averaged, thieeoretical
calculations better represent theintrinsic width of the experimental spectrum
Furthermore, one can seahat the CPCM calculations on theertically desolvated
structures provide the best agreement in thegxx compared to the experimentAll
other methods, which in theory should give better results, show larger errors in
calculating the g-tensors. In contrast to this result, the opposite pictire is ob-
served with the couplings, where theAz; principal component increases witha
better theory level, reducing the error relative to the experiment

4.2.7 Pressure-dependent EPR-Spectra of HMI and HHMI

As mentioned in chapter 4.1, higher pressure leads to a stronger solvent polari-
zation. Consequently, a constant increase with rising pressure is expected for the
HFCCThis chapter will analyze the influence of pressure on HFCC and the full
EPR spectrunby applying pressuredependentEGRISMcalculations. Asthe level
of theory, the revPBBE/def2 -TZVPP with decontracted gunctions wasutilized in
combination with pressure-A A B AT Awkfur@tiors. Since no experimental re-
sults are available at the time of writing, the presented results arexploratory
and should give a possible prediction.

The absoluteresults for the pressure-dependentd  parameters, gxx, and
Azz are summarized inTable 12.

Table 12 Pressuredependentnitrogen HFCC (in MHz)gxx components and nitrogen Azz(in MHz)
of HMI and HHMI at ten different pressuresalculated with revPBEO/def2TZVPP/ECRISM.

Pressure HMI HHMI 9 (HMI-HHMI)
HFCC Oxx Azz HFCC Oxx Az 9 HFCC 90gx 9 Az
1 bar 32.40 2.00776 92.00 28.94 2.00838 83.56 3.46 -0.00062 8.44
100 bar 32.41 2.00776 92.01 28.95 2.00838 83.58 3.46 -0.00062 8.43
500 bar 32.43 2.00775 92.08 29.00 2.00837 83.68 3.43 -0.00062 8.4
1 kbar 32.47 2.00775 92.15 29.05 2.00836 83.80 3.42 -0.00061 8.35
2 kbar 3252 2.00774 92.28 29.14 2.00835 84.01 3.38 -0.00061 8.27
3 kbar 32,57 2.00773 92.39 29.21 2.00833 84.19 3.36 -0.0006 8.2
4 kbar 32.61 2.00772 92.49 29.28 2.00832 84.36 3.33 -0.0006 8.13
5 kbar 32.65 2.00772 92.58 29.35 2.00831 84.50 3.3 -0.00059 8.08
7.5 kbar 32.74 2.00770 92.78 29.48 2.00829 84.82 3.26 -0.00059 7.96
10 kbar 32.81 2.00769 92.94 29.59 2.00827 85.08 3.22 -0.00058 7.86

As expected, a pressurglependent increase is observed for the HFCC, with a
slightly steeper increase for the protonated HHMI than for the unprotonated ver-
sion. In panel (A) ofFigure 24, the relative changes for both species argraph-
ically depicted.For HMI the6 parameterincreases from 32.40MHz at ambient
pressure up to 32.81 MHz at 10 kbar.The protonated HHMI increases by
0.66 MHz from ambient pressure up to 10 kbar.By looking at the pressurede-
pendent curve, it can beseen that a quadratic fit of the form
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6°h @A A oA N dh (188)
can be applied. The corresponding parameters aummarizedin the appendix
in Table 24. This particular form was alreadyapplied for the pressuredependent
trend of NMR chemical shifts?6.27
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Figure 24 Relative changes of different EPfRarametersof HMI and HHMIdue to pressurization.
In panel (A), the change of theHFCCds shown; in panel (B), the g« principal components are
presented; and inpanel (C), the A,z components aredepicted. The blue and red points represent
HMI and HHMI, respectively. Adtiionally, in panel (D), the complete EPRspectraare shown for
HMI and HHMI at 1 bar and 10 kbar, respectivelyAll calculations were performed with
revPBEO/def2-TZVPREC-RISM.

The gxx principal component shows a steady decrease upon pressurization
(see panel (B) inFigure 24), and his effect was already seen for the chemical
shielding constans in NMR calculations.Sincethe distance between solte and
solvent decreasesupon pressurization, the delocalization of thecy orbital into
the H.0O orbitalsincreases, and therefoe the absolute value of thegxx decreases
(see eq (80)). Again, the protonated HHMI shows a stronger pressurgepend-
ence than HMI. For the lattera change 0f0.00007 is calculated going fronthe
ambient condition into the very high-pressure ream. The comparable calculated
decrease for HHMI is-0.00009. A reasonable equatiorformat to describe the
pressure-dependency of thegx would be a quadratic fit (in Table 24, the param-
eters areenlisted), too.

The same things that have already been noted for the HFCC apply to e
The pressure effectis stronger on HHM(see panel(C) in Figure 24), and a steady
increase is observedFor HMI and HHM] the changesfrom 1 bar to 10 kbarare
0.94 MHz andl1.52 MHz, respectivelyA quadratic fit also seems to be a reasona-
ble choice to descibe the trajectory. Panel(D) in Figure 24 shows the pressure
dependent W-band spectra at 1 bar and 10 kbar to complete theverall picture.

Overall the calculated pressuredependent changes are relatively small. For
example, in the experiment, a change of smaller than 1 MHz can barely be
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detected in an EPRexperiment.132 Therefore, it may be difficult toresolve the

pressure differences sufficiently However, if one wants to study, e.g, the confor-

mational changes of proteins under high hydrostatic pressuré8?, the changes
can be attributed to theconformational changes and not to the solventediated

pressure effect on the EPR parameters.
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4.2.8 Summary and outlook

The goal of this chapter was to make the first attempts to calculate EPR parame-
ters using EGRISMat ambient conditions to benchmark the methodology, and in
addition, some perspective exploratory presure-dependent calculations were
performed. The molecule HMI was chosen as a model system within the RESOLV
cluster of excellence characterized by its relative rigidity andprotonatable N-H
group. In the first part, the performances of EERISM and CPCM in combination
with different DFT levels of theory were evaluated, showing that ERISM can
significantly better reproduce the 6  parameter, but the overall performance
was rather sobering. EGRISM retains structural heterogeneity in the proximity
of the solute, whereas CPCM omits this important environmental feature.

To perform a more detailed analysis and get more insights into the underlying
characteristics of the solutesolvent interactions, B.Sharma provided an AIMD
trajectory using the revPBEGDS3 functional in combination with a def2TZVPP
basis set. This trajectory was divided into two subsets: the scalled vertically
desolvated subset, where only the solute structures were retained, andl alur-
rounding waters were removed. All waters except the two first solvation shells
around the N-O motif were removed in the second subset. CPCM and-EISM
calculations were performed for the two subsets, and significant improvements
were observed comparel to the single optimized structure. These improvements
are due to the displacements in the -Gl-O-C improper angle, which are only re-
flected in the complete trajectory. The second important finding is that ERISM
performs better on both subsets than CPCMspecially in the case of the vertically
desolvated subset, EARISM significantly outperforms the CPCM calculations. EC
RISM on the vertically desolvated subset can even reproduce better HFCC than
CPCM with the two first solvation shells. Further improverants were obtained
by the first implementation of the DLPNGCCSD within EERISM, leading ta
valuesthat show the bestagreementfrom all studied methodscompared to the
experiment.

The HFCC of HMI in the protonated state was investigated next. A-gepend-
ent change of 3.6 MHz was measured in the experiment when going from the low
pH-region into the high pH region. The best absolute results are again obtained
using the DLPNGCCSD/def2TZVVP/ECGRISM method. However, the calculated
pH-dependent changes too big compared to the experiment with this approach.
In contrast, utilizing the revPBEO/def2TZVPP combination with CPCM or EC
297RSIM solvation leads to a very good agreement in the pd¢pendent change
compared to the experinent. Furthermore, EGRISM shows a significantly better
performance regarding the absolute values than CPCM.

Usually, the isotropic hyperfine coupling constant is measured in an-Band
experiment at ambient conditions. By freezing the sample, it is possibte make
a W-band experiment, where detailed information about theg- and A-tensors can
be extracted. In this thesis, the focus was set on tlgex principal component of
the g-tensor and the Az;z of the A-tensor. In principle, for the latter one, the same
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conclusions hold that were made for the HFCC. The best results relative to the
experiment are obtained with DLPNGCCSD/def2TZVPP/ECRISV, and for the
DFT calculations, E€RISM performs better than CPCM with comparable settings.
For the g« a different picture is observed, where the revPBED3/def2-
TZVPP/CPCM calculations show the best agreement compared to the experiment.
Furthermore, the performanceworsens for theoretically better models, indicat-
ing a systematic error at the QC level. In addition, it ito be noted that for theg-
tensor calculations no DLPNGCCSD calculations could be applied.

Overall, however, the results for the E®RISM calculations are very satisfac-
tory and can be applied to other models in the future-or example, a spin label
attached to a protein or a small peptide fragment could be investigated under
ambient or extreme conditions, and an MD simulation should generate the un-
derlying conformational ensemble.The first work was already done here,L.
Jauer9” used the Stendardo force fieltl® to generatea force fieldbased ensem-
ble to reproduce the HFCC obtained from the AIMD ensemble. The first results
were very promising; however, further QGbased postprocessing needs to be
done.
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4.3 Pressure dependence of the peptide backbone

The aim of thischapter is, on the one hand, to evaluate how strongly pressure
affects the conformational equilibria of the three typical protein backbone model
systems (seechapterl.2) and, on the other hand, whether the magnitude of the
effects makes it necessary to perform a pressurgependent reparameterization
of currently used protein force fields In the first section,the pressure-dependent
NMR shifts of NMA are presentedBased on these resultshe NMR chemical shifts
of the main conformers of AeGly-NHMe and AeAla-NHMe calculated for
B3LYP/6-311+G(d,p)/PCM geometries are discusse&ubsequently, the effect of
ECRISMbased pressuredependent geometry optimizationson the dipeptides
comparedto the PCM geometriess discussed.n the following section, the pres-
sure-dependent changeof the cis-trans equilibrium of NMA is discussedexperi-
mentally and by varioustheoretical methods.Based on these results, the second
section evaluates the pressure dependence of the minima of the motemplex
systems Ac-Gly-NHMe and AeAla-NHMe.A detailed discussioris performed, and
the results are comparedwith various reference data from the liteature. The in-
fluence of pressure on the complete Ramachandran plane of-&ty-NHMe and
Ac-Ala-NHMe is alsaanalyzed.

4.3.1 Calculations of NMR chemical shifts of cis/ trans -NMA

In the publication of Frach et aké, the pressure dependence of the chemical dts

of 1H, 13C and 15N of the peptide backbone model NMA was investigatednd an
extensive discussion about reasonable referencing was conducted. The chosen
reference standard DSShowed only a slight changen the shielding constants
upon pressurization. It was demonstrated that EE€RISMcould predict the correct
experimental pressure trend for all peptide backbone atoms. However, these re-
sults were generated witha previous basedon point-chargeseEGRISM version
(see chapter4.1), and in the past yearsmany improvements within the ECRISM
method were developed and publisheé, including optimized electrostatic and
empirical free energy modelsThese new improvements were applied to the fully
flexible water standard DSS and thé&N standard NH.27 To benchmark the per-
formance of the EEGRISM improvements and reliability of NMR standards, NMR
parameters for the small osmolyte TMAO were calculated. After these auspicious
results, the question arises ®how the methodology affects the NMR parameters
of cig trans-NMA. The chemical shifts of NMA are an excellent exampleealu-
ate the influence of pressure on two different conformers since both conformers
are distinguishable inthe experiment. The corresponding calculations were al-
ready performed by L. Eberlein and published in his dissertatiof? At this point,
the results will be reused and should represent thesolvent-induced baselinefor
chemical shiftsand later adapted to the chemical shifts of AGly-NHMe and Ae
Ala-NHMe.
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Figure 25 Pressuredependent absolute shifs (left side) and relative shifts to the lbar value of
trans- and cisNMA peptide bond atomstH(A & B),13C (C & D), and®N (E & F). The red stars
represent the cis-conformer calculated, and the upward green triangles calculations with MP2/6
311+G(d,p)//B3LYP/6 -311+G(d,p). Here direct referencing was applied, and the corresponding
referenceshielding constantsare collected inTable 43. The raw chemical shielding constants can
be found in SI_4.3Similar plots can be found in ref

Figure25shows the chemicakhifts, relative to their value at ambient pres-
sure conditions, of thelH,13C, and>N nuclei experimentally and theoretically for
the two NMA conformers.Direct referencing is applied throughout this work,
which means that the calculated pressur@&lependent chemical shielding con-
stants (see Table 43) for the reference nuclei are used, and it showed the best
performance in calculating pressuredependent shift changes of TMA®@.28In the
past, performing a quadrdic fit to the experimental and calculated data was use-
ful for describing the pressure change, and the corresponding parameters can be
taken from Table13. Here the absolute chemical shifts are listed, too. By looking
at the pressuredependent change of the chemical shifts, one can see that for both
trans- and cisNMA, each nucleusshows an incease ofthe chemical shifts; this
observation agreeswith previously made experiences$’ The best result is ob-
tained for the 1H nucleus and the worst for thé3C nucleus of the € group; these
results agree with those observed for TMAQO. Concerning thE nucleus, the pres-
sure-dependent change in the chemical shift istronger for the cisconformer than
for the trans conformer within the experiment. EGRISM cannot accurately rep-
resent this trend; the order is reversed.
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On the one hand, the pressure dependence as-NMA is overestimated by
ECRISM, and on the other hand, the pressure dependencedrains-NMA is under-
estimated by ECRISM. The overall changes of thiéd chemical shifts are rather
small, with changes between 003 ppm and 0.06 ppm up to a pressure of 2 kbar.
One possible reason for underestimating thérans-NMA 1 H shifts could be a di-
merization of NMA. In this manner, the direct interaction of théH nucleus with
the surrounding water would be blocked, and theefore the main interaction
causing the pressuredependent changes are prevented.

Table 13 Linear (Bz, in ppm kbarf') and quadratic (B2, in ppm kbafy coefficients from fitting

experimental and calculatedcis- and trans-NMA chemical shifts to the following form:ey p)=

Bip+tBp2. TEA p AAO AE Aih gph)ate shonExpéri@entahdata were measured by

M-Beck Erlach?®® The ECGRISM calculations were performed with MP2/6
311+G(d,p)//B3LYP/6 -311+G(d,p)/PCM! T AT A1 T ¢cT1 6O OADPOAOAT OGAOEIT 1T AAIl
L. J. A combined computational and NM8&pectroscopic approach for tautomer elucidation under

extreme conditonsi x AOAO ET OAOOECAOET ¢ OEA ORMGHdind OO 1T £ «
constants can be found in SI_4.3.

Nucleus 10(1 bar). B: B2
H

cisNMA (ECGRISM) 5.93 0.0177 -0.00062
cisNMA (Exp) 7.09 0.0410 -0.00490
trans-NMA (EGRISM) 6.47 0.0257 -0.00161
trans-NMA (Exp) 7.84 0.0109 0.00054
13C

cisNMA (EGRISM) 183.61 0.1662 -0.01051
cisNMA (Exp) 179.99 0.0708 -0.02007
trans-NMA (EGRISM) 180.66 0.1574 -0.00668
trans-NMA (Exp) 177.29 0.0696 -0.02152
15N

cisNMA (EGRISM) 109.52 0.2871 -0.02003
cisNMA (Exp) 111.95 0.5745 -0.07545
trans-NMA (EGRISM) 112.59 0.2517 -0.01059
trans-NMA (Exp) 113.76 0.5467 -0.07122

The picture for the 13C nucleus looks much more sobering; the theoreti-
cally calculated changes in the chemical shifts at 2 kbar are about six times larger
than those measured experimentally. In contrast to théH nucleus, the experi-
mental measured pressuredependent trend between cisand trans NMA can be
reproduced correctly.

The 15N nucleus shows the opposite picture. Here ERISM underesti-
mates the pressuredependent change of the chemical shift for both conformers.
The experiment leads to an increase of 0.8 ppm to 2 kbar, wieas EGRISM only
shows a shift of 0.5 ppm.

The calculated absolute chemical shifts are shown ifable13. The meas-
ured experimental chemical shift of theéH nucleus for thetrans conformer is 7.84
ppm. The chemical shift calculated in this work is 6.47 ppm, resulting in a differ-
ence of 1.4 ppm.The calculated chemical shift was 6.8 ppm in the previous
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publication, and the resulting difference betweerthe experiment and theory was

1 ppm. Concerning this observable, the results have worsened, but it should be
noted that the level of theoryused inthis work is not optimized for calculating
chemical shifts.With a deviation of 1.1 ppm, the chemical shift of theisNMA1H

of the cisNMA is much better representedA possible explanation could be, on
the one hand, dimerization of thetrans-NMA or a $ronger interaction with ex-
plicit waters that are missing in these calculations.

The chemical shifts for thel3C nucleus of therans-NMA are 177.3 ppm
and 180.66 ppm for the calculationand experiment, respectively.The resulting
difference is 3.3 ppm. Regarding thel>N nucleus, a significant improvementan
be obtained compared to published results This finding can be attributed to
choosinga plausible NMR standarga detailed description of this standard can be
found in Re#’. Fortrans-NMA, the experimental value is113.8 ppm, the chemical
shift calculated in this work is 112.6 ppmand the difference between the two is
only 1.2 ppm. 122ppm was the chemical shift in our previous publicatior?®

At this point, it can be stated that EE-RISMcan calculate the correct pres-
sure-dependent tendency for all nucleiand especially for the importantH nu-
cleus the chemical shifts are of a similar order of magnitude as the experimental
data. The greatest inaccuracies occur in the calculatiori the pressuredepend-
ent 13C chemical shifts. The best agreement regarding the absolute chemical shift
at 1 bar can be obtained for thé>N nucleus. A possible explanation could be that
the methyl group of the DSS was chosen #w standard for 1H and3C, whereas
for 15N, ammonia is used aghe standard, and a better chemical overlap exists
here. The settings for calculating chemical shifts evaluatedh this chapter were
applied to the minima of AeGly-NHMe and AeAla-NHMe, and are presented in
the nextsection.
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4.3.2 NMR spectroscopic parameters of Ac-Gly/Ala -NHMe under
high -pressure conditions

After the intensive look at the pressure dependence of the chemical shifts of
the peptide bondof NMAIn the previous sectionthe next step isto examine the
chemical shifts of the peptide bondatoms of the model molecules AgGly-NHMe
and AcAla-NHMej 4 EA OAIT AET ET ¢ OEE £00 -dtofis @it A
be found for the two main conformers inFigure 61 and Figure 62). The focus will
be first on thetwo primary minima of Ac-Ala-NHMe known from the literature
and calculated with ECRISM, i.erand Ri (details for the populationsfollowing
chapter 4.3.5). Additionally, the results obtained for the other conformers are
presented to give a complete pictureFigure 26 shows the chemical shifts of the
two N-H protons and their pressuredependent changes relative to their value at
ambient pressure. InFigure 26, panels(A) and (C), which describe the proton that
is bound near the acetyl group, it can be seen that all conformers have a smaller
absolute chemical shift compared to the experimental value, and the pressure
dependent change is much lower compared to the expenental changes. The
chemical shifts of the two main conformers and rare 66 ppm and 65 ppm (see
Table 14 for 1H chemical shifts) respectively,whereas the experimental refer-
ence values 8.3 ppm. The energetically weighted average chemical shift over all
conformers is 66 ppm. Therefore, it results in a deviation of 1.7 ppm, similar to
the results obtained fortrans-NMA.On the positive side, the@ressure-dependent
trend can be reproduced correctly, even if the calculated changes are only half of
those observed experimentally. In the experiment, the chemical shift changes by
0.11 ppm up to a pressure of &bar, whereas the calculated shifts changbe-
tween 0.04-0.06 ppm. The differences between the individual conformers are rel-
atively small, and the i conformer best reflects the pressure dependence for this
nucleus.
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Figure 26 Pressuredependent NMRshifts of the severand eightAc-Ala-NHMeand AcGly-NHMe
minima comparedto the experimental value for the'H atoms of the two peptide bonds. A and B
represent the absolute chemical shifts of the two amide hydrogens atomsf Ac-Ala-NHMe,
whereas C and Depresent the pressuredependent changes in chemical shifts relative to 1 bar.
In E and F, the absolute values for the corresponding nuclei of &ty-NHMe are shown, and in G
and H, the difference relative to ambient pressure is presented. The theoreticallculations were
performed with MP2/6 -311+G(d,p)/PCM.The corresponding reference shielding constants can
be found inTable 43. Raw chemicakhielding constantscan be found in SI_4.3. Experimental val-
ues were measured by M. Beck Erlag?s.
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Table 14: Calculated pressuredependent chemicalshifts for the 1H amide protons for the seven
and eight minima of AcAla-NHMe and AeGly-NHMe, respectively. The calculations were per-
formed with MP2/6 -311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/PCM. The corresponding ref-
erence shielding constants can be found ifiable 43. Raw chemicalkhielding constantscan be

found in SI_4.3. Experimental values were measured by M. Beck Erk2eh

Conformer 1 bar 100 bar 500 bar 1 kbar 2 kbar 3 kbar
Ac-Ala-NHMe:1H of Ala NH
Pu 6.61 6.61 6.62 6.63 6.65 6.67
1R 6.48 6.48 6.49 6.50 6.52 6.54
G 7.05 7.06 7.07 7.08 7.10 7.11
Creq 6.50 6.50 6.51 6.53 6.55 6.57
1L 6.94 6.94 6.95 6.96 6.98 7.00
ad 7.01 7.01 7.02 7.03 7.05 7.06
Cr ax 6.82 6.82 6.83 6.84 6.86 6.88
Mean 6.58 6.59 6.60 6.61 6.63 6.64
Exp 8.26 8.27 8.29 8.31 8.35 8.38
Ac-Ala-NHMe:*H of NHMe NH
Pu 6.55 6.55 6.56 6.57 6.59 6.61
1R 6.94 6.94 6.95 6.96 6.98 7.00
G 6.38 6.38 6.39 6.40 6.43 6.44
Creq 7.45 7.45 7.46 7.46 7.48 7.49
1L 6.90 6.91 6.92 6.93 6.95 6.96
ad 6.61 6.61 6.62 6.63 6.65 6.67
Cr ax 8.68 8.68 8.68 8.69 8.70 8.70
Mean 6.75 6.75 6.76 6.77 6.79 6.81
Exp 7.94 7.94 7.95 7.97 8.00 8,02
Ac-Gly-NHMe:H of Gly NH
1R 6.65 6.65 6.66 6.67 6.69 6.71
n 6.65 6.65 6.66 6.67 6.69 6.71
Pu 6.77 6.77 6.78 6.79 6.81 6.82
Pu 6.77 6.77 6.78 6.79 6.81 6.82
f 6.50 6.50 6.51 6.52 6.54 6.56
G 6.91 6.91 6.92 6.94 6.96 6.97
Creq 6.88 6.89 6.90 6.91 6.92 6.94
Creq 6.88 6.89 6.89 6.90 6.92 6.94
Mean 6.69 6.69 6.70 6.71 6.73 6.74
Exp 8.30 8.30 8.31 8.32 8.34 8.35
Ac-Gly-NHMe:*H of NHMe NH
1R 6.91 6.91 6.92 6.93 6.95 6.96
n 6.90 6.91 6.92 6.93 6.95 6.96
P 6.40 6.40 6.41 6.43 6.45 6.46
Pu 6.40 6.40 6.41 6.43 6.45 6.46
f 6.30 6.30 6.31 6.32 6.34 6.36
G 6.27 6.27 6.28 6.29 6.31 6.33
Creq 7.57 7.57 7.58 7.58 7.59 7.60
Creq 7.58 7.58 7.58 7.59 7.60 7.61
Mean 6.75 6.75 6.76 6.77 6.78 6.79
Exp 7.86 7.86 7.87 7.88 7.91 7.93
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In the experiment, a chemical shift o7.9 ppm(seeTable 14) was obtained for
the N-H nucleus, which belongs to the NHMe groufseeFigure 26, panels B and
D). The calculated values for the main conformers are 6.6 ppm for the: Hower
blue triangle) and 6.9 ppm for J r (yellow dots), respectively. e calculated en-
ergetically averaged value is 6.8 ppm. Thealue of the r conformer for this nu-
cleus isthe closest to the experimental valugegarding absolute chemical shifts.
The experimental pressuredependent trend for this proton is slightly smaller
than for the other N-H proton, with a0.08 ppm increaseup to 3 kbar. The calcu-
lated changes are approximately 08 ppm up to 3 kbar, with no significant dif-
ference between thetwo main conformersand the averaged calculated value.

Regarding thel3C atomsof the two carbonyl groups, ECRISM overestimates
the experimental chemical shifts for all conformers (se&igure 27 A and B and
Table 15) and, therefore, the energetically averaged meahe experimentally
measured chemical shift for thé3C atom attached to the acetyl group is 177 ppm
(Figure 27, panel A and Table 15). For the13C @rbonyl atom attached to alanine
(Figure 27 B), the experimental chemical shift is 178.5 ppm. The following chem-
ical shifts for the two main conformers were calculated for the13C atom of the
acetyl carbonyl group: R 1793 ppm, Jr 179.8 ppm, and the mean value is
179.4 ppm. The difference to the experimental value is 2.4 ppm, which is also in
line with the results for NMA.

For the second3C carbonyl abm (attached to the alanine fragment)the cal-
culated chemical shifts are 1&8.8 ppm and 181.0 ppm forthe Rrandy AT T &l O Z
ers, respectively The averaged calculated value is 181 3m, leading to an error
of 2.8ppm with respect to the experiment.For both 13C nuclei of the carbonyl
groups, as previously examined for NMA, only a small experimental pressude-
pendent change can be observed compared to the fRISM calculations. Espe-
cially for the alanine 13C carbonyl atom Figure 27 D), almost no pressurede-
pendent change can be detected, whereasor EGRISM changes of about
0.35ppm at 3 kbar arecalculated The picture looks much better for the acetyl
13C carbonyl atom, as E®RISM only shows about twice the pressurdependent
increasecompared to the experimentThe chemical shift changes up to 0.23 ppm
at 3kbar in the experiment, whereas about 0.4 ppm wasalculatedfor the aver-
aged value A statement about the quality of the calculationss difficult to make
since the differences between experiment and theory are relatively large.
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Figure 27 Pressuredependent NMRshifts of the sevenand eightAc-Ala-NHMeand AcGly-NHMe
minima comparedto the experimental value for the!3C carbonylatoms of the two peptide bonds.
A and B represent the absolute chemical shifts of the two amide hydrogens atoofAcAla-NHMe,
whereas C and D represent the pressurdependent changes in chemical shifts relative to 1 bar.
In E and F, the absolute valuef®r the corresponding nuclei of AeGly-NHMe are shown, and in G
and H, the difference relative to ambient pressure. The theoretical calculations were performed
with MP2/6 -311+G(d,p)/PCM.The corresponding reference shielding constants can be found in
Table 43. Raw chemicalshielding constantscan be found in SI_4.3. Experimental values were
measured by M. Beck Erlachs.
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Table 15 Calculated pressuredependent chemicakhifts for the 33Camide carbonyl nucleifor the
seven and eight minima of Adla-NHMe and AeGly-NHMe, respectively. The calculations were
performed with MP2/6 -311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/PCM. The correspnding
reference shielding constants can be found ifiable 43. Raw chemicakhielding constantscan be
found in SI_4.3. Experimental values were measured by M. Beck Erk2éh

Conformer 1 bar 100 bar 500 bar 1 kbar 2 kbar 3 kbar
Ac-Ala-NHMe:13C of Acetyl @O
Pu 179.26 179.28 179.34 179.41 179.54 179.65
1R 179.78 179.80 179.86 179.93 180.06 180.17
G 177.47 177.49 177.55 177.61 177.73 177.83
Creq 179.30 179.31 179.36 179.43 179.53 179.63
1L 179.62 179.63 179.70 179.77 179.90 180.01
ad 178.99 179.01 179.07 179.14 179.26 179.37
Cr ax 180.73 180.74 180.79 180.86 180.97 181.06
Mean 179.39 179.40 179.47 179.54 179.68 179.79
Exp 176.99 177.00 177.04 177.08 177.16 177.23
Ac-Ala-NHMe:13C of Ala @O
P 181.79 181.80 181.85 181.90 182.00 182.08
1R 181.00 181.02 181.07 181.13 181.23 181.32
G 179.56 179.57 179.62 179.67 179.76 179.84
Creq 180.87 180.88 180.93 180.99 181.09 181.18
1L 180.03 180.04 180.10 180.16 180.27 180.36
ad 179.78 179.79 179.85 179.91 180.01 180.11
Cr ax 183.45 183.46 183.51 183.57 183.67 183.76
Mean 181.25 181.27 181.31 181.37 181.47 181.55
Exp 178.53 178.53 178.53 178.54 178.53 178.52
Ac-Gly-NHMe:13C of Acetyl @O
1R 180.49 180.51 180.57 180.65 180.79 180.90
1L 180.47 180.49 180.55 180.63 180.76 180.88
Pu 180.43 180.45 180.51 180.59 180.72 180.83
Pu 180.44 180.46 180.53 180.60 180.73 180.85
f 179.96 179.98 180.04 180.12 180.25 180.37
G 178.54 178.55 178.61 178.67 178.79 178.88
Creq 180.51 180.52 180.58 180.64 180.75 180.85
Creq 180.49 180.51 180.56 180.63 180.74 180.83
Mean 180.42 180.44 180.50 180.58 180.71 180.83
Exp 177.75 177.76 177.80 177.85 177.94 178.01
Ac-Gly-NHMe:13C of Gly €0
1R 178.01 178.03 178.09 178.16 178.28 178.38
1L 178.01 178.03 178.08 178.15 178.27 178.37
P 177.47 177.48 177.54 177.60 177.72 177.82
P 177.47 177.48 177.54 177.61 177.72 177.82
f 177.30 177.32 177.38 177.44 177.56 177.67
G 174.72 174.73 174.79 174.85 174.97 175.07
Creq 180.23 180.25 180.30 180.36 180.47 180.57
Creq 180.28 180.30 180.35 180.41 180.52 180.62
Mean 177.90 177.91 177.96 178.02 178.13 178.22
Exp 174.86 174.87 174.88 174.91 174.94 174.98

The two remaining nuclei of the peptide bond of AeAla-NHMe, which will be
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discussedare the two 15N nuclei. The corresponding theoretically calculated and
experimentally measured chemical shifts are shown ifrigure 28 and Table 16.
Here one can observe a remarkably contrary picture. On the one hand, the calcu-
lated chemical shifts for thel>N nucleus ofthe alanine fragment (Figure 28 A)
deviate greatly from the experiment. On the other side, for theN nucleus, which
can be assigned to the NHMe groug-igure 28 B), the calculated chemical shifts
for the two main conformers lie precisely between the experimental value. The
experimental chemical shift (seeTable 16) for the alanine 15N nucleus is
110.1 ppm, whereas thecalculated values are 13@ ppm and 129.3 ppm for Pu
and | r, respectively. The energetically estimated average value 629.7 ppm.
This large discrepancy betweerthe experiment and theory of nearly 20 ppm is
difficult to rationalize physically, especially since for NMA, as shown in the previ-
ous part, and for AeGly-NHMe, which is discussed in detail below, the results for
the 15N nuclei of peptidebond are much more reliable.

The experimental chemical shift at ambient pressure for théSN nucleus
of the NHMe group (sedable16) is 107.4 ppm. The calculated values for thevo
main conformers are 107.5ppm (Pi) and 1046 D B | r)jatja pressure of 1bar
the calculated mean value i406.2 ppm, resulting in an error of 1.2ppm relative
to the experiment Thepressure dependence of the chemical sheican berepre-
sentedparticularly well by EGRISMfor the alaninefragments 15N nucleus(Figure
28 C), where the calculated average increase is 0.4 pprithecorresponding ex-
perimental change is 0.35 ppnat 3 kbar relative to ambient pressure The pres-
sure dependence for thé>N nucleusof the NHMefragmentis much worseresem-
bled than for the previously discussed mcleus While a chemical shift change of
1.4ppm is experimentally observed the calculated chemical shifts can only re-
flect amaximum changeof 0.8 ppm.
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Table 16 Calculated pressuredependent chemicakhifts for the 15 N amide nitrogen nuclei for the
seven and eight minima of Adla-NHMe and AeGly-NHMe, respectively. The calculations were
performed with MP2/6-311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/PCM. The correspnding
reference shielding constants can be found ifiable 43. Raw chemicakhielding constantscan be
found in SI_4.3. Experimental values were measent by M. Beck Erlacte.

Conformer 1 bar 100 bar 500 bar 1 kbar 2 kbar 3 kbar
Ac-Ala-NHMe: 15N of AlaN-H
Pu 130.03 130.05 130.12 130.21 130.36 130.50
1R 129.33 129.36 129.46 129.58 129.79 129.97
G 127.73 127.76 127.85 127.96 128.15 128.32
Creq 135.11 135.14 135.23 135.33 135.51 135.67
1L 124.93 124.96 125.08 125.22 125.47 125.69
ad 125.70 125.72 125.82 125.94 126.14 126.32
Cr ax 126.14 126.16 126.26 126.37 126.57 126.75
Mean 129.68 129.70 129.78 129.87 130.03 130.18
Exp 110.13 110.16 110.27 11041 110.65 110.85
Ac-Ala-NHMe: 15N of AlaNHMe
Pu 107.46 107.50 107.63 107.79 108.07 108.31
1R 104.54 104.58 104.71 104.86 105.12 105.35
G 105.42 105.45 105.57 105.70 105.94 106.15
Creq 111.49 111.52 111.63 111.77 112.00 112.20
1L 102.49 102.52 102.65 102.79 103.05 103.26
ad 107.74 107.77 107.90 108.05 108.32 108.55
Cr ax 111.69 111.72 111.84 111.98 112.23 112.44
Mean 106.22 106.24 106.36 106.49 106.72 106.92
Exp 107.38 107.43 107.65 1007.9 108.37 108.78
Ac-Gly-NHMe: 15N of GlyN-H
1R 113.53 113.56 113.67 113.80 114.04 114.25
1L 113.53 113.56 113.67 113.80 114.04 114.25
Pu 112.73 112.75 112.84 112.95 113.14 113.31
Pu 112.75 112.78 112.87 112.98 113.17 113.33
f 113.77 113.80 113.89 114.00 114.19 114.36
G 112.51 112.54 112.64 112.76 112.98 113.16
Creq 118.79 118.82 118.92 119.04 119.25 119.44
Creq 118.79 118.81 118.92 119.04 119.25 119.44
Mean 113.57 113.60 113.68 113.79 113.98 114.16
Exp 114.83 114.87 115.02 115.2 115.54 115.83
Ac-Gly-NHMe: 15N of GlyNHMe
1R 105.91 105.94 106.07 106.20 106.44 106.65
1L 105.90 105.93 106.05 106.19 106.42 106.63
Pu 104.87 104.91 105.02 105.16 105.40 105.60
Pu 104.87 104.90 105.02 105.15 105.39 105.59
f 102.82 102.85 102.96 103.08 103.30 103.49
G 103.14 103.17 103.28 103.40 103.62 103.80
Creq 112.05 112.08 112.20 112.34 112.58 112.79
Creq 112.00 112.03 112.15 112.29 112.53 112.73
Mean 105.72 105.75 105.85 105.96 106.17 106.35
Exp 108.29 108.34 108.55 108.79 109.24 109.63
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Figure 28 Pressure-dependent NMRshifts of the severand eightAc-Ala-NHMeand AcGly-NHMe
minima comparedto the experimental value for the!>N atoms of the two peptide bonds. A and B
represent the absolute chemical shifts of the two armde hydrogens atomsof Ac-Ala-NHMe,
whereas C and D represent the pressurdependent changes in chemical shifts relative to 1 bar.
In E and F, the absolute values for the corresponding nuclei of &ty-NHMe are shown, and in G
and H, the difference relativedo ambient pressure is presented. The theoretical calculations were
performed with MP2/6 -311+G(d,p)/PCM.The corresponding reference shielding constants can
be found inTable 43. Raw chemicakhielding constantscan be found in SI_4.3. Experimental val-
ues were measured by M. Beck Erlag?s.

p ! kbar

In the following step,the sameanalysisis made forAc-Gly-NHMe. The focus
hereisalsoontwol AET AT T £l Ol)Avbetebyoply oAd isfexatnined in
the case of mirrorsymmetric conformers (the difference between two mirror
symmetric conformers is very small). The pressuralependent chemical shifts of
IH N-H nuclei are plotted inFigure 26. In panel A, the NH proton, which belongs
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to the glycinemotif, is depicted, and just as seen for A&la-NHMe, ECRISM un-
derestimates the experimental clemical shift. At ambient pressure, the measured
shiftis 8.3D D1 h x E A OA AicalEbntdrmérg (8eeTpble 29 and the or-
ange and cyan circles in)6.7 ppm was obtained, and for the Pconformers (red
crosses and brown asterisks), the calculated value is 6.8 ppm. The calculations
accurately reflect the experimentally observed pressure dependency for this nu-
cleus, resulting in an increase of 0.05 ppmp to 3kbar.

The measured chemical shift of théH proton of the NHMe group is 7.9pm.
By using the ECRISM method, chemical shifts of 7 ppm and 6.5 ppmi(Pwere
AAT AOI1 A O Adlicaiehd® céntorfners, respectively Furthermore, a mean
chemical shift averaged over the eight minima d@.8 ppmis calculated The over-
all pressure dependence of the eight minimanderestimated the changexom-
pared to the experiment. In the latter, the chemical shit changeis 0.07 ppm at
3kbar, and the calculated valuesange between 0.04 ppm and 0.05 ppm.

The next focus will beon the two carbonyl 13C nuclei of AeGly-NHMe (see
Figure 34), where the same observation is made as before for NMA aAd-Ala-
NHMe;ECGRISM consistently overestimates the chemical shifts compared to the
experimental data. The measured chemical shift for the carbonyl atom, which can
AA AOGOGECT AA O1 OEA AAAOUI COI Obkelidadd pxx8y DE
structures show a calculated chemical shift of 186.ppm, whereas the chemical
shifts of the R conformers are 1804 ppm. Since the differences between the two
main conformers are minor, he average chemical shift over the data set is
180.4ppm. The pressure dependace of the chemical shifts is overestimated by
0.2 ppmat 3 kbar, which is exactly twice the observed change in the experiment
(0.2 ppm up to 3 kbar)

In the experimental spectrum at ambient pressure, the peak at 4@ ppm (see
Table 15) canbe assigned to thé3C carbonyl atom belonging to the glycine frag-
i AT 08 &-helix céntornatipns, a chemical shift of 178 ppm was calcu-
lated, resulting ina deviation of 31 ppm relative to the experiment In the range
of 1775 ppm, the chemical shifts of the Ik conformers (2.7 ppm deviation from
the experiment) arelocatedat ambient pressure The corresponding value of the
average is 177.9 ppm. Due tpressurization, the experimentally measured chem-
ical shift increases by 0.1 ppnat 3 kbar, whereas in the EERISM calculations a
change between 0.3 ppm and 0.35 ppm was calculated for all conformers

To conclude this chapter on the chemical shifts of &hpeptide bond nuclei, the
focus is on the chemical shifts of the tw&°N nuclei of AeGly-NHMe (seeFigure
28 panels EH). While a massive overestimatio of the chemical shift by E€RISM
was observed for the!>N nucleus, which could be assigned to the alanine frag-
ment of AcAla-NHMe, the calculated chemical shifts at 1 bar for the equivalent
nucleus of AeGly-NHMe are much closer to the measured value 14.8 ppm (see
Table29q8 &1 @elicAllednformers, chemical shifts of 11%. ppm could be
calculated, and thus, a relatively small deviation of.2 ppm is obtained. A slightly
larger deviation of2.1 ppm was calculated for the P conformers (112.7 ppm). As
a result of the pressure increase, the chemical shift in the experiment increases
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by 1.0 ppm. All EERISM calculations underestimate the experimeal change,
x EOE -Meliedl copformer showing the best agreement with the experiment
with a 0.7 ppm increase at 3 kbar.

An experimental chemical shift of 108.3 ppm was measured for theN
nucleus of the NHMe group. The best agreement with the experimior this spe-
cificnucleusA AT A A &£l Ghelik coArbrraers ithA05.0 ppm, a deviation
of 2.4 ppm. Furthermore, a chemical shift adf04.8 ppm was calculated for theP
conformer. As with the other!>N nuclei discussed, the calculated change inen-
ical shift due to pressure increase is significantly lesthan the measured pres-
sure-dependent chemical shiftAn increase of 1.3 ppm at 3 kbar can be measured
in the experiment, whereas the calculations can only represent a maximum of
0.6 ppm.

In summary, many observations already made for TMAO and NMA can
also be made for the chemical shifts of AGly-NHMe and AeAla-NHMe. The
chemical shifts of thel3C carbonyl atoms calculated by ERISM are significantly
higher compared to the experimental ®lues. In the same way, the pressurde-
pendent change for thel3C carbonyl atoms is small to virtually norexistent, and
EGRISM consistently calculates higher pressurdependent changesThe abso-
lute calculated values for thelH are lower than the experinental observation;
however, the calculated pressuredependent change is quite accurately repro-
duced. Nonetheless, an error could be attributed to small geometrical changes
and explicit interactions with water molecules. A possible way to get more accu-
rate results would be to perform an AIMD simulation analogous to the EPR pa-
rameter calculations in4.2.2and use a relatively large number of snapshots for
the calculaions. Additionally, the chemical shifts of the amide protons were used
for a population fit (more details at the end of the next chapter).

4.3.3 Pressure-dependen ce of Ac-Gly/Ala -NHMe based on pres-
sure-dependent EC-RISM optimized minima compared to
PCMoptimize d minima

This section is dedicated tgrovide a more detailed look atpressure-dependent
EGRISMbased geometry optimizations of A€Gly-NHMe and AeAla-NHMeat dif-
ferent pressures The minima obtained in chapter 4.3.5were taken and reopti-
mized with EGRISM at ambient conditions. These new minima were theopti-
mized at 1 kbar, and this procedure was repeated up to a pressure of 5 kbar, with
an increment of 1 kbar The correspondinge and[ dihedral angles are presented
in Table 17. The conformational changes are very small, e.¢he backbone dihe-
drals show marginal changes in the second decimal placEompared to the
B3LYP/6-311+G(d,p)/PCM optimizations, the changesuek to the solvent model
are greater than the pressureinduced changes.

Additionally, the pressure-dependent changes of NH and GO bonds of the
amide groups are presented inTable 30 of the appendix, and here only the
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changes occur in the fourth decimal place. For example, theHNbonds of thePy
show stretching of 0.0006 A However, it can be seen that both bonds become
larger under high-pressure corditions. This result could be explained by the hy-
pothesis that the external water moves closer to the amide bonds under high
pressure, thus exerting a pulling effect on the amide proton or the oxygen of the
carbonyl group.

Next, the new optimized conformeswere used for pressuredependent NMR
shift calculations with MP2/6-311+G(d,p), analogous t@.3.2 Since no reference
calculations for pressuredependent geometryoptimized structures of DSS and
NHs were available at the time of writing, the referenceshielding constantsof the
PCMoptimized structures were used for reference (calculated with MP2/6
311+G(d,p)//B3LYP/6 -311+G(d,p)/PCM by L. Eberlei?# and shown in Table
43). This practice will definitely produce an error, but when the shielding con-
stants of the methyl protons are compared to tl shielding constants of the amide
protons, it can be seen that the effect of pressure on the amide protons (see Sl 4.3
and Figure 61 and Figure 62) are an order of magnitude greater.

In Figure 29 A-D, the pressuredependent shifts and shift changes of the am-
ide protons of the two main conformers of AeAla-NHMe are depicted. The previ-
ously shown value for the B3LYP/6311+G(d,p)/PCM minimized structures and
the B3LYP/6-311+G(d,p)/EGRISM ones are aopared. In panels A and B, the re-
sults for the amide proton next to the acetyl group are shown, and it can be seen
that the absolute values for the E€RISM optimized structures show a smaller de-
viation compared to PCMoptimized ones from the experiment. Haever, the
overall deviation is still relatively high, with 1.25ppm and about 0.8 ppm for the
two amide-protons at ambient conditions. Nonetheless, the pressurdependent
changes are better resembled by the ERISM optimized structures, with slightly
higher changes. This effect could be due to the longeriNbonds and the resulting
stronger interactions with the oxygen atoms of water, which lead to an electren
withdrawing effect.
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Table 17: Pressuredependents and[ values of theseven minima of AeAla-NHMe and eight
minima of AcGly-NHMe calculated with B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p)/EGRISM
in comparison to B3LYP/6311+G(d,p)/PCM optimized structures. The optimized structures can
be found in SI_4.3.

. Ac-Ala-NHMe
Conformer PCN 1 bar 1 kbar 2 kbar 3 kbar 4 Kbar 5 kbar
P -90.34  -90.40  -90.40  -90.39  -90.39  -90.37  -90.36
IR -75.54  -74.42  -7464  -7463 -7459  -7461  -74.62
G -152.15 -152.36  -152.35 -152.35 -152.35 -152.35 -152.34
Creq -85.40 -85.72 -8571 -8571  -8571 -86.79  -86.76
n 64.64 63.73 63.73 63.73 63.72 63.77 63.77
ad 59.12 58.90 58.90 58.90 58.90 58.92 58.92
Cr ax 73.49 73.28 73.27 73.26 73.26 73.25 73.25

[
P 143.02 146.36  146.48 146.46  146.46  146.45  146.45
IR -11.70 -10.90  -1091  -1091  -10.92  -10.93  -10.93
G 154,70 153.27  153.26  153.24 153.23  153.21  153.19
Creq 71.42 71.81 71.79 71.78 71.78 72.34 72.33
n 33.36 32.51 32.51 32.51 32.51 32.64 32.63
ad -140.47  -141.42  -141.42 -141.41 -141.42 -141.48 -141.49
Cr ax -53.55 71.81 71.79 71.78 71.78 72.34 72.33

. Ac-GlyNHMe
1R -98.26  .100.42 -100.39 -100.40 -100.22 -100.10 -100.02
1L 98.91  100.74 99.70  100.21  100.31  100.33  100.57
Pu 78.07  .80.14  -80.29 -80.47 -80.30  -80.31  -80.29
Pu -77.95 81.18 81.16 80.86 80.88 80.79 80.79
f 98.22 116.88 118.23  118.12 118.23 11841  119.67
G 179.88 17487 17498 17496 17495 174.95 174.95
Creq -83.11 84.75 84.75 84.70 84.75 84.71 84.70
Creeq 83.18  _g4.56 -84.49  -8450 -84.32 -8452  -84.43
[
1R -1.25 -0.09 0.21 0.47 0.46 0.27 0.28
1L 1.02 0.83 0.80 0.64 0.69 0.63 0.55
Pu -157.85 15577  156.08 156.46 156.34 156.38  156.50
Pu 157.83 .156.23 -156.29 -156.41 -156.51 -156.67 -156.72
f 163.59 15458  154.46 154.13 153.94 153.80 151.79
G -179.71 17651 -176.05 -175.89 -175.84 -175.81 -175.76
Creq 60.99  .66.64 -66.69 -66.68 -66.72 -66.71  -66.69
Creeq -61.29 67.98 67.94 67.97 67.56 67.92 67.89
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Figure 29 Pressuredependent NMRShifts of the two main conformersof Ac-Ala-NHMeand Ac

Gly-NHMe compared to the experimental value for thelH peptide bond nuclei calculated with
MP2/6-311+G(d,pYEC-RISM A andB show the absolute shifts, andCand D are the corresponding
Hpressure-dependent changedor Ac-Ala-NHMe. E and F show the absolute shifts, andsand D
are the corresponding pressuredependent changedor Ac-Gly-NHMe. The red lines show the I

conformer, and the blue linesshowOE A |

AT T £ Of Aobs 4EA COAAI

shifts. Thex denotes conformers optimized with B3LYP/6311+G(d,p)/PCM(1 bar), and the dot
points represent the conformers optimized with B3LYP/6311+G(d,p)/EGRISM(p-dep). Raw

shielding constants can be found in SI_4.3.
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Figure 30 Pressuredependent NMRShifts of thetwo Ac-Ala-NHMeand AcGly-NHMemain con-
formers compared to the experimental value for thelSN peptide bond nuclei calculated with
MP2/6-311+G(d,p) A andB show the absolute shifts, andCand D are the correspondingHpres-
sure-dependent changedor Ac-Ala-NHMe E and F show the absolute shifs, andGand D are the
corresponding pressuredependent changedor Ac-Gly-NHMe The red lines show the i con-

Al oi Aoh AT A OEA AI OA TETAO OET x OEA 4 Al 1T A& Of AOC

shifts. The x denotes conformers optimized with B3LR/6-311+G(d,p)/PCM(1 bar), and the dot
points represent the conformers optimized with B3LYP/6311+G(d,p)/EGRISM(p-dep). Raw
shielding constants can be found in SI_4.3.

For the 15N and13C nuclei of the amide bond, the chemical shift plots are de-
picted in Figure 30 and Figure 31, respectively. The calculated chemical shifts of
the nitrogen bound nex to the acetyl group (panels A and B) are even greater
than the previously calculated onsfor the PCMoptimized structures. The calcu-
lated pressureA AD AT AAT A A rdororm@&i signifiCaBtl smaller, andfor
the R, only a marginal change is obsefred. Similar results are obtained for the
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other 15N nucleus., whereby the change in the absolute numbers is higher for the
] rconformer. The fit between the experiment and calculations is excellent for the
mean value of the E@RISM optimized structures. Tl pressuredependent
changes are smaller than the corresponding values from the PGdgtimized
structures. However, the question regarding correct referencing remains and
could be a huge source of error.

For the 13C shifts, similar observations as for th&>N shifts are obtained. The
absolute values are higher due to the ERISM optimization, which further wors-
ens relative to the experiment. However, the effect of the ERISM optimizations
on the chemical shifts othe 13C methyl group 6ee SK.3) nuclei is more intense
than the 1H changes. Thus, the error by using the PGdptimized DSS shielding
constants could be a larger source of error. On the other side, the presstde-
pendent change is becoming smaller due tihe pressuredependent ECRISM op-
timizations; therefore, the error relative to the experiment decreases. However,
the pressure change of thé3C carbonyl atom, which can be linked to the glycine
fragment, is still massively overestimated.

Regarding the conformational changes of AGly-NHMe, the same results are
observed as for AeAla-NHMe. The changes in the backbone dihedral angles are
mostly lessthan 1° compared to the 1 bar value. The-O and NH bonds (Table
31) slightly increase upon pressurization and are in the same range as the results
for Ac-Ala-NHMe. The pressureh ADAT AAT O AEAI EAADRCcGEE £00 1T £ O
formers and the caresponding average are depicted irFigure 29, Figure 30, and
Figure 31(*H, 15N, and3C). Again, a comparison between MP2/311+G(d,p)/EG
RISM// B3LYP/6-311+G(d,p)/PCM and MP2/6311+G(d,p)/EG
RISM//B3LYP/6-311+G(d,p)/EGRISM relative to the experiment is made. The
absolute chemical shifts of théH nuclei increase at ambient conditions and rn-
imize the error relative to the experimental observation. The increase compared
to PCMoptimized structures is in the range of 0.2 to 0.35 ppm. The pressure de-
pendence is also enhanced, which is slightly overestimated for the hydrogen
bonded to the glycne fragment (seeFigure 29 panel G). The pressura@ependent
change of the otherl( T OAT AOO EO A gAA Gicanformék Béel AOAAA AU
Figure 29 panel H).
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Figure 31 Pressuredependent NMRShifts of the two AeGly-NHMe main conformers compared
to the experimental value for the!>sN peptide bond nuclei calculated with MP2/6311+G(d,p).A
and B show the absolute shifts, andCand D are the correspondindHpressure-dependent changes
for Ac-Ala-NHMe E and F show the absolute shifts, andand D are the corresponding pressure
dependent changedor Ac-Gly-NHMe The red lines show the R conformer, and the blue lines
showOEA | AT 1T &£ Ol AOO8 4EA C Onehtdl shift€ Tha+ déndtes@dnO AT OO
formers optimized with B3LYP/6-311+G(d,p)/PCM(1 bar), and the dot points represent the con-
formers optimized with B3LYP/6-311+G(d,p)/EGRISM(p-dep). Raw and calculated data can be

found in SI_4.3.

The difference between the two minima is negligible for thé3C nucleus of the
acetyl group. Nonetheless, an increase of 1 ppm compared to the RGMimized
structures (seeFigure 31 E and F)is observed if the geometry is optimized under
ECGRISM solvation. The same effect is present for th&C nucleus of the glycine
fragment, leading to worse results than the experimental reference. Nevertheless,
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the pressure-dependent changes are significantly smaller when the ERISM op-
timized structures are considered, and thus, the theory slightly better resolves
the experimental observation.

The mean absolute shifts Figure 30) calculated for the ECRISM optimized
structures for the 15N nuclei resolve the experiment better at ambient conditions.
However, for the glycinel>N (Figure 30 E and G), the effect is not consistent for
AT OE AT 1 &I Oi A O®dnformér Ahows A bmalbdedkease, and theiP
has a significantly larger chemical shift. The chemical shift increases consistently
for both conformers of the otherl>N nucleus Regarding the pressuraependent
changes, a smaller shift difference is observed, which agrees with the results for
Ac-Ala-NHMe.

In this chapter, pressuredependent geometry optimizations of the two dipep-
tides were performed. It was shown that the effect of pressure on the geometries
is relatively small; nonetheless, some interesting trends could be observed, like
the shortening of GO and NH bonds. The effect on the relative populations of the
conformers is small and in the same range as for the pressudependent MP2/6-
311+G(d,p)/EGRISM calculations on the PCiMptimized structures. In the case
of AcAla-NHMe, the R conformer has a higher occupation probability when the
ECRISMoptimized structures are considered compared to the PClptimized
ones. For AeGly-NHMe, only marginal trends were observed. Regarding the NMR
chemical shifts, the amide protons can be better repres¢ed by EGRISMopti-
mized structures for 1bar and high pressure. In the calculation of2C carbonyl
chemical shifts at ambient conditions, the ERISM optimized structures showed
slightly higher deviation from the experiment compared to the PChbptimized
ones; nonetheless, the chemical shift change upon pressurization is better resem-
bled by the pressuredependent optimized structures. For thel>N, the accuracy
is better for the EGRISMoptimized structures at ambient conditions; however,
no clear picture s obtained for the pressuredependent change.
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4.3.4 Benchmarking: e quilibrium of cis and trans NMA under
high pressure

NMA is the simplest model taeflect an element of the peptide backbone, which
can be present in two different stats (excluding possible dmerizations)299, the
trans and the cis state (seeFigure 1). The trans-NMA conformer is more popu-
lated than the cis-conformer, where the relative energy difference between the
two conformers is approximately 2.3 kcal mol! in aqueous solutionsat ambient
pressures? In Table 18, the population and the relative free energyof the cis-con-
former for different EGRISM calculationscompared toexperimental results and
ff19SB-RISM calculations are enlisted. For EGRISM, MP2/6311+G(d,p) and
DLPNQCCSD/def2TZVPP on B3LYP/6-311+G(d,p)/PCM and B3LYP/6
311+G(d,p)/EGRISM optimized structures were performed. Additionally, ther-
mal corrections calculated with B3LYP/6311+G(d,p) were added tdhe EGRISM
free energies.
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Table 18: Relative populations and free energiesof cis NMA compared totrans-NMA at different
pressures and dl values are in %For rows with a degree symbol °, the structures were optimized
by applying ff19SB/ALPB.The experimental results were obtained by NMRspectroscopy and
were measured by M BeckErlach.2%8 In parenthesis, the term PM\signals that the pressurede-
PDAT AAT O AGwas 0ldly cbnfButed by the integral over the pressureélependent change
of the partial molar volumeaccording to eq(185). For the other RISMbased calculationsthe nor-
mal pressure-dependent PM\torrection was applied tothe excess chemical potentigffor details,
see?”). Thermal corrections were cdculated with B3LYP/6-311+G(d,p)/PCM.Raw and calculated
data can be found in SI_4.3.

Method 1 bar 500 bar 1 kbar 2 kbar
Optimizations Populations

Experimental (NMR, M. BeclErlach)298 1.69 1.77 1.87 2.00

Experimental (IR Atak&7) 2.02 - - -

MP2/6-311+G(d,p) B3LYP/6-311+G(d,p)/PCM 216 222 230 241

MP2/6-311+G(d,p) (PMV) B3LYP/6-311+G(d,p)/PCM 216 221 226 235
MP2/6-311+G(d,pyTcorr B3LYP/6-311+G(d,p)/PCM 1.97 2,04 209 2.20
MP2/6-311+G(d,p) (PMV)Tcorr B3LYP/6-311+G(d,p)/PCM 1.97 202 206 214
DLPNGCCSD/def2TZVPP B3LYP/6-311+G(d,p)/PCM 191 196 201 210

DLPNQGCCSD/def2TZVPP (PMV)
DLPNGCCSD/def2TZVPPIT corr.
DLPNQCCSD/def2TZVPP (PMV)/Tcorr

B3LYP/6-311+G(d,p)/PCM 191 194 197 202
B3LYP/6-311+G(d,p)/PCM 1.74 179 183 1.90
B3LYP/6-311+G(d,p)/PCM 1.74 177 179 184

MP2/6-311+G(d,p) B3LYP/6-311+G(d,p)/EGRISN 2.46 2.57 2.67 2.85
MP2/6-311+G(d,p) (PMV) B3LYP/6-311+G(d,p)/EGRISV 2.46 254  2.60 2.73
MP2/6-311+G(d,pyTcorr B3LYP/6-311+G(d,p)/EGRISNV 2.24 232 243 2.60
MP2/6-311+G(d,p) (PMV)Tcorr B3LYP/6-311+G(d,p)/EGRISNV 2.24 231  2.37 2.50
DLPNQGCCSD/def2TZVPP B3LYP/6-311+G(d,p)/EGRISV 2.14 222  2.26 241
DLPNQOCCSD/def2TZVPP (PMV) B3LYP/6-311+G(d,p)/EGRISNV 2.14 219  2.23 231
DLPNQCCSD/def2TZVPPTcorr. B3LYP/6-311+G(d,p)/EGRISV 1.95 2.02 2.06 2.19
DLPNQOCCSD/def2TZVPP (PMV)/Tcorr B3LYP/6-311+G(d,p)/EGRISV 1.95 199 203 2.11
ff19SBC 3RISM® (p) ffl9SB/ALPB 023 023 024 024
AEEp w3" C3 2)3-J | biffl9SB/ALPB 023 023 024 0.24
3G/kcal mol-1
Experimental (NMR, MBeck-Erlach)298 2.40 2.38 2.35 231
Experimental (IR Atak&?) 2.30 - - -
MP2/6-311+G(d,p) B3LYP/6-311+G(d,p)/PCM 226 224 222 2.19
MP2/6-311+G(d,p)(PMV) B3LYP/6-311+G(d,p)/PCM 226 224 223 2.21
MP2/6-311+G(d,p)/Tcorr B3LYP/6-311+G(d,p)/PCM 231 229 228 2.25
MP2/6-311+G(d,p) (PMV) /Tcorr B3LYP/6-311+G(d,p)/PCM 231 230 229 2.27
DLPNQCCSD/def2TZVPP B3LYP/6-311+G(d,p)/PCM 2.3z 2.32 2.3C 2.2¢
DLPNQCCSD/def2TZVPP (PMV) B3LYP/6-311+G(d,p)/PCM 233 232 232 2.30
DLPNQCCSD/def2TZVPP/Tcorr B3LYP/6-311+G(d,p)/PCM 239 237 236 2.34
DLPNQCCSD/def2TZVPP (PMV) /Tcorr B3LYP/6-311+G(d,p)/PCM 239 238 237 2.36
MP2/6-311+G(d,p)* B3LYP/6-311+G(d,p)/EGRISV 2.18 2.15  2.13 2.09
MP2/6-311+G(d,p)* (PMV) B3LYP/6-311+G(d,p)/EGRISV 2.18 216 2.14 2.11
MP2/6-311+G(d,p)*/Tcorr B3LYP/6-311+G(d,p)/EGRISN 2.24 221  2.19 2.15

MP2/6-311+G(d,p)* (PMV)/Tcorr
DLPNQOCCSD/def2TZVPP
DLPNGCCSD/def2TZVPP (PMV)
DLPNQOCCSD/def2TZVPP/Tcorr.
DLPNOCCSD/def2TZVPP (PMV)/Tcorr
ff19SB +RISM® (p)

AEp w3" C3 2)3-1

B3LYP/6-311+G(d,p))EGRISN 2.24 222 220 217
B3LYP/6-311+G(d,p)/EGRISN 2.27 224 223 219
B3LYP/6-311+G(d,p))EGRISN 2.27 225 224 222
B3LYP/6-311+G(d,p)/EGRISV 2.32 230 229 225
B3LYP/6-311+G(d,p))EGRISN 2.32 231 230 227
ff19SB/ALPB 360 359 358 357
j D ff19SB/ALPB 360 359 359 358

At ambient conditions,the experimentyields a population of 1.69% for the
cis-conformer, which is a little smaller thanthe data from the literature, where,
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e.g, Ataka determined a populationvia IR measurements ofoughly 2%.57 Due to
pressurization, a steady inceaseof the cis-conformer is observed, resulting in a
population of 2.0% at 2 kbar.Four theoretical approaches will be examined to
calculate thecid trans equilibrium . The first is the weltestablished combination
MP2/6-311+G(d,p)//B3LYP/6 -311+G(d,pYPCM with pressure-dependent PMV
correction of the excess chemical potentid’ The calculated population of thecis-
conformer is 216% and, therefore, slightly higher than the experimental value.
However, the difference is mall and can be translated into energy differences
within the margin of error of EGRISM calculationsThe pressuredependent in-
crease can then be correctly reproducetty EGRISM,leading to a population of
the cisconformer of 241 % at 2 kbar. The second MP2/6311+G(d,p) approach
shown in Table 18, does not use the pressuraependent PMV correction; instead,
the excess chemical potential change is solely calculatégt Eq(185). The differ-
ences to the former model are smalland the population of the cis-conformer is
2.35 % at 2 kbar.

Further EGRISM calculations wergerformed using the DLPNGCCSD/def2
TZVPPEGRISM//B3LYP/6 -311+G(d,p)/PCMlevel of theory129%131 However, it
should be noted that at thecurrent time, no explicit PMVcorrection is available
for this level of theory. In order to perform a pressuredependent PM\{correction
of the excess chemical potentiaJthe parameters developedriginally for MP2/6 -
311+G(d,pYEC-RISM//B3LYP/6-311+G(d,p)/PCM were reused For ambient
conditions, the resulting occupation probability of the cisconformer is 1.8 %, and
it shows aslightly better performance relative to the experimentcompared to the
MP2/6-311+G(d,p) Regarding the pressure trendthe two DLPNQCCSD/def2
TZVPP variantsshow similar behavior as the MP2/6311+G(d,p) calculations.

The pressure-dependent MP2/6-311+G(d p)/ EGRISM//B3LYP/6 -
311+G(d,p)/EGRISMresults are shown in the sixth row.Here, the absolute value
at ambient conditions is2.5 %, slightly higher than the values of the other EG
RISM calculations based on the PCbptimized structures.

These results undeline that high-level EGRISM calculations can accately
represent pressuredependentsolvation-causedeffects, and it provides a reliable
basis to adopt the EERISM calculations to more complex systems in the next part
of this chapter. Additionally, thermal corrections based on B3LYP/6
311+G(d,p)/PCM calculations were added to th&ee energy values. The thermal
corrections are the same for all methods andvere only calculated for ambient
conditions. Due to the addition thecis-conformer gets a 0.0&cal/mol penalty.
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Figure 32 Pressuredependent energy componentdG E, and t &) calculated for cis and trans-

NMA. Panel (A) shows the relative changeof the three energy typescalculated with MP2/6-
311+G(d,p)EC-RISM//B3LYP/6-311+G(d,pyPCM8 0 AT Al j"q AAPEAOO OEA Al OOAOE
ferences betweercisandtrans NMA. Panel (C) showthe relative pressure-dependent changs of

the three main energy components calculated witlif19SB+RISMIn Panel (D)OEA OA1 AOEOA
differences betweenthe two conformers are shownThe corresponding data is shown inTable19
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Nonethelessthis thesis aims to evaluate how well theurrent force fields can
represent pressuredependent changes withoutexplicit reparameterization.
Therefore, the Amber version ff19SB was chosenas the force field.To create a
comparable basisto the EGRISM calculations, the ff19SB was used to calculate
the intramolecular energy.The pressuredependerceis represented by3D RISM
whereby the point charges and LennardJones parameters polarize the solvent
At 1 bar, the population of thecis-conformer is only 0.26 %, which isonly a tenth
of the obtained value from MP2/6311+G(d,p)/ECRISM//B3LYP/6-
11+G(d,p)/PCM Although the pressurechangecan be reproduced correctly, the
absolute change isa third of the experimentally observed changeand of the EG
RISM calculations.
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Table 19 Pressure-dependent energy component®f cis- andtrans-NMA relative to the 1bar value
for MP2/6-311+G(d,p)/B3LYP/6 -311+G(d,p)/PCM  (with dagger ) and ff19SB
+RISM//ff19SB/ALPB, denoted by the star *. Since no presswdependent change of the intra-
molecular energy is obtained for the force field calculations, the corresponding

Pressure  3Grans 3Gis 3Eirans 3Eis 3 trans 3 cis 3B ipns* 3Bt
1 bar 0. 0. 0. 0. 0.0 0.0 0. 0.
100 bar 0.19 0.19 0.02 0.02 0.17 0.16 0.02 0.02
500 bar 0.97 0.95 0.11 0.1 0.86 0.85 1.03 1.02
1 kbar 1.93 1.89 0.21 0.2 1.72 1.69 2.03 2.02
2 kbar 3.77 3.70 0.39 0.36 3.38 3.34 3.95 3.93
3 kbar 5.52 5.43 0.54 0.5 4.98 4.93 5.77 5.74
4 Kbar 7.19 7.08 0.67 0.62 6.52 6.46 7.49 7.45
5 kbar 8.76 8.65 0.79 0.73 7.98 7.92 9.11 9.07

7.5 kbar 12.42 12.27 1.04 0.96 11.38 11.31 12.85 12.79
10 kbar 15.71 15.53 1.24 1.15 14.47 14.38 16.2 16.13

The three singleenergy components ( E, andf €%, seeTable 19) will be ana-
lyzed to understand the underlying characteristics The corresponding pressure
dependent profiles are depicted inFigure 32. The pressuredependent changes
of the three components for the EGRISM calcudtions are shown in pane(A). The
absolutechange of the free energy is mainly driven by the exceskemical poten-
tial, whereby the increase is roughly 1%cal/mol at a pressure of 10 kbar.The
increase of the intramolecular energy is significantly smalle with 1.1 kcal/mol
at 10 kbar.Panel (C) shows the corresponding terms for the ff19SB+RISM calcu-
lations. In contrast to the EGRISM calculations, ngolute polarization is obtained
in the force field calculations since the ff19SB ian unpolarizable force field.
Therefore, no pressuredependent change of intramolecular energy isbserved.
Thus one can conclude thapressure-dependent ele¢ronic polarization due to
the influence of the solvent is important. Similar results were obtained for TMAO
in ref18, where electronic polarization was necessay to reproduce AIMD-based
spatial distribution functions. For the excess chemical potential about
16 kcal/mol increase up to 10 kbar can be observed his result fits well with the
overall free energy change obtained for the ERISM calculations.

However, to answer the question ithe ff19SB force field issuitable to use in
MD simulations under highpressure conditions,the more important quantity is
the relative change of the energy terms betweecis- andtrans-NMA.In Figure 32,
panels(B) (EGRISM)and (D) (ff19SB+RISM)the energy differences betweertis-
and trans-NMA are plotted to address this questionin the case of EQRISM, the
observed changes are roughly0.07 kcal/mol for both intramolecular energy and
excess chemical potential. Thus, the relative change for the free energy
is -0.15kcal/mol at 10 kbar. In the case of ff19SBonly the chemical excess po-
tential changesabout -0.07 kcal/mol at 10 kbar are obtained. Therefore, ff19SB
underestimated the presure changeprovided by EGRISM with 0.08 kcal/mol.
However, these relative pressuredependent changes are so small that the abso-
lute error introduced by utilizing the ff19SB force field is significantly larger than
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the pressure effect.

4.3.5 Pressure-dependent free energy landscapes of Ac-Gly/Ala -
NHMe

PressuredependentEGRISMbased calculationssuccessfully represent the pop-
ulations of cisand trans-NMA compared to experimentally obtained NMR refer-
ence data With that knowledge the more complicated systens AcGly-NHMe and
Ac-Ala-NHMe shall now be analyzed Due to the significantly higher conforma-
tional complexity, an exhaustive dihedral scan of the and[ angles was chosen
as the starting point,resulting in 400 different angle pair combinations Subse-
guently, each angle combination was quantuamechanically optimized in geom-
etry, resulting in a finite number of minima for the two. For AeGly-NHMe and Ae
Ala-NHMe, eight and seven distinguishable minima were found, respectivelyee
Figure 33.) This chapter will give a detailed discussion about the minimm pop-
ulation. For pressure-dependent EGRISM calculatiors, different setups will be
compared.On the ore hand, the structures based oBB3LYP/6-311+G(d,p)/PCM
optimization will be studied with MP2/6 -311+G(d,p) at different pressures. Here,
the pressure-dependentPMV correction of the excess chemical potentiatas ap-
plied, with and without the addition of B3LYP/6-311+G(d,p)/PCM thermal cor-
rections. Addtionall Uh OEA duadchlcldted vigq (485).

On the other hand, the same procedures werapplied to the new
B3LYP/6-311+G(d,p)/EGRISM(p) optimized structures Furthermore, pressure-
dependent NMR ckulations were performed for the minimaand based on these
calculations, pressure-dependent populations were fitted toresemble the exper-
imental observation. S. Kast ands. Masté® co-developed the fit procedure and
S. Maste performedhe fits, whereby he first measured the pressure-dependent
chemicalshielding constantsof some reference substanceto remove the intrin-
sic errors of the ECRISM calculations in the chemical shiftSThe corresponding
formula is shown in the appendix in chapte6.8. The chemical shifts obtained af-
ter the correction and the corresponding mean value after fitting are presented
in the appendix in Figure 69 and Figure 70

In the literature, some references are available regarding the populations
of dipeptide conformations. Takekiyo®9.70 previously studied the pressurede-
pendence of dipeptide conformations by applying Raman spectroscopgf the
skeletal stretching region Four conformations could be foundor Ac-Ala-NHMe
in the spectrum, whereby only the R conformation and the | r conformation
could be clearly assignedThe assignment was based on extensive DFT studies
from Han301 and Deng3? The peak of thePi conformer has the largest intensity
at ambient conditions, whereas the|r has the second highest intensityBy in-
creasing the pressure up to 2.%bar, the peak associated with thg rconformer
vanishes. To describe the relative pressurdependence between the different
conformers, the partial molar volumedifference 3wrelative to the Py conformer
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was determined via:

112 (189)

30 Y'Y — h
TN

where | is the integrated intensity of the conformers i and j, the corresponding
results for the volume differencefrom Takekiyo®® can be found inTable21. Here,
the assunption was made thatthe ratio of scattering cross sections of the indi-
vidual conformers is independent of pressureThey observed a strong change in
the population of the { rfor Ac-Ala-NHmMeupon pressurization, and at a pressure
of 1.6 kbar, the|rpeak was no longer visibleln another study, Takekiyo made
the same measurements for the AGly-NHMe dipeptide’® In contrast to the Ac-
Ala-. ( - A A @b A O Epkak fer@emed@ikitle af high pressurgand even the
population increased relative to the it conformer. It doesn't seem easyo explain
why for the AcAla-NHMe, the | rconformer vanished and for the glycine dipep-
tide, it increased, contradicting also calculated results discussed belawor Ac
Ala-NHMe, the populations at 1bar can beextracted from the given publicdion
(taken from Grdadolniké4 and summarized inTable 20), and they are 69% for the
Pu, 17% for the 4 r, 6% for G5, and 8% for G, eq Another combined IR and Raman
study303 measured the populationsobtained from the IR amide IIl band and the
Raman skeletal Voration. The areraged populations over the two measurements
(seeTable20) are 68% for P, 15% for 4 r, and 17% for G.In both measurements
the R conformer was clearlydominant, yet the populations of {r (IR: 11%, Ra-
man: 18%) and G (IR: 29%, Raman: 6%X)iffer significantly depending on the
chosenmethod. Grdadolnik et al. have not found a clear reasophowever, they
suggested that the Raman scatterg coefficients have different values for various
conformers$4 The group performed another study, where the amide Il region
was investigated with IR as well as Raman spectroscopy (s&able 20). Here a
consistent picture between IR and Raman was obtained, whereby the measured
populations were 60% for P, 11% for | r and 29% for G;.84 Here, the populations
of AcGly-NHMe at ambient conditions were also measured, and in contrast to all
other amino acids, thejrconformer is with 66% the dominant observed con-
former; for the P a population of 22% and for theGs of 12%. Gaigeo#6.86 utilized
an extensive DFFMD study in liquid water to reproduce the experimental IR
spectrum. They found that /T (these two conformers wereexamined as one)
and the | r have nearly no energetic difference, and the interconversion barrier
between these two statess 2kcal/mol (theseresults could be challenged byex-
tended statistics, asthe authors explained). However, to resolve the experimental
spectrum, the population ratios needed to be changed to a 2:1 ratio favoring the
Pu/T conformers.

137



Results

V_lc')\r MP2/6-311+G(d,p}/PCM (Opt) (1 bar)

16
14 %
127
10 8
8
L
PN 2
LSRR 0
-150-100-50 0 50 100 150
¢/
MP2/6-311+G(d,p)/PCM (1 bar)
G | 16
150
¢ 100 14
" 12|_
.0 10
Py s 9 8 E
-50 6 5
-100 4 9
~150- 2
0

-150-100-50 0
¢/°

50 100 150
7,eq

\ C
Qg

Figure 33 Conformational free energy landscapgof AcAla-NHMe (A) and AcGly-NHMe calcu-
lated with MP2/6 -311+G(d,p)/EGRISM/B3LYP/6 -311+G(d,p)/PCM (1 bar). The positiors of
the optimized minima in the Ramachandran plan&4 are shown Calcubhted and raw data can be
found in SI_4.3.

In the following, the EGRISM results will be presentedRegarding AeAla-
NHMe,a more compact picture (in terms of relevant conformers) iobserved
than for Ac-Gly-NHMe, since nesymmetry planein the Ramachandran plane due
to the CH group at G (seeFigure 33) is present Two clear minimacan be isolated
for the MP2/6-311+G(d,p)/B3LYP/6 -311+G(d,p)/PCM calculations(the de-
scriptions of used methods carbe found in3.3.2), the Py conformer with a popu-
lation probability of 46% without thermal corrections and 59% with thermal cor-
rections at 1 bar andj r with a population probability of 42% and 33%, respec-
tively (seeTable 20). Thus,practically only these two conformers are present at
ambient pressure in an gueous solution Similar results are obtainedfor the
MP2/6-311+G(d,p)//B3LYP/6 -311+G(d,p)/EGRISM with thermal corrections,
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whereby the Pi conformer has a probability of 64.75% and thg rof 28%. Here,

it is important to mention that the added thermal corrections are the same
B3LYP/6-311+G(d,p)/PCMsince no frequeng calculations are available for EC
RISM calculationsThe next most favored states are thes@nd the Creq confor-
mations, with 6 % and 4 %probability at 1 bar without thermal corrections, re-
spectively. Only marginal populations show the conformationg., a, and G, ax.
The calculated results are in good agreement with the Raman skeletal stretching
measurement of Takekijé® and Grdadolnik33. However, compared to the com-
bined IR and Raman amide Ill experimestfrom Grdadolniké4, the population of
the | ris overestimated and of Gsis underestimated.

On the other hand, three distinct minima can be found foB3LYP/6-
311+G(d,p)/PCM/B3LYP/6 -311+G(d,pYPCM at ambient pressure(Table 20).
The | r conformer is the most preferred conformer with a population probability
of 37 %. In contrast to EERISM, theranking of the conformers R and G is re-
versed in the PCM calculationslhe G conformer has a population probability of
35 % and the R conformer of 18 %. The Geq conformer also has a noteworthy
population probability of 8.8 %. These resultsagreewith a recent study on the
conformational behavior of AcAla-NHMe, publishedby Cornaich et aFs. In this
study, the theoretical levelof theory B3LYRD3/aug-cc-pVDZ was used with the
IEFPCM solvent model resulting in population probabilities of 16.4% for the P
conformer, 32 % for the | r conformer, and 36.8% for the G conformer. There-
sulting differences between PCMs and ERISM may be best explained by the lack
of resembling hydrogen bonds within PCMs. In a previous NMR studs, it was
shown that the R conformer is best able to reflect experimental dipolar cou-
plings, while | rconformations may also have substantial populationgor roughly
1 kcal/mol higher energy). The main conclusions from this study were that the
Pu conformer is the most favorable conformer due to the hydrogen bond pattern
with the surrounding solvent molecules. Several past theoretical calculations
support these results, including CHARMM22 and TIP3® calculations and den-
sity functional theory calculations with explicit solvent molecules01
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Table 20: Overview of populations and free energies of the seven and eight minimaAd-Ala-NHMe and AeGly-NHMe, respectively. Experimental and theoretical reference values from the literature
are given. ECRISM calculations were performed with MP2/6311+G(d,p) on B3LYP/6311+G(d,p)/PCM or B3LYP/6-311+G(d,p)/EGRISMoptimized structures. The pressuredependent correction
of the excess chemical potentialwas used.- 6 OECT A1 O OEAO 3' x185DRa@hrd firthercalkilate®dat® dadbe folind iA $1_4j3. S. Maste perfornteeNMR fits30° Metadynamics
were performed by C. Holz$o7
Reference data Opt: B3LYP/6:311+G(,p)/PCM: Opt: B3LYP/6:311+G(,p)/EGRISM:
Ac-Ala-NHMe w. 0. Tcorr w. Tcorr PMV w. Tcorr NMR fit300 w. Tcorr PMV w. Tcorr NMR fit3o0  Metadynamics
Coni «/° [ /° PCM6 Aw03 |R%03 RS03 RIFIR/RS4 PCN lbar 1kbarSkbar p Ap Euv E p Ap Ew E. lbar3kbar p Ap Euv E.p Ap Evuv E 1bar3kbar 1barlOkbar

P -76 143 16.8 68 60 76 69 60 18.11 45.71 4551 44.74 58.95 58.46 57.81 58.95 58.64 57.47 65.04 63.07 64.75 65.81 65.27 64.75 64.40 63.27 51.04 48.74 75.90 37.99
iR -90 -12 320 15 11 18 17 11 37.12 41.52 42.25 43.90 32.76 33.60 34.70 32.76 33.18 34.57 34.96 36.93 27.34 26.81 27.77 27.34 27.78 29.12 48.96 51.26 14.83 28.15

G -152 155 36.8 17 29 6 6 29 3539 559 541 502 591 568 531 591 585 574 - - 584 545 505 584 580 5.69 - - 831 27.75

Crec -85 71 - - - - 8 - 882 422 386 321 119 1.06 090 119 1.14 1.02 - - 091 079 068 091 086 0.74 - - - -

L 64 33 0.5 - - - - - 034 200 201 211 091 091 096 091 091 091 - - 082 079 084 082 082 0.82 - - 0.82 558

as 59 -140 - - - - - - 004 075 078 088 025 026 029 025 0.25 0.26 - - 032 032 037 032 033 034 - - 013 0.3

Ca 73 -53 - - - - - - 016 021 019 0.15 0.03 0.03 0.02 0.03 0.03 0.02 - - 0.02 0.02 001 0.02 002 0.02 - - - -
3G/ kcal mol-1

Pi -76 143 0.48 0.0 0.0 0.0 0.0 00 00 00 00 00 000 0.00 0.00 000 000 000 00 00 0.0 0.00 000 000 000 000 00 00 00 00
iR -90 -12 0.08 090 100 085 083 1.00 -042 006 004 001 035 034 030 035 034 030 037 032 051 053 051 051 050 046 0.02 -0.03 097 0.18

G -152 155 0.00 0.82 043 150 144 043 -040 124 126 130 136 138 141 136 137 1.37 - - 143 148 152 143 143 143 - - 131 0.19
Crec -85 71 - - - - 1.28 - 043 141 146 156 231 236 246 231 234 239 - - 253 262 270 253 256 2.63 - - - -
L 64 33 255 - - - - - 234 185 185 181 247 247 243 247 247 245 - - 259 262 258 259 259 258 - - 268 114
as 59 -140 - - - - - - 363 243 241 233 323 321 313 323 322 319 - - 314 315 3.06 314 3.13 3.09 - - 379 253
Ca 73 -53 - - - - - - 279 319 325 338 451 457 470 451 454 462 - - 470 481 497 470 474 485 - - - -
Ac-Gly-NHMe
Cont «/° [ |° PCM7 - - - - Exp4 PCN lbar 1kbar5kbar p Ap EUVEA 1AAp Ewuv E. lbar3kbar p Ap EUVEA. p Ap Evuv E 1bar3kbar 1barlOkbar
1R -98 -1 541 - - - - 66 24.42 29.72 30.07 30.32 31.40 31.57 31.49 31.40 31.43 31.34 1.53 0.00 29.83 29.72 30.50 29.83 29.91 30.04 36.59 40.78 13.76 14.84
L 98 1 - - - - - - 22,96 28.06 28.44 28.82 27.92 28.11 28.18 27.92 27.97 27.99 - - 26.65 27.98 26.95 26.65 26.76 26.96 - - 594 7095
Pi 78 -154 - - - - - 22 422 1524 15.22 1547 13.24 13.13 13.20 13.85 13.81 13.82 98.47 100 16.22 15.67 15.90 16.22 16.07 15.66 63.41 59.22 25.71 20.50
Pi -78 158 - - - - - - 442 1523 15.20 15.43 13.85 13.73 13.79 13.24 13.20 13.21 - - 15.67 15.40 15.85 15.67 15.53 15.17 - - 48.25 49.76
1 98 164 - - - - - 12 7.2 543 554 582 10.43 10.57 10.97 10.43 10.53 10.86 - - 823 806 810 823 845 9.22 - - 12.07 6.94
G 179 -179 37.6 - - - - - 3331 09 090 080 204 191 169 204 200 190 - - 241 230 203 241 235 221 - - - -
Crec -83 61 5.6 - - - - - 171 269 231 166 056 048 0.34 056 053 044 - - 050 044 034 050 0.47 0.38 - - - -
Crece 83 -61 - - - - - - 171 268 231 167 056 048 035 056 052 043 - - 049 043 033 049 045 037 - - - -
3G/ kcal mol-1
1r -98 -1 0.0 - - - - - 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 o0.00 0.0 0.0 0.0 0.0
L 98 1 - - - - - - 0.04 003 0.03 003 0.07 0.07 0.07 0.07 0.07 o0.07 - - 0.07 0.04 0.07 0.07 0.07 0.06 - - 049 0.37
Py 78 -154 - - - - - - 104 040 040 040 049 049 049 051 051 o051 -246 -874 036 038 039 036 037 039 -0.33 -022 -0.37 -0.19
Pi -78 158 - - - - - - 101 040 040 040 051 052 051 049 049 048 - - 038 039 039 038 0.39 040 - - -0.74 -0.72
1 98 164 - - - - - - 073 101 100 098 065 065 062 065 0.65 0.63 - - 076 077 079 0.76 0.75 0.70 - - 046 045
G 179 -179 0.22 - - - - - -1.18 204 208 215 162 166 173 162 163 1.66 - - 149 152 161 149 151 155 - - - -
Crec -83 61 1.35 - - - - - 157 143 152 172 239 248 268 238 242 253 - - 242 250 267 242 246 259 - -
Crec 83 -61 - - - - - - 157 142 152 172 238 248 267 239 243 253 - - 243 251 268 243 248 261 - - - -
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The relative pressure-dependent change of the minimmam occupation proba-
bilities of AcAla-NHMe isminimal, although the order of the occupation proba-
bilities changes slightlyfor PCMoptimized structures when no thermal correc-
tions are added A steady decrease in the probabilities can be observed for the P
conformer, whereas, for the| r conformer, asteady increaseis observable For
the EGRISM optimized structures with thermal corredions, the corresponding
populations are 65.27% and 27.77/®%6 for the Py and | r conformers at 5 kbar. In
contrast to the PCMoptimized structures, the pressure-dependert changes for
the EGRISMoptimized structures are not continuous This fact indicates that the
optimized B3LYP/6-3111+G(d,p) structures are not necessarily the same as pos-
sible MP2/6-311+G(d,p) optimizations would provide. Currently,geometry opti-
mizations with EGRISM and MP2/6311+G(d,p) are not feasible which could
remedy these artfacts.

Nonetheless, the order of magnitude of the pressurdependent tendencies is
similar to the results for the PCMoptimized structures. Due to presurization, the
OAl AGEOA 1 A A-CobfédreE increasks/Eon(paiell to the Pconformer.
The conformers G and J L also show a decreasing trend under high pressure,
whereas the population probability of the Geq conformer increases slightly but is
also far from being significantly occupiedTo compare these results with already
published ones, the Takeiyo et al. stud$7° will be focused at The results ob-
tained here contradict the EGRISM results that the| r conformer is more likely
to be occupied with higher pressure

Table 21 Partial molar volumes of the four different conformers of AeAla-NHMe and AcGly-
NHMe taken from Re§.70 and calculated with MP2/6-311+Qd,p)/EC-RISM//B3LYP/6-
311+G(d,p)/PCMat 1 bar and 10 kbar. All values are in céfmol. Raw data for all conformers can
be found in SI4.3.

Conf 3Vm(Ramar) Vim (1D RISM3Vim(1DRISM Vi (EC.RISN 3V (EC.RIS! Vi (EGRISM 3V (EC.RISI

69,70 69,70 1 bar) 1 bar) 10 kbar) 10 kbar
Ac-Ala-NHMe
1R 11 118.5 -1.2 116.47 -0.46 109.58 -0.29
Pu 0 119.7 0.0 116.93 0.0 109.87 0
G 0.1 117.9 -1.8 117.06 0.13 109.76 -0.11
Crreq -2.4 116.3 -2.4 118.04 111 110.05 0.18
Ac-Gly-NHMe
1 -0.4 110.4 0.4 99.05 -0.13 94.68 0.14
Pu 0.0 110.0 0.0 99.18 0.0 94.54 0.0
G 0.5 110.1 0.1 99.71 0.53 94.62 0.06
Crreq -2.2 108.0 -2.0 100.89 1.61 95.21 0.65

As mentioned abovethe peak assigned to thq r conformer decreasesupon
pressurization and vanishes at 1.6 kbait is observed thatanother peakgrows
under pressure andthe Geqconformer was assignedo it. These statements were
supported by theoretical calculations ofthe partial molar volume of the respec-
tive conformersusing the RISMKB (1D RISM)theory with the amber ff99SB force
field. The corresponding values are shown ifiable 21, and the calculated PMVs
from EGRISM calculations at ambient pressure and higpressure conditions.
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Takeyo et alshowedthat the Geq conformer has the smallest partial molar vol-
ume with 116.3 cn® mol, whereas the R conformer has the largest partial molar
volume with 119.7 cn®/mol . These results do not fit the experimental observa-
tion, whereby the P conformer has the second smallest PMVh the experiment,
the Jrhas a higher PMV thanhe Pi; however, these results can be neither con-
firmed with 1D RISM nor ECRISM.

Furthermore, these values do not match the PM3Avith those calculated by
ECGRISM which is expected to be more accuratd he) rconformer has the lowest
partial molar volume with 110.59 cm3/mol. To measure the experimental volume
differences, a pressurendependent PMV was assumed, but the HRISM model
includes the changesn the PMV upon pressurization. Over the whole pressure
range the | rconformer has the smallest partial molar volume and hence should
be preferable under high pressureln this thesis, the PMVs were calculated with
3D RISM whereas Takekiyo used 1D RISMnother possible reason for the devi-
ations could be in tre underlying conformers,e.g, the Takekiyo structures were
taken from average results from different simulationsFor examplethe s | val-
ueswere always rounded to the tenth.lt is unclear if the structures were opti-
mized and ifthe optimizations were madein avacuum or solvent.This procedure
could lead to huge differences if unoptimized structures were used for the calcu-
lations.

Another way to determinethe population of the conformers is to make a fit in
a way that the fitted populationsare multiplied with the theoretically calculated
chemical shiftsof the corresponding conformersto represent the experimentally
measured chemical shifts accuratelyS. Maste performed theorresponding fits,
and the focus was only on the two main conformersiRand | r. For the former, in
the case of the PCMptimized structures, a population of 65.04% is obtainedand
the | rhas a population of 34.96%. This resuligrees with the literature data that
the R is the main conformer. Upon pressurizationonly marginal changes occur;
nonetheless, the same trend is observed for the single point calculations, that the
population of | rincreases.Similar results are obtained for the EERISM opti-
mized structures, whereby the twoconformers are nearly identical populated
with 51.04% and 48.96% for it and | r, respectively.At a pressure of Xbar, the
OAOQET AEAT CAcand@8.96% fordc This ébtc@ne gan be attributed
to the fact that inFigure29# h  @da\betier resemble the experimental obser-
vation, whereas, inFigure 29 D, the Ri conformer is closer to the experiment.
Thus, it seems reasonable that the fit process tries to balance the two conformers.
The pressuredependentNMR fitresults also contradict the pressure-dependent
Raman measurement§?.70

Although AcGly-NHMe has one methyl group less than A&la-NHMe, the con-
formational landscape is morediverse (seeFigure 33). Due to the achiral struc-
ture of AcGly-NHMe, a symmetryplane can be observed with respect to the in-
version of the dihedral angle® and[ . The two main conformations obtained by
ECGRISMon the PCMoptimized structures without the addition of thermal cor-
rections AOA  ®dlidal right and left-directed structures, with occupation
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probabilities of 30% and 28%, respectivelyln contrast to AcAla-NHMe, the ef-
fect of adding thermal corrections is marginal on the populationThe next pre-
ferred conformers can be assigned to theiPor beta-sheet domain, with abouta
15% probability. The Geq conformations have only marginal probabilities of
around 2.6%. The conformer with the lowest probability by far is the €con-
former, with only a0.9% probability. Furthermore, in Table 20, the probabilities
for the eight minima of AcGly-NHMe optimized with B3LYP/6-311+G(d,p)/EG
RISM are presented. The relative order of the mima for the MP2/6-
311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/EGRISM is identical to the PCM
optimized structures. The differences between the PCidptimized populations
and the ECRISM ones are much smaller than the results for Adla-NHMe.The
populatonsare4 EA OAl AOEOA T AAOPAOGETT 101 AARO 1T &
pressurization. However, a steady trend is only observed for the B3LYP/6
311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/EGRISM calculations (seeTable
32), whereas theMP2/6-311+G(d,p)/EGRISM//B3LYP/6-311+G(d,p)/EGRISM
calculations do not show a steady trend, again indicating, that the B3LYR/6
311+G(d,p)/EGRISM optimized structures are not the idal ones for pressure
dependent MP2/-6311+G(d,p) calculations. Due to the ERISM geometry opti-
mizations, the relative population of the R conformers atambient conditions in-
creases, which was already observed for A&la-NHMe.

Compared toAc-Ala-NHMe, experimental reference populatiors are sparse;
however, the EGRISM results can be compared to the combinenide 11l IR and
Raman measurements ofsrdadolniké4. Here, a population of 66% was deter-
i ET AA /helical @Bidn, whichagrees very well with the EGRISM calcu-
lated values, whichare roughly 60%occupation probability AT | AET AA &£ O Al
conformation. In the experiment, 22% and12% were determined for the i and
T, respectively.With EGRISM the calculated populations are 27% for the two P
conformers and11% forT .

In the B3LYP/6-311+G(d,p)/PCM/B3LYP/6 -311+G(d,p)/PCM calculations,
theGAI T £ Ol AO xEOE ocob EO OEA AT 1 & ©f AO x|
helical structures have probabilities of about 23 %According to PCM, the Pcon-
formations are much less likely to ke occupied with only a4.2% probability. The
two Creq conformations are also energetically higher in the PCM model with
1.73% occupation probability. A comparison with a publication by Cormanich et
al. can be made in order to assess the PCM results amcrete termsS57. This pub-
lication found three main conformers for AeGly-NHMe, calculated with the level
of theory B3LYRD3/aug-cc-pVDZ and the IE-PCM solvent model. The main con-
Al Ol AO El@licil tegiod with a population of51.1 %, although it should
be notedthat only one helix conformer was evaluated hereThe other two con-
formers are G,eqwith 5.6 %, and G with 37.6 %. The results for the AT A |
conformers agreewith the PCM results

Concerning the pressuredependent changes in the population probabilities
of the main conformers of the AeGly-NHMe, no relevant changecan be observed
In contrast to Ac-Ala-NHMe, where a slight increase of thez@q conformer was
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observed, this conformer becomes less favored in the case of@&b+~NHMe under
pressure.Theseresults contradict the study ofTakekijo’, where again, a combi-
nation of Raman measurements an@iD RISM theory calculations vas used a the
method of choice The corresponding PM¢ between the conformers can be found
in Table21.In the experiment, he Geqconformer also has the lowest partial mo-
lar volume, supported by 1D RISM calculationgurthermore, the order between

O E Aang the R conformer is reversed, ve O E  r@dRfArmar having a smaller
volume and, thus, will be more populated upon pressurization This resultagrees
with the EGRISM calculations on thePCMoptimized structures, where a
stronger population of they AT T A&l O A O @seeTéble 21/ 0 HOBRA A
RISM calculations the G.eq conformer has the largest partial molar volume,
x EA OA A O\ confofniers ha@e the smallest partial molar volume at ambient
pressure.Again a possible explanation for the large differences between 1D RISM
and ECRISM carbe in the underlying structures that were used for the PMV cal-
culations.

The NMRYit-based populdions (seeTable 20) significantly differ from the ex-
perimental reference results and the E€RISM calculations for the PCMptimized
structures. Here,Pu is cleary the main conformer, with a population of 98.4%,
andthey AT T & Of AO EO #&16vprobality. pdE Bréssuriz-O E
tion, the result looks even worse at 3kbar, the Pi is effectivdy the only con-
former populated. This effect isdue to the fit procedure, where only the two'H
amide protons were used InFigure 29, panelsG and H, we can see that for both
amide nuclei, the R conformer is closer to the experiment; therefore, it is plausi-
ble that only this conformer is probabl occupied.The picture looksconsiderably
better when the ECRISM optimized structures are set into the focug.he Pi con-
former is still the main conformer with 63.41%, and a decrease due to pressure
is observed, with a probability of 59.22% at Xbar. This pressuredependerce
change agrees withthe pure ECRISM calculations and the observation from
Takekiyo.70

So far, only the effect of pressure on the minima was discussethowever,
pressure canaffectthe completeso-called Ramachandran planelo discuss this
the complete Ramachandran plane of the dipeptide AGly-NHMe(different Ram-
chandran planes of AeAla-NHMe can be found irrigure 57 and Figure 58) should
be extensively investigated with EERISM, FFRISM, metadynamicsand AIMD
simulations. For the ECGRISM calculations, the level of theories MP2/6
311+G(d,p)//B3LYP/6 -311+G(d,p)/PCM and RPBID3/TZVPP//B3LYP/6 -
311+G(d,p)were used. The latterwas used to get an appropriate comparable ba-
sis to the AIMD simulations. Theswvere performed by S. Kérning® and used the
RPBEDS3 functional with the TZVPP basis set. Additionally, in thappendix (see
Figure 56), DLPNOCCSD/def2TZVPP//B3LYP/6-311+G(d,p)/PCMcalculations
are presented.For the latter two methods, the pressuredependent PMV correc-
tion originally developed for MP2/6-311+G(d,p)//B3LYP/6-311+G(d,p)/PCM
was used (parameters originally published in ref2?). For the FFRISM and
metadynamics simulations, the ff14SB force field was utilized, whebg, in the
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case of the metadynamics simulations, the SPC/E water force field was chosen. C.
Ho61z1307 performed these simulations. This chapter focuses on the pressure 1 bar
and 10 kbar only. The results for two further force fields, th€HARMMG6m, and
the ff19SB, can be foundh the appendix SeeFigure 56). To get an impression of
the effect of high pressure on the geometrie®3LYP/6-311+G(d,p)/EGRISM ge-
ometry optimizations were performed, and MP2/6:311+G(d,p) singlepoint cal-
culations were made for these structures.

Figure 34 depicts the Ramachandran free energy surfaces for Aagly-NHMe
calculated with various methods at 1 bar and 10 kbar. The ERISM calculations
at ambient conditions are shown in panels A and @nd the biggest differences
occur in the region around the minima, where the MP2/6311+G(d,p) calcula-
tions show a narrower picture compared to the DFT calculationsLarger differ-
ences can be observed when the QC calculations are compared with the ferce
field-based (here, the calculations were performed with a combination of the
ff14SB amber force field and 3D RISM)nes. On the one side, the ERISM calcu-
lations show relative broad minima in the alphahelical region (around
%6+100] :£0) and Riregion (% £100] :+0), whereas on the other side, the force
field-based computations show significant narrower minima.
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MP2/6-311+G(d,p)//BSLYP/6-311+G(d,p)/PCM (1 bar) MP2/6-311+G(d,p)/B3LYP/6-311+G(d,p)/PCM (10 kbar)
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Figure 34: Pressuredependent Ramachandran plane of AGly-NHMe. Panel A and B were calcu-
lated using MP2/6-311+G(d,p)//B3LYP-63111+G(d,pyPCMat 1 bar(already shown inFigure 34
B) and 10 kbar, respectively.Panel C and D show the RPBE3/TZVPP//B3LYP/6 -311+G(d,p)
calculations at 1bar and 10kbar, respectively. The results obtained from the ff14SB/RISM calcu-
lations are presented in panels E (1 bar) and F (10 kbar). Panels G and H show the results obtained
from the metadynamics simulations using ff14SB with SPC/E. The color scale ranges from 0
kcal/mol to 16 kcal/mol, and the iso levels are 1 kcal/molRaw and calculagéd data can be found
in SI_4.3Metadynamics simulations were performed by C. H6IZ97
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Figure 35 Difference free energy Ramachandran surfaces between 10 kbar and 1 bar of-Gby-
NHMe calculated with different methods. Panek shows the free energy difference calculated with
MP2/6-311+G(d,p)//B3LYP/6 -311+G(d,p). In panel B, the corresponding RPBE3/TZVPP cal-
culations are depicted.C shows the ff14SBbased metadynamics results with SPCE/E pfarmed
by C. Holzl. D shows the ff14SB + RISM calculationswRiata can be found in SI_4.3

In Figure 35, the relative free energy change between 1kbar and lbar for
the four methods is presented. The two ERISMbased approaches are shown in
panels A and B, and no significant difference issible. The changes are in the
range of-0.2 to 0.5 kcal/mol, whereby the biggest changes do not occur in the
minima region, but instead, the largest changes can be observed between the
minima. Nonetheless, the absolute numbers and the effect of pressuretbe solv-
ated free energy are relatively small. For the ffl4SB+RISM combination, the dif-
ferences are significantly smaller, ranging from0.1 to 0.1 kcal/mol. This result is
similar to the results obtained for thecis-trans equilibrium of NMA. The pressure
dependent changes in the metadynamics simulation (Panel (C)) are much more
diverse.However, it should be noted that explicit wates (SPC/E) were present in
the metadynamicssimulation, and these affect the geometries even if identical
torsion angle combnations are consideredIn metadynamics simulationsthe ef-
fect of orthogonal degrees of freedomlike rotational and vibrational modes, is
considered.On the other hand, in the EGRISM calculations, theseontributions
were only optimized. Furthermore, statistical errors can occur in the simulation
if some regions are not long enough sampleblevertheless, the pressuredepend-
ent changes are still relatively small and in a similar order of magnitude as the
results for the ECGRISM calculations.
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